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ABSTRACT 

 

For at least the next few decades, fossil fuels will be used to supply energy globally, and 

without appropriate greenhouse gas control techniques, carbon dioxide (CO2) 

atmospheric emissions will continue to increase and pose an even more serious threat to 

humans and their environment. Therefore, the use of an effective CO2 capture technology 

has become important in ensuring the reduction of CO2 emissions. However, more raw 

materials and energy are required for the CO2 capture systems operation. Consequently, it 

is necessary to evaluate the environmental performance of the complete life cycle of the 

CO2 capture process in order to fully understand its environmental impacts. This research 

presents a life cycle assessment (LCA) study on a hypothetical oxy-fuel combustion CO2 

capture system in Saskatchewan, Canada. The study analyses the oxy-fuel carbon dioxide 

capture and compares it with a lignite coal fired electrical generating station that has no 

capture system, as well as with post-combustion capture.  

The oxy-fuel combustion CO2 capture scenario showed a dramatic reduction of CO2 and 

other emissions to air. Thus, the impact on the categories of human health related to air 

quality and ecotoxicity in air were decreased compared to the “no capture” scenario. In 

addition, since the oxy-fuel combustion CO2 capture is an oxygen-based combustion and 

a closed loop system together with electrostatic precipitator (ESP), flue gas 

desulphurization (FGD), and CO2 purification and compression units, reductions were 

observed in the acidification of air, eutrophication, and smog air impact categories. 

However, the processes and operations in the CO2 capture system consumed additional 

energy and materials, which increased the environmental impacts in the ozone depletion 



 

 

ii 

 

air category. Furthermore, more emissions were transferred from air to soil and water, 

which increased the environmental impacts in the ecotoxicity and human health 

categories associated with soil and water. 

In terms of the human health risks of the oxy-fuel carbon dioxide capture in comparison 

to the post-combustion CO2 capture technology, the results showed that the oxy-fuel 

system performed better with regard to human health risks compared to the post-

combustion system due to capturing more emissions. These health implications help 

provide support for improving the Estevan region air quality.  

In terms of cost analysis, capital cost, cost of electricity (COE), and cost of CO2 avoided 

(COA) were compared between the oxy-fuel and post-combustion CO2 capture 

technologies. The oxy-fuel combustion system showed significantly higher capital cost 

than that of the post-combustion system since the air separation unit (ASU) required a 

greater investment. In addition, the unit capital costs decreased with the size of the 

electrical generating plant. In terms of COE and COA, normally an oxy-fuel combustion 

system has lower COE and COA than that of a post-combustion system because of the 

amount of solvent used in the post-combustion system. However, in this study, when the 

smaller plant applied the oxy-fuel combustion CO2 capture technology, higher COE and 

COA were shown. 
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1. Introduction 

 

1.1 Background 

According to IPCC (2014), in recent decades, climate change has had the strongest and 

most comprehensive impact to natural systems. Recent changes in climate affect heat 

waves, floods, wildfires, ecosystems and human systems, etc. Emissions of carbon 

dioxide (CO2) are known to contribute to the climate change as well. CO2, a major 

greenhouse gas (GHG) which results in climate change, is mostly generated from 

electrical generation that uses fossil fuels (e.g., oil, coal, and natural gas, which are 

regarded as the world’s primary source of energy). According to Suebsiri (2010), fossil 

fuels will be continuously used to supply energy globally for at least the next few decades 

particularly with the recent development of shale gas in many regions of the world. As 

such, without a proper control technique, CO2 atmospheric emissions continue to increase 

and pose an even more serious threat to people and the environment. To cope with this 

problem, the use of an effective CO2 capture technology has become an important 

approach in ensuring the reduction CO2 emissions. There are three major CO2 capture 

methodologies: pre-, post-, and oxy-fuel combustion technologies. Normally, the CO2 

concentration in flue gas is around 10-15 percent, making the sequestration and 

concentration process very costly (Edwards, 2009). This research mainly focuses on oxy-

fuel combustion technology because fuel in this technology is combusted in pure oxygen 
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(O2) (>95% volume) in which a concentration of CO2 is ready for transport and storage 

(Nie, 2009).  

Nevertheless, additional energy is required in carbon capture systems operation. It 

consequently increases the consumption of primary materials and fuel when compared to 

the amount of fossil-fuel-based energy in production systems without carbon capture 

technology. Therefore, an evaluation of the complete life cycles for carbon capture 

technology, using a systematic process, is required in order to manage effects on the 

environment effectively. Life cycle assessment (LCA) is a vital tool to assess the 

technology. Furthermore, GHG emissions will not only be evaluated in the research, but 

also other associated emissions over the full life cycle of the carbon capture technology. 

This research aims to give a full understanding about its environmental impacts. 

LCA is a method of examining the environmental effects of a product or process across 

its life span in which complex systems are broken down into elementary flows. The flows 

are then grouped and categorized based on the effects they have on the environment. It 

can easily identify the environmental impacts when compared to conventional 

environmental techniques, which apply only during the manufacturing process or the end-

of-life approach (or reuse) (Eli o iut  et al., 2012). 

Even though oxy-fuel combustion actions could achieve the purpose of reducing 

emissions, they can result in an increase in risk to human health and also in cost. As the 

safety and stability of CO2 capture technology are fundamental for social acceptance, the 

potential liability associated with the capture technology is cited as an important barrier 

to successful CO2 capture implementation (Trabucchi et al., 2010). In addition, according 

to Gerstenberger et al. (2009), one of the significant barriers to CO2 capture development 
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is its failure to gain public support/acceptance. Liability is clouded by a failure to clearly 

define what is at risk, especially regarding human health and safety (Trabucchi et al., 

2010). This research will focus more on risks associated with human health and safety 

resulting from oxy-fuel combustion CO2 capture technology. However, risks from other 

technologies should be taken into account or consideration if there is strong evidence that 

those technologies can contribute to some potential adverse human health effects. In 

terms of cost analysis, this research will provide the capital cost, cost of electricity (COE), 

and cost of CO2 avoidance (COA) evaluated and compared to post-combustion CO2 

capture technologies. 

SaskPower’s electricity generation station at the Boundary Dam in Saskatchewan has 

been selected as a case study. This electrical generating station is a lignite coal-fired 

station located near Estevan, Saskatchewan. There were six units in the Boundary Dam 

Power Station (BDPS), which generated 882 MW gross. Units 1 and 2 were closed in 

2013 and 2014, respectively, because they had exceeded their expected operational 

effectiveness. An electrostatic precipitator (ESP) is utilised on each of the six units. Unit 

3, which generates 150 MW gross, is the focus of this research with the assumption of a 

conversion to oxy-fuel combustion capture technology. This research is a cradle-to-gate 

study focusing mainly on applying an LCA to coal-fired electrical generation with oxy-

fuel combustion capture technology. This research will culminate in the creation of a 

database for oxy-fuel combustion CO2 capture using an LCA in Saskatchewan, Canada. 

This database is currently not available; however, this research will fill the gap and will 

produce a useful database in the future. Risk and cost analyses will also be performed in 

this research. 
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1.2 Nature of the problem  

CO2 capture technologies result in complex electrical generating plants (Kanniche et al., 

2009). To achieve results, it is necessary to provide a basis of changes in a whole life 

cycle perspective in which it can help decision makers quantify the differences between 

the technologies used. As a result, this research aims to obtain the complete picture of 

related environmental aspects to comprehensively understand the implications of 

electricity production and its environmental impacts.  

Currently, there are no full-scale operating oxy-fuel plants in the world, even though 

there are seven main groups that have been providing research on coal oxy-fuel 

combustion CO2 capture. These groups include Argonne National Laboratories (U.S.), 

Babcock and Wilcox/Air Liquide (U.S.), Alstom (U.S.), Nagoya University (Japan), 

Electric Power Development/Ishikawajima-Harima Heavy Industry (Japan), Imperial 

College/Air products/Doosan Babcock (UK), Vattenfall/Chalmers University (Sweden), 

and CANMET/University of Waterloo (Canada) (Deborah, 2010). In addition, Wall et al. 

(2011) presented the most recent pilot plants and demonstration project developments for 

the oxy-fuel combustion CO2 capture technology worldwide. A summary of the pilot 

plant and demonstration plant studies are shown in Figure 1.1.  
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The graph demonstrates that there are several recent milestones and expected commercial 

demonstration scales for oxy-fuel combustion technology, which include: 

(1) In 2008 – Vattenfall’s Schwarze Pumpe Pilot plant: world’s first oxy-fuel pilot 

demonstration ; 

(2) In 2009 – TOTAL’s Lacq pro ect: world’s first pipeline in ected oxy-fuel flue gas and 

world’s first integrated and industrial natural gas-fired oxy-fuel plant; 

(3) In 2011 – Callide Oxy-fuel Pro ect: world’s first full chain retrofit demonstration of 

coal-fired electrical generation;  

(4) In 2011– Endesa/CIUDEN CFB: world’s largest pilot oxy-circulating fluidized bed 

(CFB) plant; 

(5) In 2014–2018 – Jäenschwalde, Compostilla, and FutureGen 2 (commercial 

demonstration scale oxy-fuel plants). 

In 2006, even though Babcock and Wilcox and Air Liquide provided SaskPower an 

engineering evaluation of oxy-fuel (for a new plant in Saskatchewan, Canada) from a 

large-scale testing of oxy-fuel combustion, SaskPower has not yet proceeded with the 

project (Deborah, 2010). Furthermore, because an LCA of oxy-fuel combustion CO2 

capture is new in Canada, there is no real oxy-fuel combustion CO2 capture and site-

specific LCA data published in Canada. However, some existing scientific life cycle 

publications of oxy-fuel combustion CO2 capture, especially from Nie (2009) and Hu 

(2011), will be used in this research. In addition, the data of resource extraction (such as 

coal and limestone), production of material (such as steel and concrete), and 

transportation comes mostly from Manuilova (2011), Suebsiri (2010), and Pehnt and 

Henkel (2009). Other data sources come from several research institutes and publications. 
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1.3 Research objectives 

The main objectives and contributions of this research are: 

 to study measurable environmental effects using the Tool for the Reduction and 

Assessment of Chemicals and other environmental Impacts (TRACI) 

methodology over all phases of the life cycle of coal-fired electrical generation 

with oxy-fuel combustion CO2 capture technology. 

 to establish a life cycle inventory (LCI) database of all processes of the coal-

mining and electrical generating plant with the oxy-fuel combustion CO2 capture 

unit in Saskatchewan/Canada. 

 to improve our understanding of all related processes in CO2 capture technology 

for emission reductions.  

 to assess the effectiveness and feasibility of oxy-fuel combustion CO2 capture 

technology as a solution for CO2 emissions reduction. 

 to analyze the electrical generating plant with oxy-fuel combustion CO2 capture 

technology using cost analysis and risk assessment. 

 to encourage the increased use of an LCA associated with cost analysis and risk 

assessment. 

1.4 System under study 

In the LCA study and risk analysis, the comparisons are between the three scenarios, 

which include: (i) the conventional lignite-fired electricity generation station without CO2 

capture, (ii) the oxy-fuel combustion CO2 capture system, and (iii) the amine post-

combustion capture system. These technologies are described as follows. The 

conventional lignite-fired electricity generation station consists of (i) unit 3 at the BDPS, 
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which generates 150 MW and is a tangentially fired sub-critical boiler and (ii) a dry 

electrostatic precipitator (ESP) unit. The oxy-fuel combustion CO2 capture system 

consists of (i) air separation unit (ASU) for cryogenic distillation, which is often 

commercially used for air separation, (ii) unit 3 at the BDPS, which generates 150 MW 

and is a tangentially fired sub-critical boiler, (iii) a dry ESP unit, (iv) a wet flue gas 

desulphurization (FGD) unit, and (v) a CO2 purification and compression unit. The lignite 

coal-fired electricity generating unit with an amine post-combustion capture system 

consists of (i) unit 3 at the BDPS, which generates 150 MW and is a tangentially fired 

sub-critical boiler, (ii) a dry ESP unit, (iii) a wet FGD unit, and (iv) a CO2 capture unit. 

In terms of cost analysis, the two CO2 capture technologies are compared, which include 

(i) the lignite coal-fired electricity generating unit utilizing oxy-fuel combustion CO2 

capture system and (ii) the lignite coal-fired electricity generating unit utilizing a post-

combustion capture system. 

1.5 Previous work in Saskatchewan 

Suebsiri (2005) and Suebsiri et al. (2006) evaluated the reduction of CO2, which is the 

main contributor of GHG emissions, through the use of CO2 in the enhanced oil recovery 

(EOR) project in which it can reduce CO2 emissions, create a use for CO2, and enhance 

oil recovery. Understanding the maximization of the profitability of the EOR project was 

an objective of this research. This research demonstrates the CO2 life cycle analysis for 

CO2 EOR and geological storage by creating opportunities for the economic optimization 

of EOR. All related processes from delivery to the oil field include the production, 

transportation, and refining of the oil. One-third of the total CO2 emissions from the EOR 

process can be stored in an enhanced oil recovery project such as in Weyburn, 
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Saskatchewan, Canada. Gray linear programming (GLP) was used to demonstrate the 

basic economic optimization. The economics analysis presents what the optimization’s 

key parameters are, examines net storage benefits, and shows how the sensitivities can 

affect storage and economics. The results showed that extracting oil by using CO2 is 

economical. 

Suebsiri (2010) and Suebsiri and Wilson (2011) demonstrated the LCA of the carbon 

dioxide, which included post-combustion CO2 capture with coal-fired electrical 

generation and CO2 storage. The options considered for CO2 storage consisted of CO2-

EOR and deep saline aquifer. LCA is a tool used to create a CCS (carbon capture and 

storage) environmental evaluation, improve the environmental performance of products, 

and make informed long-term policy decisions. There were two energy resources: (i) coal 

and (ii) oil and two impact categories: (i) global warming potential (GWP) and (ii) fossil 

fuel resource analysed in the study. Compared to the no-capture scenario, the potential 

for GWP was decreased by 33% and 77% in the capture scenarios with CO2-EOR and a 

deep saline aquifer, respectively. Compared to the no-capture scenario, the results 

showed that the impact on the fossil fuel resource use increased 15% and 52% in the 

capture scenarios with CO2-EOR and a deep saline aquifer, respectively.  

Manuilova (2011) conducted an environmental evaluation of CO2 post-combustion 

capture with coal-fired electrical generating stations and CO2-EOR using LCA. The 

database contained data on all processes within the CCS system boundaries. Other 

processes and all transportation activities were also included. In order to evaluate the 

environmental performance of an electricity generation station with CO2 capture from a 

full life cycle perspective and gain a better understanding of the implications of CO2 
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capture operations, an LCA study of SaskPower’s Clean Coal project at the BDPS and 

Weyburn in Saskatchewan, Canada was conducted. The system under study consisted of 

an 882 MW gross lignite coal-fired electricity generation station with a CO2 post-

combustion capture unit. This research did not only focus on primary CO2 impacts of 

CCS but also other environmental impacts. The results showed that the GHG emissions 

were substantially decreased in the capture scenarios. However, the processes and 

operations associated with the CO2 capture system required additional energy and 

material consumption, which increased the environmental impacts in eutrophication, 

ecotoxicity, human health, and ozone depletion air categories. Furthermore, the 

environmental impact was shifted from the air compartment to the soil and water 

compartments in the capture scenarios. The impacts on the categories of acidification air, 

human health air, and ecotoxicity air in the capture scenarios were decreased compared to 

the no-capture scenario. The CO2 capture system reduced the harmful emissions to the air, 

while the solid waste components were deposited to the industrial landfill. However, 

some substances in the solid waste could eventually leach into the soil and then into the 

groundwater.  
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2. Background  

 

2.1 Life cycle assessment (LCA) 

2.1.1 LCA introduction  

More than forty years ago, the study of an LCA included many environmental issues that 

have become a concern. In 1969, Coca-Cola was considered to be the first company to 

conduct the LCA study at the Midwest Research Institute, located in the United States. 

The objective was to create the foundation for the current methods of life cycle inventory 

(LCI) analysis (Baumann and Tillman, 2004). Research focused on the environmental 

releases and theirs impacts in the supply of natural resources with different beverage 

containers (SAIC, 2006). This is the first LCA study that included a raw materials 

quantification, fuel utilization, and environmental loading from the manufacturing 

processes. In the 1970s, LCA was used as a tool for developing public policies by 

government agencies. In the 1990s, LCA emerged as a part of ISO 14040 standard in 

order to enhance organizations’ environmental performance by getting some form of 

standardization to environmental management (Ross & Evans, 2002).  

LCA is a methodology that identifies the whole life cycle of a product, often called the 

cradle-to-grave approach, in which complex systems are broken down into elementary 

flows. The life cycle assessment is divided into four main parts: goal and scope definition, 

LCI analysis, life cycle impact assessment (LCIA), and interpretation. For the goal and 

scope of an LCA study, this phase is important in the LCA studies since different targets 

require different methodologies and different methodologies bring about different results. 
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Furthermore, it is based on the purposes and requirements of specified modelling. In a 

second phase of an LCA, an inventory analysis is a construction of a flow model. The 

objective of this phase is to provide inventory data for supporting the goal and scope 

definition of the study effectively. LCI model is generally shown as a flowchart, and 

includes three main parts consisting of the construction of the flowchart, data collection, 

and calculation procedure (Baumann & Tillman, 2004). For the third phase, LCIA 

describes the environmental consequences in the inventory analysis process. This phase is 

normally applied to translate the environmental load, inputs, and outputs based on the 

inventory results into environmental impacts such as acidification, GWP, and ozone 

depletion. In addition, LCIA enables data comparison of the results. Translating the result 

parameters from the LCI phase into general impact categories is a way to conquer 

incomparability.   

According to the ISO 14044 series, the LCIA includes both mandatory and optional steps. 

The mandatory steps are: (1) selection of impact categories, in which the impact 

categories are selected and relevant to the system under the study, (2) classification, in 

which specific impact environmental problems are assigned to impact categories, and (3) 

characterization, in which the inventory data is modeled and the category indicator is 

calculated and performed by the modeling of the inventory data within the impact 

categories. The optional steps are: (1) normalization, in which each impact category 

result is divided by a common standard for each impact category in order to compare 

with a common baseline (e.g. the size of acidification impacts in the system is related to 

total regional acidification impacts) (Baumann & Tillman, 2004; Abraham, 2005),  (2) 

grouping, in which the impact categories are assigned to one or more groups so as to 
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more easily interpret the results and classify them into specific concern areas (SAIC, 

2006), and (3) weighting, in which weighting factors are assigned to each impact 

category based on its relative importance, and then the weighting results can be combined 

in order to compare between systems (Abraham, 2005; Karim, 2011). 

The last part of an LCA is called interpretation, in which reaching conclusions and 

preparing recommendations for action are the main objectives. The conclusion should 

also be consistent with the goal and scope of the study. 

2.1.2 LCA methodology 

2.1.2.1 Goal and scope definition  

The goal and scope of an LCA study are based on the requirements and purposes of the 

specified modeling. This is a vital phase in LCA studies because different goals and as a 

consequence different functional units, require different methodologies which will bring 

about different results. In addition, LCA is an iterative technique where the four parts are 

repeated several times until it meets the required accuracy of the modeling and the 

required precision of the inventory results (European Commission, 2014). Consequently, 

the goal and scope can change over the course of the study which allows the user to 

change the choices they made at the beginning. However, it is beneficial if as many 

choices as possible are contained at the early stage. Also, it is necessary to transform a 

general goal to a specific purpose in order to define relevant methodologies for modeling. 

The choice of which options can be modeled, impact categories, functional unit, method 

for impact assessment, system boundaries, principles for allocation, and data quality 

requirements are necessary to define the scope of the study (Baumann & Tillman, 2004). 
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2.1.2.2 Life cycle inventory analysis (LCI) 

Inventory analysis consists of the construction of a flow model. It is the second phase of 

an LCA. The LCI’s ob ective is to provide an inventory data mechanism that can support 

the goal and scope definition of the study effectively. Generally, an LCI model is 

presented as a flowchart (Suebsiri, 2010). 

An LCI model includes three main parts: construction of the flowchart, data collection, 

and calculation procedure (Baumann & Tillman, 2004). 

 Construction of the flowchart 

             In the first step, a general flow chart is developed according to system boundaries 

and other modeling requirements. In terms of inventory analysis, this flowchart is 

described in detail. 

-   Data collection 

            Data collection is an extremely time-consuming exercise in the LCA. The 

qualitative, descriptive, and numerical data for each unit process needs to be collected. 

The numerical data includes: 

- Inputs: energy, raw material, ancillary, and other physical inputs (such as 

land use) 

- Products: studied product and co-products, including waste 

- Emissions: to air, to water, and to soil 

- Other environmental aspects 

            Additionally, transports, distances, and routing data should also be collected. 

-  Calculation procedure 

             Calculation procedures play a significant role in the LCI phase. All data 
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collection is calculated based on the functional unit. 

2.1.2.3 Life cycle impact assessment (LCIA) 

LCIA includes describing the environmental consequences associated with a product 

system. This phase is basically applied to translate the environmental load, inputs, and 

outputs based on the inventory results into environmental impacts, such as GWP, 

acidification, effect on biodiversity, ozone depletion, etc. This translation helps to make 

the environmental results more relevant, easier to comprehend, and readily useful. The 

number of inventory result parameters can be from 50 to 200 or more, possibly resulting 

in difficulty in controlling the inventory results. Consequently, the number of parameters 

can be decreased to about 15 environmental load groups of the inventory results into 

environmental impact categories (Baumann & Tillman, 2004). In addition, an LCIA can 

make the results more comparable by translating the result parameters from the LCI 

phase into general impact categories.     

Midpoint and endpoint analyses are the two categories of LCIA methods. For a midpoint 

analysis, the environmental impacts are considered in relatively early stages of the cause-

effect chain. The midpoint-oriented methods are associated with less uncertainty than 

damage-oriented methods. A cause-effect chain of an environmental issue is created prior 

to the final outcome, and impacts are considered in this process. In terms of endpoint 

analysis, this method assesses the environmental impacts at the endpoint in the cause-

effect chain, and these methods are associated with high uncertainties (Mizsey et al., 

2009).  
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2.1.2.3.1 Steps in LCIA  

According to the ISO 14000 series, the steps included in the LCIA phase are as follows: 

the basic steps include selection, classification, and characterization. The additional steps 

consist of normalization, grouping, and weighting. The mandatory steps are:  

- Selection of impact categories: identify and select impact categories relevant to 

the system under the study. 

- Classification: the assignment of selected impact environmental issues to 

impact categories. 

- Characterization: the calculation of category indicator results is performed by 

modeling the inventory data within the impact categories.  

The classification and characterization are shown in Figure 2.1. 
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Figure 2.1 An example of classification, characterization, and weighting (adapted 

from PE International, 2011) 

(original in colour) 
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The optional steps are:  

- Normalization: the transformation of the characterization results in a reference 

value. The advantage of the normalization is to see when the impacts caused by the 

product are large compared to total impacts in a specific area where the product is 

produced and used, for example, transforming the acidification impacts of the product to 

the acidification impacts of the total amount of pollutants emitted in the country.  

-  Grouping: the purpose of this technique is to assign impact categories to one or 

more groups so as to more easily interpret the results into specific concerning areas 

(SAIC, 2006). Sorting and ranking impact categories are two grouping techniques (ISO 

14044, 2006). The purpose of sorting is to group the impact categories on a nominal basis, 

such as location (e.g., global, regional, and local spatial scales) or characteristics (e.g., 

inputs and outputs), whereas ranking is done to prioritize the impact categories into levels 

such as high, medium, and low priority levels.  

- Weighting: aggregate characterization results across impact categories shown in 

Figure 2.1. The relative weight of each impact category is expressed by the weighting 

factor.  

2.1.2.3.2 Characterization methods 

Characterization methods are derived from environmental chemistries (ecology, 

toxicology, etc.) to be able to describe environmental impacts. The following points are 

some of the impact categories in LCIA:   

 Resource depletion  

Resource depletion has several existing impact assessment methods; each method 

requires different resources. Characterization modeling of the impact varies depending on 
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the types of resources, which can be divided into two parts: renewable and non-renewable 

resources, and abiotic and biotic resources (Baumann & Tillman, 2004). For renewable 

and non-renewable resources, renewable resources are those that are constantly 

regenerated, such as wind and solar energy, while non-renewable resources are not 

regenerated within human life span, such as fossil fuels and minerals. In terms of abiotic 

and biotic resources, abiotic resources are non-living resources such as crude oil and 

wind energy, while biotic resources are considered living resources, such as forests and 

animals.   

 Land use  

Land use is also a debated topic in which the characterization is difficult to make due to 

the limited knowledge of, and data regarding, the influence of land use on the 

environment in each part of the world. This impact category covers both the actual use of 

land (occupancy) and changes in land use (transformation) (Baumann & Tillman, 2004). 

Occupancy and transformation refer to different impacts. From the occupancy 

perspective, the surface of the planet is finite, so area is a limited resource. As a result, 

calculation the total land use (m
2
) is the simplest way to characterize and assess land use. 

In terms of a transformational perspective, land will either have a higher or lower quality 

than its original state; however, it is most likely that the quality will still be worse than 

the original state.   

 Global warming potential (GWP)  

Global warming is the increase of average temperature in the atmosphere, which causes 

adverse effects on the environment. The primary greenhouse gases (GHG) that contribute 

to global warming include not only CO2, which is the major contributor, but also methane 
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(CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and 

sulphur hexafluoride (SF6) (Metz et al., 2005).  

 Ozone depletion potential (ODP) 

Ozone depletion refers to the thinning of the stratospheric ozone layer due to human 

activities. This depletion can result in a higher level of ultraviolet light on the Earth’s 

surface, which has adverse impact on human health and the ecosystems. A major cause of 

ozone depletion is chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), and 

halons. These result in the formation of skin cancer, which is very dangerous for humans.  

 Acidification potential (AP)  

Acidification is caused by an increase of acidity (hydrogen ion (H
+
) concentration) in soil, 

groundwater, surface water, biological organisms, ecosystems, and materials. Acidity can 

cause a reduction in the pH level of soil. Furthermore, it can have adverse effects on man-

made resources and human health when acids dissolve in the surface water or contact 

moist human tissue, such as lung tissue (Jolliet et al., 2004; Baumann & Tillman, 2004). 

The substances that contribute to acidification include sulfur dioxide (SO2), NOx, HCl, 

and ammonia (NH3) (Baumann & Tillman, 2004). 

 Human toxicity potential (HTP)  

Toxicity has a complicated impact, which may result from many types of impacts and 

many substances. Toxicity can be classified into two main categories: human toxicity and 

eco-toxicity (Baumann & Tillman, 2004). For human toxicity, the activity releases 

material toxic to humans in air, water, and soil. The category of human toxicity refers to a 

number of different effects that directly impact human health such as acute toxicity, 

allergic effects, and respiratory effects. Numerous substances such as heavy metals, N2O, 
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and chlorinated organic compounds can contribute to this category (Stranddorf et al., 

2005). 

 Ecotoxicity potential  

Ecotoxicity refers to the chronic and acute toxic effects on species in an ecosystem 

caused by natural or synthetic pollutants. There are many substances that cause 

ecotoxicity; some examples include chemical compounds, metals, and pesticides 

(Stranddorf et al., 2005).  

 Eutrophication potential (EP)  

EP refers to the potential for environmental impact due to excessively high levels of 

micronutrients, which can cause undesirable shifts in species composition and biological 

productivity. Eutrophication can be divided into two main types: aquatic eutrophication 

and terrestrial eutrophication. Aquatic eutrophication occurs as a result of the unnatural 

enrichment of phosphorus and nitrogen (N2). This brings about an increase in the growth 

of algae, plankton and other microorganisms, etc. When there are plenty of 

microorganisms, they block light from reaching the water, and this results in the 

prevention of the plants from photosynthesizing. Photosynthesis provides O2 in the water 

to aquatic animals. In addition, when the plants die, their decomposition process 

consumes O2. This causes lower O2 levels in the water, which disturbs the balance of 

aquatic ecosystems (Mudroch, 1999). Terrestrial eutrophication relates to soil nutrients in 

which an increase of N2 in the soil stimulates the growth rate of plants; however, it also 

suppresses some of the other nutrients, such as potassium and magnesium, in the plants.  
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2.1.2.3.3 LCIA methods  

There are several methodologies of LCIA that have been used and developed. An LCIA 

aims to describe the environmental consequences in the inventory analysis process and 

translate environmental load results into environmental impacts (Baumann & Tillman, 

2004). The most comprehensive and the most commonly used LCIA methodologies are 

described below and shown in Table 2.1. Some LCIA methodologies have both mid-point 

and endpoint/damage characterization factors in the same impact category. In addition, 

some LCIA methodologies have two impact categories in one major impact category. For 

instance, the eutrophication impact category includes both aquatic and terrestrial ones. 

These show multiple ticks in the Table. 

 LUCAS  

The LCIA method Used for a Canadian-Specific context (LUCAS) is a combination 

method which combines midpoint and damage characterization factors. LUCAS has been 

developed by adapting existing LCIA models, which include the Environmental Design 

of Industrial Products (EDIP), the IMPact Assessment of Chemical Toxics (IMPACT) 

2002+, and TRACI, to the Canadian context. LUCAS characterizes ten impact categories: 

abiotic resource depletion, climate change, ozone depletion, acidification, toxicity, 

aquatic eutrophication, terrestrial eutrophication, land use, smog formation, and 

ecotoxicity (aquatic and terrestrial). Fate, exposure, and effect factors are involved in the 

model framework. However, this methodology has not been finalized and is not available 

for use at the moment. 
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 Eco-indicator 99 (EI99) 

Eco-indicator 99 was initially developed for product design, and is most related to 

European industrial pollution (Goedkoop & Spriensma, 2000). This LCIA methodology 

is the damage-oriented method, which assesses the environmental impacts based on the 

endpoint categories. Developers start with weighting, and then work from the top down 

in order to complete the method, which is called a top-down method. EI99 considers 

three damage points: (1) human health, (2) ecosystem quality, and (3) resource depletion. 

There are two parts included in EI99: the scientific calculation of the several forms of 

environmental damage and a valuation procedure to establish the significance of this 

damage. The normalization and weighting are included in this LCIA methodology.  

 EDIP97/2003 

The Environmental Design of Industrial Products (EDIP) methodology was developed in 

the mid-1990s in Denmark by a consortium of Danish companies. They published the 

final report of the project known as EDIP97, in 1997 (Wenzel et al., 1997). The EDIP97 

is a midpoint-approach. It includes 7 environmental impact categories: global warming, 

ozone depletion, photochemical ozone formation, acidification, nutrient enrichment, 

human toxicity, and ecotoxicity. Two important steps of EDIP97 are normalization and 

weighting. After the characterization step, the impact potentials are normalized based on 

the person-equivalent value. The weight factors in the EDIP97 are derived from the 

political reduction targets for the environmental impact categories.  

The EDIP2003 methodology is comprised of global and non-global impact categories, 

which include (1) global warming, (2) stratospheric ozone depletion, (3) acidification, (4) 

human toxicity, (5) ecotoxicity, (6) photochemical ozone formation, (7) nutrient 
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enrichment, and (8) noise. The characterization factors of global warming and 

stratospheric ozone depletion, which are the global impact categories, were obtained from 

the World Meteorological Organization/United Nation Environment Programme 

(WMO/UNEP) and Intergovernmental Panel on Climate Change (IPCC) (Potting & 

Hauschild, 2005). However, the characterization factors of non-global impact categories 

have been developed by the EDIP 2003. 

 IMPACT2002+ 

IMPACT2002+ is one of the European LCIA methods, which represents a combination 

of midpoint and damage approaches. All 14 midpoint categories are grouped and linked 

to 4 damage categories (Jolliet et al., 2003). In this way, users can better understand the 

cause-effect chain of the environmental impacts on users. However, each midpoint 

category is able to relate to more than one damage category; this methodology consists in 

grouping LCI results into midpoint categories. After that, all 14 midpoint categories will 

be categorized into one or more damage categories (Suebsiri, 2010). The normalization 

can be performed either at midpoint or at damage level (Humbert et al., 2005). 

Furthermore, IMPACT2002+ is developed from IMPACT2002 by adding considerations 

of the human toxicity and ecotoxicity. Other midpoint categories are adapted from Eco-

indicator 99 and the Center of Environmental science of Leiden university (CML) 2002 

characterizing methods (Manuilova, 2011).  

 TRACI  

The Tool for the Reduction and Assessment of Chemicals and other environmental 

Impacts (TRACI) is an impact assessment methodology developed by the U.S. 

Environmental Protection Agency (EPA) (Bare et al., 2003). The methodology adopts 15 
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impact categories at the midpoint level. These impact categories include global warming 

air, acidification air, smog air, ozone depletion air, ecotoxicity air, ecotoxicity water, 

ecotoxicity ground-surface soil, eutrophication, human health non-cancer and cancer air, 

human health non-cancer and cancer water, human health non-cancer and cancer ground-

surface soil, and human health criteria air-point sources. Impacts are categorized into 

these categories at the midpoint level so as to minimize the complexity of modeling and 

limit the uncertainties that can occur at the damage level (Bare et al., 2003; Suebsiri, 

2010). This methodology is not only a state-of-the-art development, but also the best-

available practice for life-cycle impact assessment in the United States (Bare et al., 2003). 

 CML2001 

CML was developed by the Institute of Environmental Sciences at Leiden University in 

the Netherlands. It is a midpoint-oriented method that includes characterization and 

normalization in the impact assessment process. The CML2001 method defines three 

categories of impacts: (1) baseline impact categories, which are normally used in almost 

all LCA studies, (2) study-specific impact categories, which are used depending on the 

available data, goal, and scope of the study, and (3) other impact categories, which 

require further elaboration (Suebsiri, 2010).  

 The Japanese LIME 

The Life-cycle Impact assessment Method based on Endpoint modeling (LIME) was 

developed in the National Institute of Advanced Industrial Science and Technology in 

Japan (Itsubo & Inaba, 2003). There are 11 impact categories in LIME, which include 

global warming, eutrophication, acidification, photochemical oxidant creation, ozone-

layer depletion, urban air pollution, land use, eco-toxicity, human toxicity, and resource 
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consumption and waste. The characterization factors of this LCIA methodology are based 

on the Japanese environment. 

 LCSEA  

Scientific certification systems (SCS) has developed the Life-Cycle Stressor-Effects 

Assessment (LCSEA), a cradle-to-grave assessment technique conducted in accordance 

with ISO14042 standards. The purpose of developing a LCSEA methodology is for 

calculating the environmental impact indicator values representing a relevant set of local, 

regional, and global impact indicators. Furthermore, the LCSEA methodology aims to 

evaluate the environmental performance of industrial systems and support comparative 

assertions (SCS, 2000). The technical framework of the LCSEA serves a wide range of 

industry users’ needs, both in internal and external applications. For the internal 

applications, internal environmental improvement strategies and environmental 

performance evaluation are included. In terms of the external applications, 

environmentally preferable procurement (EPP) and environmental labelling programs are 

included.  
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Table 2.1 Overview of important LCIA methods 

LCIA 

methods 

LUCAS EI99 EDIP 

97 

EDIP 

2003 

IMPACT

2002+ 

TRACI CML 

2001 

LIME LCSE

A 

Country Canada Europe Europe Europe    Europe U.S. Europe Japan U.S./ 

Canada 

Charac- 

teristic 

Site-
dependent 

Site-
generic 

Site-
specific 

Site-
specific 

 

Site-
dependent 

Site-
specific 

Site-
specific 

Site-de-
pendent 

Site-de-
pendent 

Number of 

impact 

categories 

10  

mid 

points 

3  

da-

mages 

7  

mid 

points 

8  

mid 

points 

14 

midpoints, 

4 damages 

15  

mid 

points 

10  

mid 

points 

11  

da- 

mages 

4 

groups, 

15 

impacts 

Im
p

a
ct

 c
a

te
g

o
ri

es
 

AP √  √ √ √ √ 

(aqua 

&terrest) 

√ √ *  

EP √ √ 

(aqua 

&terrest) 

   √ 

(aquatic) 

√ √ *  

FAETP     √ √ √   

Eco-air √ * √ √ * √ (air)  *  

MAETP       √   

Eco-

soil 

    √ √ √   

ODP √  √ √ √ √ √ *  

POCP   √ √ √  √ *  

GWP √  √ √ √ * √ √ *  

Radio-

active 

radia-

tion 

    √     

ADP √      √   

HTP √ * √ √ √ * √√√

√√√ 

√ *  

Urban 

air 

pollu-

tion 

       *  

Land 

use 
√    √   *  

Nu-

trient 

enrich-

ment 

  √ √      

Re-

source 

con-

sump-

tion 

       *  

Waste        *  

Non-

renew-

able 

energy 

    √     
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Mine-

ral 

extract

ion 

    √     

Air-

point 

source 

    √ √    

Smog 

air 
√     √    

Re-

source 

deple-

tion 

 *   *    # 

Physi-

cal 

disrup 

-tion 

        # 

Emis-

sion 

loading 

        # 

Hazar-

dous 

waste 

loading 

        # 

 Noise    √      

Where √  refers to midpoint approach, * refers to damage approach, # refers to neither midpoint nor damage approach, 

FAETP =freshwater aquatic ecotoxicity potential, MAETP = marine aquatic ecotoxicity potential, 

POCP=photochemical ozone creation potentials, ADP= abiotic depletion potential  

  



 

 

29 

 

2.1.2.4 Interpretation  

According to ISO 14040 (1997), the life cycle interpretation phase contains the main 

objectives in order to reach the conclusions and recommendations. Additionally, the 

conclusion should be consistent with the goal and scope of these studies in the relevant 

literature. However, unexpected results could occur and offer effective ways for learning. 

There are three major steps in the interpretation of LCA results: (1) the identification of 

significant issues, (2) evaluation, and (3) conclusions, limitations, and recommendations 

(Cascio et al., 1996; Baumann & Tillman, 2004). 

1. The identification of significant issues involves defining and reviewing 

considerable information of the LCI and LCIA. Generally, there are hundreds of result 

parameters. Alternative ways to analyze and present the results is the focus of this step. 

2.  Evaluation involves (1) the identification of the results and significant issues 

and (2) the completeness, sensitivity, and consistency of the LCA study so as to be more 

confident in the results from the LCI and LCIA phases (Suebsiri, 2010).  

3. Conclusions, limitations, and recommendations are applied to communicating 

the results of the assessment fairly, completely, and accurately to the intended audience 

of the LCA (SAIC, 2006). 

2.1.3 LCA software tools 

According to Cooper & Fava (2006), most of the LCA practitioners used ready-made 

LCA software and 58% of them used GaBi, 31% SimaPro, 11% TEAM, and the rest used 

other tools such as BEES, Umberto, ECO-IT, etc.  

In this research, three often used software tools are explained as follows: 
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 GaBi 

The GaBi software system and databases was developed by PE International, Germany 

(Long, 2011). GaBi is a comprehensive LCA tool since there is an easy-to-understand 

structure and friendly user interface. In addition, the broad range data sets of the GaBi 

cover many different industrial sectors including metals (steel, aluminium and non-

ferrous metals), plastics, mineral materials, energy supply (steam, thermal energy, power 

grid mixes), transport, disposal, manufacturing, and electronics, etc. (Boureima et al.,  

2007). 

 SimaPro 

The SimaPro software system and databases was created by PRé Consultants, the 

Netherlands. This software tool is easy to use due to the intuitive user interface which has 

several inventory databases and impact assessment methods. The SimaPro allows for 

editing, analysis, and comparisons of complex life cycles. Furthermore, linking a process 

with another process can be done with a few steps (Long, 2011).  

 TEAM 

The TEAM software system and databases was created by Ecobilan, UK. This tool 

allows users to build and use a comprehensive database of over 600 modules to model 

any system representing the operations associated with products, processes and activities. 

In addition, the tool enables a person to calculate potential environmental impacts 

according to the ISO 14040 series of standards. 
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2.2 Pulverized coal-fired power plant and oxy-fuel combustion CO2 capture 

technology 

2.2.1 Pulverized coal-fired power plant 

Approximately 42% of the world’s electricity production is from coal-fired power plants 

(IEA ETSAP, 2010). Even though coal-fired power plants play a major role in the world 

energy sector, these lead to significant environmental contamination. This is because the 

sulfur oxides (SOx), nitrogen oxides (NOx), and other emissions contribute to 

environmental issues such as ozone depletion, impaired ecosystem health, and global 

warming (IEA Clean Coal Centre, 2010). As a result, coal technology has, over the years, 

been undergoing changes to be more environmentally friendly. CO2 capture technology 

has become a comprehensive technology for ensuring the reduction of emissions from 

electricity generation plants.  

Pulverized coal-fired power plants represent around one quarter of the world's CO2 

emissions in the air (Finkenrath et al., 2012). In the pulverized coal-fired plants, the coal 

must first be pulverized into a fine powder to increase the surface area during the 

combustion process. After that, the coal is sent into a boiler and begins a combustion 

process in temperatures between 1300
o
C to 1700

o
C (IEA Clean Coal Centre, 2010).  

Lastly, the produced heat will cause the water in the tubes lining the boiler to convert into 

steam at a temperature of 540
o
C and a pressure of approximately 18 MPa. As a result, 

electricity power will be generated as the steam passes into the turbine.  

2.2.2 Oxy-fuel combustion CO2 capture technology 

Oxy-fuel combustion uses the traditional power plant technology process, in which the 

fuel is combusted in pure O2 (>95% volume) instead of air. As a result, there will be a 
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high CO2 concentration in the flue gas (Wall et al., 2009). In addition, very little N2 and 

NOx is produced, which helps reduce gas discharging loss and increase boiler efficiency. 

The O2 separation process, however, would be an addition to an existing power plant, and 

the work required to separate O2 from air is an energy penalty for the power plant to 

operate with sequestration. The main components of the oxy-fuel combustion process are 

the ASU, ESP, flue gas recycle (FGR) in the boiler system, FGD, and CO2 purification 

and compression units. All these units are shown in Figure 2.2. 
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Figure 2.2 Block diagram of oxy-fuel combustion CO2 capture process with 70% 

flue gas recycled (from Shah, 2006) 

(original in colour)   
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Figure 2.2 shows the process diagram of the oxy-fuel combustion. Firstly, there is an 

ASU that generates the highly pure O2. This O2 is then fed into the boiler in order to 

combust coal. The results of this combustion include steam and flue gas. Steam is fed 

into the steam turbine to generate electricity, while the flue gas is fed into an ESP unit to 

remove the particulate matter from the flue gas. After that, the flue gas is divided into two 

components. 70% of flue gas is recycled in the combustion process in order to moderate 

the combustion temperature. Firing with highly pure O2 would result in a large increase 

in flame temperature, so the boiler has to operate under certain conditions to prevent the 

temperature from going too high by mixing it with recycled flue gas. With O2 alone, there 

would probably not be effective heat transfer due to low volumes of heated gas. As a 

result, recycled flue gas is needed to carry fuel into the boiler and ensure there is 

adequate heat transfer to all boiler areas. The recycled flue gas contains mainly CO2 and 

water (H2O), which have higher thermal heat capacities than that of N2. This increase in 

thermal capacity brings about an increase in heat transfer in the convective section of the 

boiler and a decrease in flame temperature (Wall, 2007). The rest of the flue gas 

(typically 30%) passes through ESP and FGD units so as to remove particulate matter 

(PM) and SOx (more than 95%), respectively. The flue gas then passes through a CO2 

purification and compression unit to be cleaned, dehydrated, and compressed. Some of 

the remaining contamination gases, such as NOx and SOx, will be removed during this 

process to reach transport and storage requirements (Tigges et al., 2008). As a result, the 

final flue gas is essentially only CO2, which can be easily transported and injected into a 

storage site or used directly for CO2-EOR (Pehnt & Henkel, 2009). The specification of 
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the final CO2 product steam is influenced by the use of captured CO2, fuel, and transport 

type.  

The three main advantages in this capture technology are: 

  CO2 concentrations in flue gas are up to 98%, which facilitates CO2 capture and 

sequestration with little or no extra treatment (Croiset et al., 2000). In the post-

combustion process, the produced CO2 is diluted by NOx, SOx, and other impurities in the 

flue gas. This requires costly flue gas processing and chemical CO2 absorption. However, 

the oxy-fuel combustion produces a CO2-concentrated stream, which simplifies the flue 

gas processing by reducing the volume of gas to be processed.  

  Reduction of the NOx emission, which is the most pollutant emission, to less than 

one-third of that in air-fired combustion (Croiset & Thambimuthu, 2001). The very low 

concentration of N2 in the feed gas suppresses the formation of NOx.   

  A large number of theoretical and experimental studies have verified that the 

similar adiabatic flame temperature (AFT) can be achieved in the oxy-fuel combustion by 

using typically 30% O2 concentration of the gases passing through the burner instead of 

that for air (21%) (Wall, 2007). This avoids the replacements of the existing equipment 

and provides an excellent potential for retrofit of the conventional combustion equipment. 

 Reducing gas volume between combustion periods at higher O2 concentrations. 

This technology brings about lower dry gas energy losses, minimizing unburned carbon, 

raising plant efficiency, and lowering energy loss for gas cleaning separation (Croiset et 

al., 2000). 
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2.3 Risk assessment (RA) 

Risk is normally defined as the potential of an unwanted negative consequence or event 

(Elizabeth & Roy, 1998). An important feature of an LCA is that it is a relative 

assessment based on the use of a functional unit (Olsen et al., 2001). RA is a tool used to 

form, structure, and collect information to identify existing hazardous situations and 

report potential problems or the type and level of the environmental health and safety risk 

(Suebsiri, 2010). Despite the fact that the purposes or goals of the LCA and RA are 

different, there are some overlapping parts which they can benefit and complement each 

other in an overall environmental effort (Sleeswijk et al., 2003; Olsen et al., 2001). The 

LCI results in the LCA study can be directly used to generate the risk results. 

2.3.1 Health, safety, and environmental (HSE) risk  

For carbon capture technology, a lack of the risks associated with this technology is a key 

issue affecting public acceptance. Understanding those risks can facilitate the formulation 

of standards and regulatory frameworks required for large-scale application of carbon 

capture technology (Damen et al., 2003). According to Lilliestam et al. (2012), even 

though there is no explosion from the CO2, inhaling concentrations of CO2 emissions 

around 3-5% will pose risks to human health. Inhaling concentration higher than 15% can 

be fatal. The HSE risk can be determined largely by both the total amount of CO2 lost 

and the maximum rate of CO2 lost in the system (Gerstenberger et al., 2009). The health-

related damage associated with emissions from coal-fired electrical generating plants can 

vary, depending on the facilities, with the function of the plant, the site, and population 

characteristics (Levy et al., 2009). Major emissions related to health risks are fine 
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particulate matter (PM2.5, and PM10), and particle precursors (SO2, and NOx) (Levy et al., 

2009; Preiss et al., 2013). 

In carbon capture technology, the majority of the risks are from coal mining and CO2 

capture as follows: 

- Coal mining - As the carbon capture technology consumes more coal, more coal 

mining is required. Mining is more dangerous for workers than other occupations. The 

accidents from coal mining depend not only on the technical progress, such as mining 

equipment and operating procedures, but also on the geological characteristics of the 

mine (e.g., depth, thickness, or hardness) (Ha-Duong & Loisel, 2011). The occupational 

risks can be calculated by multiplying the number of man-hours required per operation 

and the deaths, accidents, or contracted diseases per man-hour (Inhaber, 1941). 

- CO2 capture - CO2 capture can be hazardous to workers and receptors due to 

improper venting and mechanical failures during the capture stage (Trabucchi et al., 

2010). Furthermore, raw materials (especially metals and concrete) and construction that 

are required for combustion and CO2 capture technology have associated calculable risks 

(Inhaber, 1941). There is a risk from energy production related to accidents resulting in 

injury or death (Inhaber, 1941). Health effects of typical power plant pollutants are 

shown in Table 2.2. 
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Table 2.2 Health effects of typical coal-fired power plant pollutants (modified from 

Keating, 2001; Elizabeth & Roy, 1998; CDC, 2009; Hu, 2002; US EPA, 2000; NH DES, 

2013) 

Sub- 

stances 

Human Toxicity Limit value (OHSR 

BC, 2014) 

Typical 

exposure 

within 

the 

plume  

(US 

EPA, 

1998) 

Comments 

 

Acute (short-term 

effects) 

Chronic (long-

term effects) 

TWA 

(the 8-

hour 

time 

weighted 

average 

limit) 

STEL 

(short 

term)/C 

ceiling 

Emission 

factors 

(kg/ 

Mgcoal) 

Sulfur 

dioxide 

(SO2) 

Lung irritant, 

triggers asthma, 

low birth weight in 

infants. 

Reduces lung 

function, 

associated with 

premature death. 

5000 

ppm 

15,000 

ppm 

2300 Contributes 

to acid rain 

and poor 

visibility. 

Nitrogen 

oxides 

(NOx) 

Changes lung 

function, increases 

respiratory illness 

in children. 

Increases 

sensitivity to 

respiratory 

illnesses and 

causes permanent 

damage of lung. 

2 ppm 5 ppm 0.054 Forms 

ozone 

smog and 

acid rain.  

Nitrogen 

dioxide 

(NO2) 

Affect health 

exposure 

mortality. 

Decreased lung 

function in 

children, perhaps 

adults. 

N/A N/A 4.25 - 

Carbon 

monoxide 

(CO) 

Increase frequency 

and severity of 

angina, headaches, 

exacerbation of 

cardiopulmonary 

dysfunction  

Decrease work 

capacity in healthy 

adults, decrease 

alertness, flulike 

symptom in 

healthy adults, 

asphyxiation 

N/A 1 ppm N/A - 

Particu-

late 

Matter 

(PM) 

Asthma attacks, 

heart rate 

variability, heart 

attacks.  

Cardiovascular 

disease, lung 

inflammation, 

premature death, 

decrease lung 

function 

25 ppm 100 

ppm 

N/A - 

Hydrogen Inhalation causes Chronic N/A N/A 0.308 - 
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chloride 

(HCl) 

coughing, 

hoarseness, chest 

pain, and 

inflammation of 

respiratory tract. 

occupational 

exposure is 

associated with 

gastritis, chronic 

lung 

inflammation, skin 

inflammation 

Hydrogen 

Fluoride 

(HF) 

Inhalation causes 

severe respiratory 

damage, severe 

irritation and 

pulmonary edema. 

- N/A  2 ppm 0.6 Very high 

exposures 

through 

drinking 

water or air 

can cause 

skeletal 

fluorosis. 

Arsenic 

(As) 

Ingestion and 

inhalation: affects 

the gastrointestinal 

system and central 

nervous system. 

Known human 

carcinogen with 

high potency. 

Inhalation causes 

lung cancer; 

ingestion causes 

lung, skin, bladder 

and liver cancer.  

N/A 2 ppm 0.075 - 

Cadmium 

(Cd) 

Inhalation 

exposure causes 

bronchial and 

pulmonary 

irritation.  

Probable human 

carcinogen of 

medium potency. 

The kidney is the 

major target organ 

in humans 

following chronic 

inhalation and oral 

exposure. 

0.01 

mg/m
3
 

N/A 0.000205 Other 

effects 

noted from 

chronic 

inhalation 

exposure 

are 

bronchioliti

s and 

emphysem

a. 

 

Lead (Pb) Abdominal 

(stomach) pain, 

seizures  

 

Kidney injury, 

decrements in 

renal function, 

anemia, paralysis  

0.01 

mg/m
3
 

N/A 0.0000255 - 

Antimony 

(Sb) 

Gastrointestinal 

symptoms 

(vomiting, 

diarrhea, 

abdominal pain, 

and ulcers, etc.)  

Hemolysis with 

abdominal and 

back pain 

 

0.05 

mg/m
3
 

N/A 0.00021 Acute 

inhalation 

is related to 

irritation of 

the 

respiratory 

tract and 

impaired 

pulmonary 

function  
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Barium 

(Ba) 

Vomiting, perioral 

paresthesias, 

diarrhea, paralysis, 

hypertension, and 

cardiac 

dysrhythmias  

Baritosis 

(coughing, 

wheezing, nasal 

irritation), kidney 

damage  

0.5 

mg/m
3
 

N/A 0.000009 The health 

effects 

depend on 

the dose, 

water 

solubility, 

and route 

of 

exposure.  

 

Chro-

mium 

(Cr) 

High exposure to 

chromium VI may 

result in damage to 

the kidneys, 

gastrointestinal 

bleeding, and 

internal bleeding. 

Known human 

carcinogen of high 

potency. 

0.5 

mg/m
3
 

N/A N/A Chronic 

effects 

from 

industrial 

exposures 

are 

inflammati

on of the 

respiratory 

tract. 

Beryllium 

(Be) 

Erythema and 

edema of the lung 

mucosa. This will 

produce 

pneumonitis.  

Chronic beryllium 

disease  or 

berylliosis  

0.5 

mg/m
3
 

N/A 0.0000395 The effects 

vary 

depending 

on the 

concentrati

on of the 

substance 

in the air 

and the 

duration of 

the air 

exposure 

Copper 

(Cu) 

 

Nausea, vomiting, 

abdominal pain, 

anemia. 

 

Symptoms of liver 

toxicity such as 

Wilson's disease, 

jaundice, and 

swelling  

0.002 

mg/m
3
 

0.01 

mg/m
3
 

0.0000105 - 

Cobalt 

(Co) 

Allergic contact 

dermatitis  

Asthma ,

carcinogenicity 

1 mg/m
3 
 N/A N/A Two routes 

that cobalt 

can be 

absorbed: 

(1) oral and 

(2) 

pulmonary 

routes. 

Molybde-

num (Mo) 

 

- A gout-like 

illness, higher 

serum uric acid 

levels, 

0.02 

mg/m
3
 

N/A 0.00005 - 
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carcinogenicity 

Man- 

ganese 

(Mn) 

 

- Parkinson’s 

disease, 

clumsiness, 

tremors, speech 

disturbances, etc. 

0.5 

mg/m
3
 

N/A N/A - 

Selenium  

(Se) 

Producing 

coughing, 

nosebleeds, 

dyspnea, bronchial 

spasms, bronchitis, 

and chemical 

pneumonia (lung 

irritation caused by 

toxins, gases, etc.) 

Alkali disease 

(hair loss, erosion 

of the joints of the 

bones, anemia, 

etc.), 

cardiovascular 

disease 

0.2 

mg/m
3
 

N/A 0.000245 - 

Nickel 

(Ni) 

skin rash ,eczema asthma attacks, 

chronic bronchitis, 

reduced lung 

function, lung and 

nasal sinus cancer 

(>10 mg 

nickel/m3) 

0.1 

mg/m
3
 

N/A 0.00065 People can 

be exposed 

to nickel by 

breathing 

air and 

drinking 

water.  

Vanadium 

(V) 

 

Cough, sputum, 

difficulty in 

breathing, ear, 

nose, and throat 

irritation, 

headache, 

palpitation  

Cardiovascular 

disease 

 

0.05 

mg/m
3
 

N/A 0.00014 - 

Mercury 

(Hg) 

Inhalation 

exposure to 

elemental mercury 

results in central 

nervous system 

effects and effects 

on gastrointestinal 

tract and 

respiratory system. 

Methyl mercury 

ingestion causes 

developmental 

effects. Infants 

born to women 

who ingested 

methylmercury 

may perform 

poorly on 

neurobehavorial 

tests 

0.2 

mg/m
3
 

N/A N/A The major 

effect from 

chronic 

exposure to 

inorganic 

mercury is 

kidney 

damage. 

Volatile 

organic 

com-

pounds 

(VOCs) 

Irritation, 

neurotoxic effects, 

hepatotoxic 

effects, headache, 

nausea, irritation 

of eyes, respiratory 

system, 

drowsiness, 

fatigue. 

Asthmatic 

symptom, cancer 

0.025 

mg/m
3
 

N/A 0.0000415 - 
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2.3.2 Routes of exposure 

When conducting an RA associated with human health, it is necessary to evaluate the 

potential routes of exposure. There are four common routes of exposure by which 

substances can enter the body. These routes will be described as follows (UNL 

Environmental Health and Safety, 2002): 

 Inhalation: This is the major route of entry for most chemicals, which are in the 

form of vapours, gases, mists, or particulates. When people inhale chemicals, these can 

be either exhaled or deposited in the respiratory system. If the chemicals are deposited, 

the damage may occur through direct contact with tissue or the chemicals spread into the 

blood through the lung-blood interface. The blood absorbs substances, which are 

circulated and distributed to the organs that are sensitive to the toxicant.  

 Skin absorption: Skin (dermal) contact can cause innocuous effects such as 

redness or mild dermatitis; however, there are some more severe effects, which include 

the destruction of skin tissue or other debilitating conditions. Many chemicals can be also 

absorbed into the blood system. Once they are absorbed, they may cause some damage to 

internal organs.  

 Ingestion: Chemicals that are ingested through means such as eating contaminated 

foods are absorbed through the lining of the gastrointestinal tract. The blood then 

transports them through internal organs where damage can occur. For some chemicals, 

elimination may take days or months, while other chemicals may persist in the body for a 

lifetime and cause deleterious effects.  
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 Injection: when the skin is penetrated or punctured by contaminated objects, 

substances may enter the body and damage can then occur when substances are circulated 

in the blood and distributed to organs.  

2.3.3 Air dispersion modeling and risk software 

There are a number of air dispersion modeling and risk tools available. Some of the more 

important are: 

 American Meteorological Society-Environmental Protection Agency Regulatory 

Model (AERMOD): this model was developed by members of the American 

Meteorological Society of the US EPA Regulatory Improvement Committee. It is the 

steady state Gaussian plume dispersion model which is designed to predict near-field 

(<50 km) impacts in simple and complex terrain (US EPA, 2012). The goal of the model 

is to estimate and calculate how the pollutants which are emitted from a point source 

disperse in the atmosphere and travel across a receptor grid (Heckel & LeMasters, 2011).  

 CALPUFF: a non-steady-state meteorological and air quality modeling system 

developed by Earth Tech, Inc. for the US EPA. The model can be applied to measure air 

quality from tens to hundreds of kilometers (US EPA, 2013a). The model consists of pre-

processing and post-processing programs which can be divided into three main 

components: (1) a meteorological model, (2) an air dispersion model, and (3) post-

processing packages for the meteorological, concentration, and deposition data output 

(Scire et al., 2000). CALPUFF is a non-steady state of Gaussian puff model which is 

designed to predict not only near but also far fields (Hoeksema et al., 2011). 

 BREEZE (Trademark of BREEZE, USA): a software tool to evaluate human 

health impacts resulting from air emissions. This tool is used to conduct multi-pathway 

http://www.search.src.com/calpuff/download/CALPUFF_UsersGuide.pdf
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human health risk assessments. All the necessary tools, databases, geographic 

information systems (GIS) functionality, and fate and transport and exposure modeling 

equations are combined into this easy-to-use software. 

 GoldSim simulation software (Trademark of GoldSim simulation software, USA): 

a software tool used to address human health risk assessment from air pollution. GoldSim 

supports Monte Carlo simulation which carries out both exposure analysis and risk 

analysis.  

 The Human Exposure Model (HEM): this tool has been funded by the US EPA. 

This is a tool for estimating human exposures and health risks by air pollution 

concentrations. The Chemical Health Effects Library of pollutant unit risk estimates 

(URE) and reference concentrations (RfCs) are used to calculate human health risks 

associated with hazardous air pollutants (HAP) and other toxic air pollutants provided by 

the US EPA (US EPA, 2013b). 

 Total Risk Integrated Methodology (TRIM): a human exposure model which 

analyses the various concentrations of chemicals in the environment and a human’s 

exposure levels. This model is able to evaluate human health related to multiple medias 

including air, soil, and water. In the current version of TRIM, only inhalation and 

ingestion exposures are taken into account; however, dermal exposure may be considered 

in a future version (US EPA, 2010). 

 Health Canada’s Air Quality Benefits Assessment Tool (AQBAT): a health 

benefits assessment tool to estimate human health related to changes in ambient air 

quality. The model is primarily used to calculate health outcomes due to the changes 

associated with air concentrations from the baseline (Hamilton Public Health Services, 

http://www2.epa.gov/fera/total-risk-integrated-methodology-trim-general
http://www.epa.gov/ttn/fera/trim_expo.html
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2012). This tool will analyse ambient air concentrations by means of the “Health Canada 

endorsed” concentration response function (CRF) related to both chronic and acute 

human health outcomes. CRF quantifies percentage incidence of health impacts 

associated with a unit of the emission concentration. In other words, the tool was derived 

from the relationship between the percentage of excess health endpoint and a unit 

increase in the emission concentration. CRF is derived from a pollutant by derivation 

from among the many epidemiological studies and available analyses in the past.  

2.4 Cost analysis 

Cost analysis is a helpful tool for deciding whether to proceed with the project or to 

utilize an alternate design (Ostwald & McLaren, 2004). Cost estimation for the carbon 

capture system is an essential factor in policy analysis. Technical and economic 

assumptions are employed by the carbon capture cost analysis (Rubin et al., 2007c).  

2.4.1 Capital costs, cost of electricity (COE), and cost of CO2 avoided (COA) 

Dynamic costs due to capital costs, COE, and COA are as follows: 

2.4.1.1 Capital costs – this measure considers the overall carbon capture 

system, which includes power plant construction and operation and maintenance (O&M) 

as shown in Table 2.3. 
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Table 2.3 Capital costs of carbon capture system (modified from Kleme  et al., 2007; 

Pettinau et al., 2012; Rubin, 2012; Chung et al., 2011) 

Major system Cost Major parameters 

Source (capture 

process) 

Boiler modification - Plant size and type 

- Capture technology 

- Capture efficiency 

 ASU - Ambient air temperature 

- Purity of O2 product 

 FGD - Capture efficiency 

 CO2 purification and  

compression 

- CO2 product flow rate 

- CO2 product compression power 

requirement 

Operation and 

maintenance (O&M) 

costs 

Fixed O&M costs - Operating labour 

- Maintenance labour 

 Variable O&M costs - Maintenance materials 

- Consumables (water, chemical, 

etc.) 

 
 

  



 

 

47 

 

2.4.1.2 Cost of electricity (COE) – There are many factors that change 

over the operational life of a plant that affect the COE (Rubin, 2012). The input 

parameters for COE calculation include the plant size, capital costs, capacity factor, 

O&M costs, thermal efficiency, expected plant lifetime, fuel costs, etc. (Giovanni & 

Richards, 2010). The COE in each case can be defined mathematically as (Rao et al., 

2007):  

COE = 
HPYMW

TRR

net 
        [2.1] 

where, 

COE = cost of electricity generation ($/MWh), 

TRR = Total annual revenue requirement ($/yr) 

MWnet = Net power generation capacity (MW) 

HPY= Annual hours of operation (hrs/yr) 

2.4.1.3 Cost of CO2 avoided (COA) – Energy from plant with carbon 

capture technology is certainly more expensive than from a plant without carbon capture 

technology. This is one of the most common measures of carbon capture cost to indicate 

the effectiveness of the plant with this technology (Kleme  et al., 2007, Rubin, 2012). 

This measure compares a plant with CO2 capture to a reference case scenario without 

CO2 capture and then defines the average cost of an avoided ton of atmospheric CO2 

emissions, while still providing a product (electricity). This measure considers all the 

costs from the carbon capture process (Pettinau et al., 2012). It can be calculated as 

described by the equation below (Rubin, 2012): 
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Cost of CO2 avoided ($/tCO2)   = 
   

   
CCSref

refCCS

kWhtonneCOkWhtonneCO

COECOE

// 2.2

.




 [2.2] 

where, 

(COE)ccs = cost of electricity generation in CCS ($/kWh), 

(COE)ref = cost of electricity generation in the reference scenario ($/kWh), 

 
.2 /

ref
kWhtonneCO = tonne of CO2 per kWh emitted to the air in the reference scenario 

 
CCS

kWhtonneCO /2 = tonne of CO2 per kWh emitted to the air in CCS 

2.4.2 Processes of carrying out the cost analysis 

According to Rubin, 2012, there are many carbon capture costing methods, which 

include: 

 Expert elicitations – this technique is the only remaining option when there is a 

limitation in the data. It has been recently used to estimate cost and performance of new 

technologies under different policy scenarios (Chung et al., 2011). According to Rao et 

al. (2006), using the experts’ estimates could predict expected reductions in capital costs, 

COE, and COA in new plants with amine-based systems by 2015.  

 Using published values – use the data from several research institutes or 

literature reviews. 

  Modifying published values - makes partial or minor changes to the published 

values to make them more precise to the case scenario. 

  Deriving new results from a model – to receive or obtain new results from a 

model created only for the case scenario. There are many modeling costing tools such as 

IECM, CERs, etc. 
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 Integrated Environmental Control Model (IECM) – is a widely used and 

publicly available modeling tool developed by Carnegie Mellon University (Rao et al., 

2004). 

 Cost estimating relationships (CERs) – is developed from IECM-CS 

version3 and considered five main points: capital and O&M cost estimation relationships 

against plant size, COA against plant size, capital and O&M cost estimation relationships 

against amount of CO2 avoided, influence of plant size, and influence of interest rate 

(Kleme  et al., 2007). 

 Commissioning a detailed engineering study – granting authority to allow the 

study to begin the process of testing, designing, and functioning based on the study’s 

objectives and specifications to be able to reveal the reported costs for the case scenario. 

2.5 The related research conducted on carbon capture technology 

2.5.1 LCA application on carbon capture technology 

The related research includes studies conducted in the LCA of coal-fired power plant 

systems. Results of the studies are shown in Table 2.4.  

Lombardi (2003) performed three different case studies, which include a semi-closed gas 

turbine combined cycle with pre-combustion CO2 capture, Integrated Gasification 

Combined Cycle (IGCC) with pre-combustion CO2 capture, and an innovative methane 

fuelled cycle with oxy-fuel combustion CO2 capture. Effective CO2 reduction was 

included in this study regarding not only operation, but also construction. However, the 

storage of CO2 was not included in this study. Other environmental effects, which include 

ODP, winter smog, summer smog, AP, pesticides, EP, heavy metals in air and water, 

energy, carcinogens, and solids were measured in 1 MJ functional units. The Eco-
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indicator 95 method was applied to characterize and evaluate the environmental impacts 

of these processes. SimaPro 4.0 has been used to build the database in this study. The 

results showed that an innovative methane-fueled cycle with oxy-fuel combustion CO2 

capture produced the least amount of CO2 emissions compared to the first two cases. The 

highest value of that was applied to the IGCC with pre-combustion CO2 capture. The 

main contribution to the GHG emissions came from the operation, while other phases, 

such as construction and maintenance, were almost negligible. For other environmental 

indicators, the three cases showed similar results.  

Contribution: This study showed that there was the highest potential CO2 emissions 

reduction in oxy-fuel combustion CO2 capture technology. In addition, this CO2 capture 

operation was the main contribution to the GHG emissions, while construction and 

maintenance were almost negligible.  

Viebahn et al. (2007) studied an LCA and a cost analysis of CCS in Germany. This study 

also compared CCS to renewable energy technologies. Four case studies, which included 

pulverized hard coal, IGCC (hard coal), pulverized lignite, and Natural Gas Combined 

Cycle (NGCC) electrical generating plants, were compared to each other. For the CO2 

capture technologies, monoethanolamine (MEA) was used for PC (hard coal and lignite) 

and NGCC, while physical absorption was used with Rectisol for IGCC. Oxy-fuel 

combustion was used with PC hard coal. The study showed that GHG emissions 

reduction varied depending on technology, which was 65-79%, while CO2 emissions 

reduction was in the range of 72-90%. For oxy-fuel combustion, there was a reduction of 

78% and 90% in GHG and CO2 emissions, respectively.  

Contribution: This study showed the least CO2 emissions released from oxy-fuel 
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combustion compared to post- and pre-combustion systems. Each CO2 capture 

technology uses different amounts of raw materials, resulting in different amount of CO2 

emissions, consequently, GHG emissions vary depending on technology. 

Koorneef et al. (2008) presented a comparable LCA analysis on three electricity supply 

chains of an average sub-critical pulverized coal-fired power plant, state-of-the-art ultra-

supercritical pulverized coal-fired power plant, and state-of-the-art coal-fired power plant 

equipped with a post-combustion capture facility based on chemical absorption of CO2 

with MEA. The study took a cradle-to-grave approach by considering the processes of 

extraction of the coal, construction of each unit facility of the plant, CO2 storage, and 

waste disposal. The CML2001 method was applied in this study to characterize and 

evaluate the environmental impacts of these processes. The results revealed a substantial 

reduction of GHG emissions in all case studies with CCS implementation. However, 

there are some environmental impacts in the two impact categories of HTP and ODP. 

Contribution: This study showed that the sub-critical pulverized coal fired power plant 

had the highest impact in GWP, ODP, HTP, MAETP, terrestrial ecotoxicity, 

photochemical oxidation, and AP impact categories compared to ultra-supercritical 

pulverized coal fired power plants. This means that using higher pressure and 

temperature in the coal-fired power plant is better than combustion in sub-critical 

pulverized coal fired power plant. However, most of the coal-fired power plants in the 

world are the old plants which are not suitable for combustion at high pressure and 

temperature.  

Schreiber et al. (2009) conducted a comparative LCA on pulverized coal-fired power 

plants with MEA-based post-combustion CO2 capture and those without CO2 capture 
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using GaBi 4.2. The CML 2001 method was employed to characterize environmental 

impacts. These case studies were assessed according to six environmental categories:  

GWP, AP, EP, photochemical oxidants formation, and HTP. The upstream (fuel and 

materials supply, etc.) and downstream (waste disposal and waste water treatment, etc.) 

activities of the CO2 capture system were included in the LCA system boundary, while 

the construction of power plants, capture facilities, and service activities were excluded 

because they were considered to not be process-related in the study. Furthermore, the 

input and output data from the CO2 transport and storage were also excluded due to the 

lack of data. The results showed that CO2 emissions can be reduced substantially by CCS 

technology at the expense of increasing other environmental impact categories. The 

results also showed the significant impact of the upstream and downstream processes, 

especially in the case studies with CO2 capture.  

Contribution: Although post-combustion CO2 capture technology brings about a 

reduction in CO2 emissions, it results in increases in AP, EP, photochemical oxidation, 

and HTP. However, post-combustion CO2 capture technology uses a different amount of 

raw materials, so it can result in different environmental impacts compared to oxy-fuel 

combustion CO2 capture technology. Instead of power plant operation, the upstream and 

downstream processes contributed to significant impacts on GHG emissions.  

Pehnt and Henkel (2009) conducted a comparative full LCA study on CCS technologies 

applied to several lignite electrical generating plants. This study considered lignite 

mining and transportation, power plant construction and decommissioning, and CO2 

transportation and storage in a depleted gas field. Five case scenarios were studied, which 

included a conventional pulverized coal power plant without CO2 capture, a pulverized 
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coal power plant with MEA-based post-combustion CO2 capture, an IGCC power plant 

without CO2 capture, an IGCC power plant with selexol-based CO2 capture, and an oxy-

fuel power plant. These five scenarios were assessed according to five environmental 

impact categories: GWP, summer smog, AP, EP, and HTP. The results indicated an 

increase in energy consumption and significant GHG emission reduction in all the plants 

with CO2 capture compared to those without CO2 capture. Additionally, different results 

were achieved depending on the CCS technologies and the details of the process.  

Contribution: This study is a cradle-to-grave study. CCS technology helps to reduce the 

GWP impact categories but this brings about increases in cumulative energy demand. 

Compared to a conventional power plant without CCS, the oxy-fuel and pre-combustion 

CO2 capture technologies showed lower impact to GWP, EP, AP, and HTP. However, 

post-combustion CO2 capture technology showed increases in summer smog, EP, and AP 

impact categories.  

Nie et al. (2011) performed a full life cycle assessment of two different CO2 capture 

technologies: (1) post-combustion and (2) oxy-fuel combustion. The LCA studies were 

also included with CO2 capture, transport, and injection processes. The CML 2001 

methodology was applied in this study. The results showed that there were substantial 

reductions in GWP, AP, EP, and terrestrial ecotoxicity of oxy-fuel combustion CO2 

capture technology compared to the conventional power plant without CCS. There were 

reductions to environmental impacts in AP and EP of oxy-fuel combustion CO2 capture 

technology that resulted mainly from the reduction of NOx emissions. However, there 

were increases in (1) ODP, (2) photo-oxidation formation, (3) HTP, (4) abiotic resources 

depletion, (5) FAETP, and (6) MAETP, that resulted from, respectively, (1) more coal 
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used, (2) more coal used, (3) conversion of HF emissions from air to freshwater in CO2 

conditioning unit, (4) more coal used and upstream processes of mining of coal, (5) more 

HF emissions converted from air to freshwater, and (6) more HF emissions converted 

from air to freshwater. 

Contribution: Even though oxy-fuel combustion CO2 capture technology can help to 

reduce the CO2 and NOx emissions emitted to the air, this technology used more coal 

which brings about increases in the ODP, photo-oxidation formation, and abiotic 

resources depletion impact categories. Furthermore, this technology converted HF 

emissions from air to water, so there were increases in impact categories associated with 

water and human health.  

Singh et al. (2011) compared and evaluated various coal and natural gas electricity 

generation plants with and without CO2 capture technologies. The authors conducted a 

hybrid life-cycle assessment of three types of CO2 capture technologies, which include 

the post-combustion capture with amine-based absorption, pre-combustion capture with 

Selexol absorption, and oxy-fuel combustion capture. Their research was based on the 

LCI data derived from the Ecoinvent v2 database (Ecoinvent 2007), and the ReCiPe2008 

method was applied. The results demonstrated that the CO2 capture system reduced 

greenhouse gas emissions by 74-78%, but these percentages varied depending on the 

technology used. However, the CO2 capture system also increased the environmental 

impacts in the categories of freshwater eutrophication, marine eutrophication, HTP, 

terrestrial ecotoxicity, FAETP, and MAETP. Most of these increases are due to the 

energy penalty and the infrastructure development chain.  

Contribution: Although oxy-fuel combustion CO2 capture technology reduced GHG 
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emissions, there were some other impact categories that showed increases. However, 

compared to pre- and post-combustion CO2 capture technologies, the results showed that 

oxy-fuel combustion CO2 capture technology had the least impact in the categories of 

freshwater eutrophication, marine eutrophication, photochemical oxidant formation, HTP, 

FAETP, and MAETP. These show that there were the least emissions emitted in water 

from oxy-fuel combustion CO2 capture technology.  

Sathre et al. (2011) conducted and reported the comparisons of the environmental 

performance of 23 different types of electrical generating stations with and without CCS 

from 11 selected LCA studies. The 11 studies included Viebahn et al., 2007; Koornneef 

et al., 2008; Odeh and Cockerill, 2008; Pehnt and Henkel, 2009; Korre et al., 2010; 

NETL, 2010; Schreiber et al., 2010; and Singh et al., 2011.  Among these 23 plants, there 

were 13, 6, and 4 using hard coal fuel, lignite fuel, and natural gas, respectively. In 

addition, there were 18 electrical generating plants using MEA as a base solvent, while 

the other 5 plants used other technologies, primarily physical solvents. This study 

compared the thermal efficiency, energy penalty, the net reduction rate of CO2, and GHG 

emission. The results showed that the average plant thermal efficiency without CCS was 

higher than that with CCS by around 10%. The average plant thermal efficiency was also 

highest for the natural gas-fired plants compared to the lignite-fired and hard coal-fired 

plants. In terms of energy penalty, the lignite coal-fired plants had the highest energy 

penalty because of the higher carbon intensity of lignite, which required a higher absolute 

quantity of CO2 capture per unit of energy content and electricity production. For the 

percentage of CO2 captured with CCS, the net total CO2 was decreased by 82% compared 
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to the power plants without CCS. In addition, GHG emission from the power plants with 

CCS was 74% less than those without CCS.  

Contribution: The study showed that there was less thermal efficiency, net total CO2, and 

GHG emissions in power plants with CCS technologies since there was a lower energy 

output and lower CO2 emissions emitted to the atmosphere. However, even though lignite 

coal-fired power plants contribute to high CO2 emissions, these plants are still 

responsible for the most electricity generation. 
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Table 2.4 Summary of LCA studies on carbon capture technology 

Study Country Electricity 

generation stations/ 

CO2 capture 

technologies 

LCIA 

method 

Results 

Lombar

di 2003 

Italy 1. Semi-closed gas 

turbine combined cycle 

with pre-combustion 

CO2 capture 

2. IGCC with pre-

combustion CO2 

capture 

3. Innovative methane 

fueled cycle with oxy-

fuel combustion CO2 

capture. 

Eco-indi 

cator 95 

- CO2 emissions : the least 

emissions (case 3), the highest 

(case 2) 

- The main contribution to the 

GHG emissions came from the 

operation, while other phases such 

as construction and maintenance 

were almost negligible.  

- Other environmental indicators: 

the three cases showed almost 

similar results.  

Viebahn 

et al. 

2007 

Germany Power plant: 

1. pulverized hard 

coal,  

2. IGCC (hard coal), 

3. pulverized lignite  

4. NGCC (natural gas)  

CO2 capture:  
1. MEA was used for 

pulverized hard coal, 

pulverized lignite & 

NGCC with 88% CO2 

capture. 

2. Physical absorption 

with Rectisol for IGCC 

with 88% CO2 capture. 

1. Oxy-fuel combustion 

was used with 

pulverized hard coal 

with 99.5% CO2 

capture. 

Transport: 300 km 

pipeline. 

Storage: Geological 

storage in natural gas 

fields (Northern 

Germany). 

- 

 

- GHG emissions: reduction varied 

depending on technology, which 

was 65-79%,  

- CO2 emissions: reduced in the 

range of 72-79%.   

- Oxy-fuel combustion resulted in a 

GHG emissions reduction of 78% 

- Oxy-fuel combustion resulted in a 

CO2 reduction of 90%  

 

 

Koornne

ef et al. 

2008 

The 

Netherla

nds 

1. Average sub-critical 

pulverized coal fired 

power plant 

2. State-of-the-art 

ultra-supercritical 

pulverized coal fired 

CML 

2001 

- GWP: case 3 had reductions of 

78% and 71%, compared to case 1 

and case 2, respectively 

- ODP: case 3 had the highest 

impact  

- HTP: case 3 had increases of 54% 
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power plant 

3. State-of-the-art coal 

fired power plant, 

equal to case 2, 

equipped with a post-

combustion capture 

facility based on 

chemical absorption of 

CO2 with MEA 

Transport: pipeline 

Storage: Geological 

storage 

and 181% compared to case 1 and 

2, respectively.  

-  MAETP: compared to case 1, 

case 2 and case 3 had reductions of 

85% and 89%, respectively, 

- Terrestrial ecotoxicity: compared 

to case 1, case 2 and case 3 had 

reductions of 59% and 36%, 

respectively. 

- Photochemical oxidation: 

compared to case 1, case 2 and case 

3 had reductions of 43% and 28%, 

respectively. 

- AP: case 3 had substantial 

reduction compared to case 1.  

- EP: case 3 had the highest impact. 

Schrei 

ber et al. 

2009 

Germany 1. Pulverized coal fired 

power plant without 

CO2 capture 

2. Pulverized coal 

power plant integrated 

with MEA-based post-

combustion CO2 

capture 

CML 

2001 

- GHG emissions: the upstream 

emissions (fuel and materials 

supply) and downstream emissions 

(waste disposal and waste water 

treatment) in the CO2 capture 

integration scenario had significant 

impact  

-AP, EP, photochemical oxidation 

& HTP: CO2 capture integration 

scenario had highest impact 

Pehnt & 

Henkel 

2009 

Germany 1.Conventional 

pulverized coal 

generating plant 

without CO2 capture 

2.Pulverized coal 

generating plant with 

MEA-based post-

combustion CO2 

capture 

3. IGCC generating 

plant without CO2 

capture,  

4. IGCC generating 

plant with Selexol-

based CO2 capture 

5. Oxy-fuel generating 

plant 

Transport: pipeline 

Storage: Depleted gas 

field 

CML 

1992 

- Cumulative energy demand:  

+24% to +66% 

- GWP: -80% to -86% 

- Summer smog: +250% (post), -

92% (oxy) 

- EP:  increases in post-combustion 

- AP:  increases in post-combustion 

- HTP: oxy-fuel had the best 

performance, followed by pre- and 

post-combustion scenarios 

Nie et 

al. 2011 

UK 1.Post-combustion 

CO2 capture with coal 

fired power plant, 

CML 

2001 

- GWP: -78% (post), -80% (oxy)  

- ODP:  +32% (post), +26% (oxy) 

-  AP: +91% (post), -37.6% (oxy)  
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transport, and 

injection processes  

2. Oxy-fuel CO2 

capture with coal fired 

power plant, transport, 

and injection 

processes 

Transport: pipeline 

Storage: Saline aquifer 

- EP: +170.1% (post), -43.3% (oxy)  

- Photo-oxidation formation: -265% 

(post), +123.2% (oxy)  

- HTP: +183% (post), +33.5% (oxy) 

- Abiotic resources depletion: 

+32.8% (post), +26.2% (oxy)  

- FAETP: +7.8% (post), +40.7% 

(oxy) 

- Terrestrial ecotoxicity: -34.3% 

(post), -16.8% (oxy) 

- MAETP: -93% (post), +62.2% 

(oxy)  

Singh et 

al. 2011 

Norway 1. Post-combustion 

capture with amine-

based absorption 

2. Pre-combustion 

capture with selexol 

absorption 

3. Oxy-fuel 

combustion 

ReCiPe

2008 

- GWP: -74% (post), -78% (pre), -

76% (oxy) 

- Terrestrial acidification: -13% 

(post), +20% (pre), +13% (oxy) 

-Freshwater eutrophication: +136% 

(post), +120% (pre), +59% (oxy) 

-Marine eutrophication: +43% 

(post), +20% (pre), +1% (oxy) 

-Photochemical oxidant formation: 

+27% (post), +20% (pre), -1% 

(oxy) 

- Participate matter formation: -7% 

(post), +8% (pre), +12% (oxy) 

-HTP: +51% (post), +40% (pre), 

+38% (oxy) 

- Terrestial ecotoxicity: +114% 

(post), +58% (pre), +67% (oxy) 

- FAETP: + 205% (post), +60% 

(pre), +46% (oxy) 

- MAETP: +88% (post), +80% 

(pre), +57% (oxy) 

Sathre 

et al. 

2011 

Germany

, the 

Netherla

nds, UK, 

US, 

Norway 

23 Power plants: 

- 13 plants using hard 

coal fuel 

- 6 plants using lignite 

fuel 

- 4 plants using natural 

gas 

-  

 

- Thermal efficiency: power plants 

without CCS had higher thermal 

efficiency than that of with CCS by 

10%.  

- Energy penalty: lignite coal-fired 

plants had the highest energy 

penalty  

- % of CO2 captured: with CCS, the 

net total CO2 was decreased by 

82% compared to the power plants 

without CCS.  

- GHG emissions: the power plants 

with CCS had 74% of GHG 

emissions, which was less than that 

without CCS.  
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To conclude, in recent years, there have been an increasing number of studies on LCA 

applied to carbon capture technology. The basic processes in a coal-fired electrical 

generating station with CO2 capture technology include coal mining, the coal-fired 

electrical generation, CO2 capture, and transportation. Some studies (Viebahn et al., 2007; 

Koornneef et al., 2008; Pehnt & Henkel, 2009; Nie et al., 2011) focused on a cradle-to-

grave approach, while some others (Lombardi, 2003; Schreiber et al., 2009; Nagashima et 

al., 2011;  Singh et al., 2011; Sathre et al., 2011) only focused on a cradle-to-gate 

approach.  

The study showed that there was less thermal efficiency, lower net total CO2, and GHG 

emissions in power plants with carbon capture technologies since there was lower energy 

output and lower CO2 emissions emitted to the atmosphere (Sathre et al., 2011). In terms 

of GHG emissions, compared to pre- and post-combustion CO2 capture technologies, 

some studies showed the highest potential CO2 emissions reduction was in oxy-fuel 

combustion CO2 capture technology (Lombardi, 2003; Viebahn et al., 2007; Nie et al., 

2011). As each CO2 capture technology uses different amounts of raw materials, which 

result in different amounts of CO2 emissions, consequently, the GHG emissions varied 

depending on technology. The operation was the main contribution to the GHG emissions, 

while the upstream (fuel and materials supply) and downstream processes (waste disposal 

and waste water treatment) still contributed significantly to the GHG emissions 

(Schreiber et al., 2009). However, construction and maintenance were almost negligible 

(Lombardi, 2003). 

In other impact categories, compared to pre- and post-combustion CO2 capture 

technologies, oxy-fuel combustion CO2 capture technology had the least impact in the 



 

 

61 

 

categories of freshwater eutrophication, marine eutrophication, photochemical oxidant 

formation, HTP, FAETP, and MAETP (Singh et al., 2011). Even though oxy-fuel 

combustion CO2 capture technology can help to reduce the CO2 and NOx emissions 

emitted in the air, this technology used more coal which brings about increases in ODP, 

photo-oxidation formation, and abiotic resources depletion impact categories (Nie et al., 

2011).  

Most of the studies focused primarily on GHG emissions; however, some studies also 

focused on other impact categories such as ODP, EU, HTP, MAETP, AP, terrestrial 

ecotoxicity, photochemical oxidation, abiotic resources depletion, summer smog, FAETP, 

etc. Each study used a different LCIA method; however, it is not easily comparable since 

different studies focused on different environmental impacts and different LCIA methods     

such as CML, ReCiPe, and Eco-indicator. This is because different LCIA methods use 

different CFs which bring about different LCIA results. However, some impact 

categories such as GWP which use the same CFs can be compared. 

The above mentioned gaps from the past studies include: (1) the environmental 

evaluation only from GHG emissions, but not other impact categories and (2) the 

comparison of different LCIA methodologies.   

This research not only accounts for GHG emissions, but also other impact categories. 

TRACI is chosen as an LCIA methodology because it evaluates the other impact 

categories in addition to GHG emissions. Besides, in order to make a fair comparison 

between an electricity generation station, with and without CO2 capture, TRACI is used 

for the two scenarios. The same LCIA methodology provides the same CFs; in other 

words, the same LCIA method allows for direct comparison. 
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2.5.2 RA application on carbon capture technology 

RA studies of power production systems have been conducted and applied. The results of 

the RA studies are compared in Table 2.5. 

Preiss et al. (2013) estimated the most important health risks by air emissions from coal-

fired power plants in Germany. This study showed that the primary fine particulate 

matters were PM10, PM2.5; in addition there was NOx, SO2, and non-methane volatile 

organic compounds (NMVOC). The emissions of NOx, SO2, and NMVOC were 

converted in the atmosphere into secondary fine particles and ozone. The data of air 

emissions from 67 coal-fired power plants were taken from Greenpeace (Myllyvirta, 

2013). The CRFs method was used to calculate the health risks. Starting from the 

emissions of the power plant, a set of atmospheric models was used to calculate the 

transport and the chemical transformation of the pollutants in the atmosphere. The 

calculation was made with and without the emissions from the power plant. After that, 

the difference of concentration of fine particulate matters and ozone between those two 

scenarios was used to estimate health risks caused by the power plants. 80% of the total 

year of life lost (YOLL) occurred within 700 km because of two main reasons: (1) the 

majority of emissions were caused by secondary aerosols and (2) the high stacks of the 

power plant caused the emissions to occur at ground level between 100 and 200 km out 

and not in the immediate vicinity of the plant. 

Contribution: Secondary aerosols such as NOx, SO2, and NMVOC are the majority of 

emissions causing risk to human health. Furthermore, the emissions emitted from the 

power plants will cause more risk to people who live between 100 to 200 km from the 

plants due to the high stacks at the plants. 
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Levy et al. (2009) demonstrated uncertainty and variability in health-related damage (per 

ton of emissions and kilowatt-hour) associated with 407 coal-fired power plants in the 

United States. This study focused on premature mortality linked with PM2.5 and particle 

precursors (SO2 and NOX) emissions. A reduced-form chemistry-transport model was 

applied to estimate uncertainty. Damage per ton of emissions varied depending on 

population exposure per unit of emissions, which was associated with both atmospheric 

condition and the population size varied by various distances. Damage per kilowatt-hour 

was almost entirely explained by SO2 emissions, which were associated with fuel, control 

technology, atmospheric conditions, and population size at various distances.  

Contribution: For damages in terms of cost per tonne of emissions, PM2.5 cost around 10 

to 33 times more than that of SO2 and NOx. For damages related human health, these 

varied depending on population exposure per unit of emissions. 

Castleden et al. (2011) overviewed the health effects of coal mining, and the burning of 

coal in the U.S. underground mining is a dangerous job that causes more injuries and 

deaths to workers than all miners, mostly from fires and the structural instability of 

underground mines. Moreover, coal dust resulting from the burning of coal can cause 

pneumoconiosis. According to the National Institute for Occupational Safety and Health, 

there were around 10,000 deaths caused from pneumoconiosis in the U.S. in the 10 years 

leading up to 2009. Road trauma, which includes accidents and traffic fatalities from coal 

transportation, was also a concern. In Kentucky, there were 55 people killed and 536 

people injured from coal-transportation-related road accidents between 2000 and 2004. In 

terms of social and mental health impacts, increases in asthma, anxiety, and mental ill-

health have become more common. PM2.5, the smallest particles, are the greatest concern. 
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PM2.5 particles are produced and released during coal-fired power generation. Hg is of the 

most concern despite the fact that many toxic elements are released from coal combustion, 

including As, Hg, Cd, Pb, Se, and Zn. More than one third of all Hg emissions 

attributable to human health come from coal-fired power generation. The substance 

enters the environment and accumulates in fish in particular. 

Contribution: PM2.5 and Hg emitted during coal-fired power generation are the greatest 

concern to human health because these particles have a small diameter which can be 

easily absorbed by the human body, through the respiratory system (PM2.5) and the 

ingestion of fish in which the substance Hg has accumulated.  

French et al. (1997) assessed health risks due to hazardous air pollutant emissions from 

426 coal-fired and 137 oil-fired power plants in the U.S. The study focused on cancer 

risks, non-cancer effects, and risks caused by Hg.  The results showed that 424 of the 426 

coal-fired plants posed cancer risks of less than one chance in one million (1 x 10
-6

).  

Only two plants caused the inhalation of more than 1 x 10
-6

.  As and Cr were the primary 

contributors to these risks. For oil-fired plants, most of them posed inhalation cancer risks 

of less than 1 x 10
-6

; however, up to 22 of the 137 plants presented risks of more than 1 x 

10
-6

; Ni, As, Cr, and Cd contributed the most to these risks. In terms of non-cancer risks, 

the hazard quotient (HQ) approach was applied. If the HQ values are equal or less than 

one, this means that the adverse effects are unlikely to occur. In this study, no hazardous 

emissions were present. Hg emissions are of potential concern even though the amount of 

Hg emitted from each power plant may seem relatively small. Firstly, Hg emission is 

persistent. It continually accumulates in the environment. Secondly, Hg emissions 
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contributed to Hg levels especially in freshwater fish. Finally, most Hg emissions emitted 

from tall stacks are not deposited near the source but further away.  

Contribution: In terms of cancer risk, As and Cr were the main contributors while HCl, 

Mn, HF, Hg contributed to non-cancer risks from coal-fired electrical generating plants. 

This means that heavy metals contribute both in cancer and non-cancer risks to human 

health. In addition, Hg can accumulate in soil and freshwater and pose a risk to the health 

of people who live far from the power plants due to the high stacks of the plants. 

Wu et al. (2012) estimated the Hg emissions emitted from a 550 MW coal-fired power 

plant with ESP, FGD, and selective catalytic reduction (SCR) using the Industrial Source 

Complex Short Term (ISCST) model; the calculation was made from ten stacks in 

Taiwan from November 2008 to March 2011. Five sampling sites were examined for the 

concentrations of Hg including site A to E. Site A is 11 km northeast and upwind from 

the power plant. Site B is 2.3 km southeast and downwind from the power plant. Site C, 

D, and E are 7, 10 and 12 km south from the plant, respectively, and are downwind. Two 

types of Hg were taken into account: the gaseous and particulate Hg. Annual Hg 

concentrations were evaluated on a 400 m Cartesian grid in a 30×30 km area surrounding 

the power plant. The results showed that the average gaseous Hg was 2.59-4.12 

nanogram per one cubic meter (ng/m
3
) while there were 105-182 picogram per one cubic 

meter (pg/m
3
) for the average particulate Hg. The maximum concentration of total Hg 

was from downwind site D (10 km from the plant). The lowest concentration of total Hg 

was from upwind site A (11 km from the plant). 
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Contribution: The highest concentration of the emission is found at the downwind site but 

not at the sampling site that is closest to the power plant. The lowest concentration of the 

emission is found at the upwind site. 

Lee and Keener (2008) evaluated dry and wet Hg deposition rates from two coal-fired 

power plants in Ohio, U.S. using AERMOD and ISCST3 models. There were four stacks 

on each plant. The Hg emissions were predicted on a 500 m Cartesian grid of ground 

level in a 5×5 km area surrounding the two power plants. The study showed that the 

average annual atmospheric mercury concentration was 0.014-0.085 ng/m
3
 depending on 

each power plant and air dispersion modeling. In terms of the average annual dry Hg 

deposition, there was 3.62-6.25 microgram per square meter (µg/m
2
)
 
depending on each 

power plant and air dispersion modeling. The average annual wet Hg deposition was 

0.47-13.73 µg/m
2
 depending on each power plant and air dispersion modeling. In 

addition, wet Hg deposition was influenced by rainfall parameters and precipitation near 

the stacks, while dry Hg deposition depended on meteorological factors. There were 

similar trends of Hg deposition between these two power plants.  Even though AERMOD 

showed the similar levels of Hg concentrations and dry Hg deposition rates, the model 

showed significantly lower wet deposition rates than ISCST3. 

Contribution: AERMOD and ISCST3 show similar trends in dry Hg deposition rates; 

however, dry emissions are influenced by meteorological factors.  

  



 

 

67 

 

Table 2.5 Summary of RA studies on carbon capture technology 

Study Country Risk 

method 

Technology Results 

Preiss et 

al. (2013)  

 

 

 

Germany The 

concentratio

n-response 

functions 

(CRFs) 

67 coal fired 

power plants 

- Primary fine particulate matter: 

PM10, PM2.5, NOx, SO2, and 

NMVOC 

- Secondary fine particles: are 

converted from the emissions of 

NOx, SO2, and NMVOC  

- 80% of YOLL occurred within 

700 km. This was from two main 

reasons: (1) the majority of 

emissions was caused by secondary 

aerosols, and (2) the high stacks of 

the power plant caused the 

emissions occurring between 100 

and 200 km and not around the 

plant. 

Levy et 

al. (2009)  

U.S. A reduced-

form 

chemistry-

transport 

model to 

estimate 

uncertainty 

 

407 coal-fired 

power plants 

- Variability in damage per ton of 

emissions: varied depending on 

atmospheric condition and the 

population size varied by various 

distances 

- Variability in damage per 

kilowatt-hour: associated with fuel, 

control technology, atmospheric 

conditions, and population size 

differed by various distances 

Castlede

n et al. 

(2011)  

U.S. -  Coal mining 

and burning of 

coal  

- Coal mining: fires and structural 

instability of underground mines 

mainly caused injuries and deaths  

- Burning of coal: coal dust can 

cause pneumoconiosis 

- social and mental health impacts: 

increases in asthma, anxiety, and 

mental ill health  

- PM2.5 and Hg are the greatest 

concerns. PM2.5 can cause 

premature death and Hg enters the 

environment and particularly 

accumulates in fish. 

French et 

al. (1997)  

 

U.S. Screening 

assessment 

426 coal-fired 

and 137 oil-

fired power 

plants  

- Cancer risks: 424 of the 426 coal-

fired plants posing cancer risks of 

less than 1 x10
-6

.  As and Cr were 

the primary contributors to these 

risks. For oil-fired plants, for 22 of 

the 137 plants presented, the risks 

were more than 1 x10
-6

, Ni, As, Cr, 
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and Cd contributed most to these 

risks. 

- Non-cancer risks: none of the 

emissions posed these risks 

- Risks caused by mercury: Hg is of 

potential concern since (1) Hg is a 

persistent emission, (2) Hg 

emissions contributed to the Hg 

levels especially in freshwater fish, 

and (3) most Hg emissions emitted 

from tall stacks are not deposited 

near the source but further away 

Wu et al., 

2012 

Taiwan ISCST - 550 MW 

coal-fired 

power plant 

with ESP, 

FGD, and SCR 

- 10 stacks 

- The average gaseous Hg (Hg
0
 and 

Hg
2+

) were 2.59-4.12 ng/m
3
  

- The average particulate Hg (Hg
p
) 

were 105-182 pg/m
3
 

- The majority of the Hg from the 

stacks was in gaseous form, so the 

particulate form was very low 

- The maximum concentration of 

total Hg was from downwind site D 

(10 km from the plant) 

- The lowest concentration of total 

Hg was from upwind site A (11 km 

from the plant) 

Lee & 

Keener, 

2008 

U.S. AERMOD 

and ISCST3 

- 2 coal-fired 

power plants 

- 4 stacks for 

each plant 

- The average annual atmospheric 

mercury concentration was 0.014-

0.085 ng/m
3
 depending on each 

power plant and air dispersion 

modeling 

- The average annual dry Hg 

deposition was 3.62-6.25 µg/m
2
 

depending on each power plant and 

air dispersion modeling 

- The average annual wet Hg 

deposition was 0.47-13.73 µg/m
2
 

depending on each power plant and 

air dispersion modeling 

- Wet Hg deposition is influenced 

by rainfall parameters and 

precipitation near the stacks 

- Dry Hg deposition depends on 

meteorological factors 

- There were similar trends of Hg 

deposition between these two power 

plants 
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In conclusion, as coal-fired power plants are one of the most polluting sources of energy, 

research efforts on the expansion of carbon capture technology are increasing and, 

consequently, RA has been applied to carbon capture technology. However, many studies 

focused on different points of risks occurring in the carbon capture technology such as; (1) 

accidents and deaths on each process of carbon capture technology, (2) important 

uncertainty such as premature mortality, which varies depending on atmospheric 

conditions, population size at various distances, fuel, and control technology, (3) social 

and mental impacts, and (4) cancer and non-cancer risks, etc. The emissions emitted from 

the power plants will cause more risk to people who live between 100 to 200 km far from 

the plants due to high stacks of the plants (Preiss et al., 2013). In addition, the highest 

concentrations of the emissions are found on the downwind site while the lowest 

concentration of those are found on the upwind site (Wu et al., 2012). These damages 

vary depending on population exposure per unit of emissions, atmospheric conditions, the 

population size varied by various distances, types of fuel, control technology, and 

meteorological factors (Levy et al., 2009; Lee & Keener, 2008).  

Secondary aerosols such as NOx, SO2, and NMVOC are the majority of emissions 

causing risk to human health (Preiss et al., 2013). Furthermore, PM2.5 and Hg
0
 emitted 

during coal-fired power generation are the greatest concern since this particle has a small 

diameter which can be easily absorbed into the human body by respiration (Castleden et 

al., 2011; French et al., 1997). PM2.5 is taken into the body by the respiratory system and 

can get past the body’s defenses. Hg
0
 has the longest atmospheric lifetime and can be 

transported globally due to its insolubility and low reactivity to water, while Hg
p
 and 

Hg
2+

 can be controlled by some control units such as ESP and FGD. This is because of 



 

 

70 

 

their high reactivity and solubility in water (Wu et al., 2012; Lee & Keener, 2008). Wet 

Hg deposition is influenced by rainfall parameters and precipitation near the stacks, while 

dry Hg deposition depends on various meteorological factors such as wind speed (Lee & 

Keener, 2008). 

None of the past studies emphasize the risk to human health associated with the BDPS in 

Estevan, Saskatchewan, Canada. This research will fill the gap and will produce useful 

human health risk data to help decision makers quantify the impact of different CO2 

capture technologies.  

2.5.3 Cost analysis application on carbon capture technology 

An extensive literature review of the application of cost analysis on the coal-fired power 

plants has been conducted. The results are compared and shown in Table 2.6. 

Kleme  et al. (2007) presented CERs to compare carbon capture costs for the plants with 

post-combustion CO2 capture. There was a CO2 removal efficiency of 90% with the 

plants’ range being 300 to 2000 MW. This study focuses more on the most important 

component, which is the power plant itself; the construction of the plant is out of the 

scope. The IECM-CS version 3 software tool provided data series for CERs. The model 

calculated the capital and operating and maintenance cost. Furthermore, COA was 

described in this study. The results showed that the units that had the most contribution to 

the capital costs are the CO2 absorber vessel, sorbent regenerator, drying and 

compression unit, and direct contact cooler, which accounted for 30%, 17%, and 11%, 

respectively. For the operating and maintenance cost, based on a 90% CO2 removal 

efficiency, there was around 40 to 250 million dollars per year for a capacity range of 
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300 to 2000 MW. In terms of COA, there was approximately 60 to 30 dollars per tonne 

for a capacity range of 300 to 2000 MW. The results showed that an increase of plant 

size led to lower COA due to economies of scale. 

Contribution: this study showed that IECM can estimate cost in terms of capital costs, 

O&M, and COA. When bigger plants applied the technology, the lower the COA would 

be.  

Chung et al. (2011) performed expert assessments for the retrofit of coal-fired power 

plants with CCS technologies, which include an amine-based system, chilled ammonia 

processes, and oxy-fuel combustion. An expert elicitation method was used to evaluate 

the maturity of technologies and estimate costs. This study pertains to reviews from 13 

experts on the present and future CCS status in 2030. In terms of the maturity of the CO2 

capture systems, the scale ranged from 1 to 8, 1 meaning “not mature” and 8 meaning 

“very mature”. Scales for shown amine-based systems measured 2.5-8, scales for shown 

chilled ammonia measured 1.5-7, and scales shown for oxy-fuel measured 1.5-7.5. The 

greatest challenges with the oxy-fuel combustion system are reducing the high capital 

costs and energy use of the ASU. The results from amine-based capture systems showed 

that the cost of the systems should fall at least slightly, especially in the absorber vessel 

and solvent regenerator, by 2030 due to well-understood chemical processes of the 

systems. For chilled ammonia trends with CCS systems, enhancing research and 

development (R&D) and development will result in potential cost reductions by 2030. In 

terms of oxy-fuel combustion, the results showed that significant cost reductions needed 

further funding in research, development and deployment (RD&D) because of the 

relative immaturity of the systems.  
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Contribution: this study showed that oxy-fuel combustion CO2 capture technology is in a 

development stage and expert elicitation methods can be applied in case there is no 

available data. 

Rubin et al. (2007a) estimated and compared the emissions, costs, efficiency, and 

resource requirements of three major power plant types, which included 500MW 

pulverized coal (PC) plants using U.S. bituminous coal, IGCC systems using bituminous 

coal, and NGCC plants. Both the PC and NGCC plants used an amine-based system for 

CO2 capture, while the IGCC plant used a water gas shift reactor and a Selexol unit. All 

three types included pipeline transport and geological storage with a deep saline aquifer, 

and EOR. IECM version 5.1.2, with all costs updated in 2005, was used to account for 

many factors that affect CCS costs and emissions and systematically evaluate the three 

power plant types. The results showed that there was a 20% higher power plant and CCS 

cost than the studies in 2002 due to a recent increase in plant construction costs. For the 

power plants without CO2 capture, the PC plants showed the lowest COE at $53.0/MWh, 

while the NGCC plant showed the highest at $60.3/MWh based on the natural gas prices 

of around $6/GJ. The cost from CO2 transport and storage added 4-10% to the total COE 

in the case of CO2 capture with aquifer storage, while there was a reduction by 7-18% in 

the case of CO2-EOR. 

Contribution: This study used the IECM method to evaluate COE (in $/MWh).  

Simbeck (2001) conducted a cost-benefit analysis to identify the total capital cost and the 

CO2 avoidance cost of the retrofit oxy-fuel combustion technology compared to the post-

combustion CO2 capture system. A 300 MW plant was a base case of the study using the 

average delivery prices of coal in the year 2000. Single-page evaluation spreadsheets 
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were employed in this study. The total cost from pulverized coal with oxy-fuel 

combustion was 1,049 $/kW, while in the case of the post-combustion, it was 921 $/kW.  

In terms of COA, the post-combustion showed a higher result, with 33 $/metric ton CO2 

(29.94 t/CO2), while oxy-fuel plant showed better economical avoidance costs with 28 

$/metric ton CO2 (25.4 $/tCO2).  

Contribution: The oxy-fuel combustion technology was shown to require a higher total 

cost but lower COA compared to the post-combustion CO2 capture technology. 

Singh et al. (2003) presented the new investment of the total capital cost and COA for 

coal-fired power plants with the oxy-fuel and post-combustion CO2 capture technologies 

using Aspen plus. A 400 MW plant was used in this study. The results showed that there 

was 55 $/kW difference between the two systems in the total capital cost. This was 

mainly due to the ASU which is the most expensive component in the oxy-fuel 

combustion system. In terms of COA, there was 35 $/tCO2 from the oxy-fuel combustion 

system, compared to 55 $/tCO2 from post-combustion CO2 capture technology. The COA 

of the oxy-fuel combustion system showed better results in comparison to the post-

combustion system which was mainly due to the variable O&M cost of the chemical 

expenses required in the post-combustion system. 

Contribution: ASU makes the capital cost in the oxy-fuel combustion CO2 capture 

technology higher than that of the post-combustion system. However, amine make-up 

contributes to higher COA in the post-combustion system compared to the oxy-fuel 

combustion system.  

Stromburg et al. (2008) determined the costs of the oxy-fuel and post-combustion 

technologies. A 1,000 MW plant was the base case for this study and the cost was 
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calculated in 2008. Firstly, the model was begun with a basic calculation for COE in each 

plant type. The fuel costs, capital costs, and fixed and variable O&M costs are the input 

variables for COE. The results showed that the PC plant was the most effective in COE 

technology with 33 euro/MWh.  The second best was the oxy-fuel combustion system (48 

euro/MWh), followed by the post-combustion CO2 capture technology with 50 

euro/MWh.  

Contribution: The COE in the oxy-fuel combustion technology was shown to be lower 

than that of the post-combustion CO2 capture technology.  

Varagani et al. (2005) presented costs for coal-fired power plants with oxy-fuel and post-

combustion CO2 capture technologies. For the oxy-fuel system, ASU, ESP, FGD, and 

CO2 compression and purification units were included, while ESP, SCR, and FGD were 

included in another system. The plant capacity was 553 MWe. The results showed that 

there was 41 $/MWh of COE in the oxy-fuel combustion, while there was 49 $/MWh in 

the post-combustion system. The COE was separated into capital cost, O&M costs, and 

fuel. The main contributor was the capital cost. SCR brought about an increase in capital 

and variable O&M costs which affected COE. Moreover, more O&M variable cost was 

used in the post-combustion system than that in the oxy-fuel combustion system, mainly 

due to MEA. The same trend was shown in COA in which there was 16 $/tCO2 

difference between the two scenarios.  

Contribution: the COA and COE in the oxy-fuel combustion technology were shown to 

be lower than that of the post-combustion CO2 capture technology. 
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Table 2.6 Summary of cost analysis studies on carbon capture technology 

Study Country Cost 

method 

Technology Results 

Kleme  

et al.  

(2007)  

  

UK CERs using 

IECM-CS 

version 3 

software 

tool 

Power plant: the 

power plants 

with post 

combustion  

CO2 removal 

efficiency: 90%  

Plant range: 

300 to 2000 MW 

- Capital costs: the CO2 

absorber vessel (30%), 

sorbent regenerator, drying 

and compression unit (17%), 

and direct contact cooler 

(11%) showed the most 

contribution  

- O&M cost: 40 to 250 

M$/year for the capacity 

range from 300 to 2000 MW.  

- COA: 60 to 30 $/t for the 

capacity range from 300 to 

2000 MW.  

Chung 

et al. 

(2011)  

 

U.S. Expert 

elicitation 

method  (13 

experts) 

Power plant:  

- Coal-fired 

power plants 

with amine-

based system,  

- Coal-fired 

power plants 

with chilled 

ammonia 

processes, and  

- Coal-fired 

power plants 

with oxy-fuel 

combustion 

- Reviews on the present and 

future CCS status in 2030 

- Maturity of technologies: 

amine-based system showed 

highest maturity, followed by 

oxy-fuel and chilled ammonia  

- Estimated cost:  

 Costs should lower at 

least slightly by 2030 

(Amine-based and chilled 

ammonia systems) 

 Significant cost reductions 

needed further funding in 

RD&D (oxy-fuel 

combustion) 

Rubin 

et al. 

(2007a)  

 

U.S. IECM 

version 

5.1.2 

Power plant: 1. 

500MW PC 

plants using US 

bituminous coal,  

2. 500MW 

IGCC systems 

using bituminous 

coal,  

3. 500MW 

NGCC plants 

CO2 capture:  

1.PC and NGCC 

- COE:  

 PC plants without CCS 

showed lowest (53.0 

$/MWh), while NGCC 

plants without CCS 

showed highest (60.3 

$/MWh) 

 CO2 transport and 

storage added 4-10% of 

COE 

 CO2-EOR reduced 7-

18% of COE 
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plants used an 

amine-based 

system for CO2 

capture,  

2. IGCC plant 

used a water gas 

shift reactor and 

a Selexol unit 

Storage: deep 

saline aquifer, 

and EOR 

 

Sim-

beck, 

2001 

U.S. Single-page 

evaluation 

spreadsheets 

Power plant:  

- Coal-fired 

power plants 

with amine-

based system,  

- Coal-fired 

power plants 

with oxy-fuel 

combustion 

Plant range: 

300 MW 

- Total cost: 

 Oxy-fuel combustion: 

1,049 $/kW 

 Post-combustion: 921  

$/kW 

- COA: 

 Oxy-fuel combustion: 

28 $/metric ton CO2 

(25.4 $/tCO2) 

 Post-combustion: 33 

$/metric ton CO2 (29.94 

t/CO2) 

Singh 

et al., 

2003 

Canada Aspen plus Power plant:  
1. Coal-fired 

power plant with 

oxy-fuel 

combustion 

technology,  

2. Coal-fired 

power plant with 

post combustion 

Plant range:400 

MW 

- Total cost: 

 Oxy-fuel combustion: 

791 $/kW 

 Post-combustion: 736 

$/kW 

- COA: 

 Oxy-fuel combustion: 

35 $/tCO2 

 Post-combustion: 55 

$/tCO2 

 

Strom-

burg et 

al., 

2008 

Sweden - Power plant:  
1. Coal-fired 

power plant with 

oxy-fuel 

combustion 

technology,  

2. Coal-fired 

power plant with 

post combustion 

Plant 

- COE: 

 Oxy-fuel combustion: 

48 euro/MWh  

 Post-combustion: 50 

euro/MWh 
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range:1,000 

MW 

Varaga-

ni et al., 

2005 

U.S. - Power plant:  
1. Coal-fired 

power plant with 

oxy-fuel 

combustion 

technology,  

2. Coal-fired 

power plant with 

post combustion 

Plant range: 

533 MWe 

- COE: 

 Oxy-fuel combustion: 

41 $/MWh 

 Post-combustion: 49 

$/MWh 

- COA: 

 Oxy-fuel combustion: 

48 $/tCO2 

 Post-combustion: 64 

$/tCO2 
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In conclusion, the increasing interest in cost analysis for carbon capture technology is 

required to develop and optimize processes so as to reduce capital and operating costs. 

There are some cost methods and tools that have been applied in carbon capture 

technology such as the expert elicitation method, IECM, CERs, etc. Even though some 

methods focus on different types of cost, most studies have evaluated costs of carbon 

capture technology in terms of capital costs, COE, COA, etc.  

The study showed that oxy-fuel combustion CO2 capture technology had lower COE and 

COA than that of a post combustion system, while there was a higher capital cost in the 

oxy-fuel combustion CO2 capture technology than that of the post-combustion system 

(Simbeck, 2011; Singh et al., 2003; Stromburg et al., 2008; Varagani et al., 2005). 

However, there is less analysis of the cost of oxy-fuel combustion CO2 capture 

technology because the technology is still at the research and development stage (Chung 

et al., 2011). In addition, as the studies mentioned earlier, post-combustion CO2 capture 

technology had been studied the most compared to pre- and oxy-fuel combustion CO2 

capture technologies (Kleme  et al., 2007; Chung et al., 2011; Giovanni & Richards, 

2010). 

This research will fill the gap in which there is no available cost data especially on the 

oxy-fuel combustion CO2 capture technology associated with the BDPS in Estevan, 

Saskatchewan, Canada. In addition, none of the cost results from the studies above are 

compared to another model in order to clarify the results as done in this research.  
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3. LCA Methodology 

 

3.1 Goal and Scope Definition  

3.1.1 Goal of the study 

The goal of this research is to evaluate the environmental impact over the full life cycle 

of a lignite coal fired electricity generation plant with oxy-fuel combustion CO2 capture. 

The LCA results are specific to Western Canadian lignite coal-fired electrical generating 

plants. This study uses the LCA, an environmental assessment tool, which provides 

information on the environmental effects of the process or product. This helps to improve 

understanding of the environmental implications in the use of CO2 capture in Canada.  

3.1.2 Scope of the study 

3.1.2.1 Functional unit 

The functional unit, a key component of LCA, is a measurement of which alternative 

product systems in a comparative study make the systems fair on an equivalent basis. 

This unit is useful for constructing a flow model, which is the starting point for building 

models for the product systems. Additionally, it is the main unit that can have a vast 

impact on the LCA results, so the choice of a quantified reference unit is a choice that is 

necessary to define in the scope of the study. The functional unit for the study is selected 

from the energy outputs of an electrical generating station with an oxygen-based 

combustion system. The MWh of electricity produced is the output of the electrical 

generating station. 
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Since energy is used for ASU, ESP, FGD, and CO2 purification and compression units, 

the net energy output from the plant is reduced. This research assumed that the electricity 

production rate is constant in the study where all scenarios generate the same electricity. 

However, the coal consumption is increased in order to keep the same net electricity 

production. In other words, more coal will be consumed in the electrical generating plant 

with an oxy-fuel combustion CO2 capture scenario due to CO2 capture facilities. 

3.1.2.2 System boundaries 

All unit processes included in the system under the study are defined by the system 

boundary. This study covers the full life cycle of carbon capture technology or a cradle-

to-gate study in which the environmental effects associated with coal-mining, 

construction, and operation of the plant will be taken into account, but no accounting will 

be made of the transport and utilization of any oil produced under EOR for example. 

Furthermore, the processes including resource extraction (e.g., coal and limestone) and 

the production and transportation of materials (e.g., steel and concrete) are also accounted 

for in this research. The system boundary is shown in Figure 2.2.  
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Figure 2.2 System boundaries for lignite-fired electrical generating station with oxy-

fuel combustion capture  

(original in colour) 
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- Temporal and geographical boundaries 

The design lifespan is assumed to be 30 years, which include the time for coal mining, 

electrical generating plant construction, and operation. This number is the default 

expected life span value for a typical coal generator used in most research (Spath & 

Mann, 2000; Cleetus et al., 2012; Ruether et al., 2004; Wang & Mu, 2014). This is 

because the major components of the electrical generating plants tend to last around 30 

years depending on the maintenance and economic conditions (OECD, 2000). It is 

possible that the electrical generating plants will be able to operate more than their design 

lives. However, the life span value in this study does not affect the LCIA results since 

this study generates the results based on the functional unit. 

Most of the processes and data included in the system boundaries come from Western 

Canada. However, the data from some unit processes are taken from other Canadian 

provinces, the U.S., and worldwide.  

- Technological boundaries 

This study evaluates modern CO2 capture technologies and its established configurations 

for generation of electrical energy. The two systems are analyzed, which include: (i) the 

conventional lignite-fired electricity generation station without CO2 capture (“no capture”) 

and (ii) the oxy-fuel combustion CO2 capture system (“capture”).  

3.2 Life cycle inventory analysis (LCI) 

Data quality requirements specify the characteristics of the data needed for the study. 

Description of data quality, sources, and assumptions is important to understand the 

reliability of the study results and properly interpret the outcome of the study (ISO 14044, 

2006). 
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To be able to perform an LCA of any systems, an inventory data for the complete supply 

chains are required. This results in a huge amount of data needed and it is practically 

impossible to collect data from the same source in order to be able to perform the entire 

LCA study. In this research, the majority of the data is specific to Saskatchewan/Canada. 

The data is mainly from Western Canada. However, as not all the needed data is available 

for the Canadian context, the data from other sources is utilized. The criteria for choosing 

the data sources is based on how that data is similar to the data for the Canadian context. 

Consequently, most of the data is from Canada or the U.S.  

The assumptions about emissions emitted from the oxy-fuel combustion CO2 capture 

processes are mainly derived from US EPA (1998) and Nie (2009). Other sources of 

Canadian databases include Saskatchewan Power Corporation (SaskPower), Manuilova 

(2011), and Suebsiri (2010). Nevertheless, if there is still not enough data available to 

conduct the study of the whole life cycle of oxy-fuel combustion CO2 capture in 

Saskatchewan, the data from some unit processes is taken from several research institutes, 

which include: (1) Department of Engineering and Public Policy, Carnegie Mellon 

University, (2) Environment Canada, (3) U.S. Environmental Protection Agency, (4) U.S. 

Department of Energy, and (5) other literature reviews shown in Table 3.1.  
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Table 3.1 Data sources used in this study 

Dataset Reference 

Steel production World Steel Association, 2008 

Concrete and cement productions Athena Sustainable Materials Institute, 

2005 

Surface lignite coal mining Manuilova, 2011 and Suebsiri, 2010 

Limestone production  Manuilova, 2011 and Suebsiri, 2010 

Lignite coal composition Smith, 2009 

Electricity generation station operations  US EPA, 1998, Nie, 2009, Almåas, 2012, 

Dillon et al., 2005 and Hu, 2011  

ASU unit construction Pehnt and Henkel, 2009 

Electricity generation station construction 

(electrical generating plant construction) 

Spath et al., 1999 

 

  



 

 

85 

 

3.2.1 LCI modeling using the MS Excel spreadsheet  

All unit processes, which include ASU, boiler, ESP, FGD, and CO2 purification and 

compression in the system boundaries, are modelled using engineering equations 

incorporated in the MS Excel spreadsheet. All units are then transferred to the LCIA 

software tool to evaluate the environmental impacts. The description of all the processes 

is presented in the following sections.  

3.2.1.1 Air separation unit (ASU)  

The separation of O2 from air, which is used in the combustion chamber, is required in 

the oxy-fuel combustion process (Burdyny & Struchtrup, 2010). Cryogenic distillation is 

one of the most commercially used processes for air separation (Shah, 2006).  

The steps in the cryogenic distillation process start with a large volume of ambient air 

being pressurized with air compressors (Almåas, 2012). After the filtered air is 

compressed, it then flows through the two-stage direct contact aftercooler (DCA). In the 

first stage, exchanging heat cools the air and then the air is cooled even further by a 

mechanical chiller in the second stage (Nsakala & Liljedahl, 2003). Secondly, the air is 

fed into an air purification unit in order to remove impurities such as H2O, CO2, and 

hydrocarbons (HC). A necessary characteristic for an ASU is the ability to prevent ice 

and dry ice from forming impurities later in the process. Thirdly, the cryogenic unit cools 

down the filtered air by using a heat exchanger to reach the requirement for the air 

distillation unit. After that, the filtered air is fed into the distillation process, which 

employs both high pressure and low pressure distillation columns. This process separates 

it into its basic components, which are N2, liquid O2, and argon (Ar) (ALSTOM, 2003). 

The boiling point of Ar is similar to that of O2, so Ar will preferentially stay with O2. 
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However, if a high purity of O2 is needed, Ar will be removed by the distillation system. 

After that, the O2 product is fed into the heat exchanger, as shown in Figure 3.2. 
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Figure 3.2 The schematic of an ASU (modified from Nie, 2009; ALSTOM, 2003; 

Almåas, 2012; Dillon et al., 2005) 

(original in colour) 
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In this stage, all important factors quantified in the ASU LCI model are described, 

including the removal rates of impurities in the pre-purification process, the cooling 

water requirement, the electricity requirement of the ASU, the emissions from 

refrigeration, and the distillation unit and O2 products. 

 The removal rate of impurities in the air purification unit (PPU) 

This unit is very important because it helps to prohibit the effects of H2O and CO2 

freezing and depositing on the surfaces at the very low temperatures in the heat-

exchanger unit (Wall, 2007). An adsorption process using beds of alumina is most 

commonly used to remove impurities from the air stream. The typical removal rate of 

impurities in this unit is shown in Table 3.2. 
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Table 3.2 Typical removal rate of impurities in the PPU (Nie, 2009) 

Elements Typical design basis for air 

concentration (ppm) 

Typical % removal in PPU 

N2 780,800 0% 

O2 209,500 0% 

Ar 9,300 0% 

CO2 400 99% 

SO2 0.1 100% 

HCl 0.05 100% 

H2O 10,000 100% 

N2O 0.3 30-70% 

NOx (NO+NO2) 0.05 100% 

H2 10 0% 

CO 20 0% 

O3 0.2 100% 

CH4 10 0% 

C2H6 0.1 0% 

C2H4 0.3 50% 

C2H2 1.0 100% 

C3H8 0.05 67% 

C3H6 0.2 100% 

C4
+
 1.0 100% 
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The emissions from the adsorption bed can be calculated using the following equation: 

 

iiairi RCmE          [3.1] 

where, 

iE
 
is the emission of i

th 
gas from pre-purification process (kg/hr)  

airm
 
is the mass flow rate of air intake by ASU (kg/hr) 

iC
 
is the i

th
 gas concentration in air 

iR
 
is the % removal of i

th
 gas by PPU 

 Cooling water requirement 

The cooling water requirement is used in DCA (ALSTOM, 2003), which is calculated 

using the following equation: 

 waterm = 
waterpwater

airpairair

TC

TCm




       [3.2] 

where, 

waterm
 
is the mass flow of the cooling water (kg/hr) 

airm  is the mass flow of the compressed air (kg/hr) 

pairC  is the specific heat under average pressure and the average temperature in the 

compressor, (kJ/kg C ), which was assumed to be 1.006 kJ/kg C   

airT  is the air temperature change ( C ) 

pwaterC
 
is the specific heat of cooling water, which is typically 7.56 kJ/kg C  

waterT
 
is the water temperature difference, which is assumed to be 15 C  
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For airT , this can be calculated using the following equation (Nie, 2009; Guo & 

Ghalambor, 2005): 

airT = inT
 

























1

/1

1

2

kkZ

p

p
       [3.3] 

where, 

inT  is the inlet air temperature at suction pressure,  

2p is the pressure of air  at the discharge point (KPa), which ranges from 8,000-15,000 

KPa 

1p  is the suction pressure of air (KPa), with a default value of 100 kPa 

Z is the average air compressibility, with a default value of 1.0025k = (Cp/Cv) is the 

average ratio of specific heats of air, with a default value of 1.398 

In this research, inT and 2p were assumed to be 25 C and 10,000 KPa, respectively (Rao 

et al., 2004). 

  Electricity requirement of the ASU 

The O2 purity of the product stream has a major effect on the electrical generating 

requirement in the ASU unit (McKetta & Cunningham, 1989). There are three main 

power requirements to operate an ASU unit: air compression, refrigeration, and auxiliary 

and control system requirements. In this research, the ASU energy requirement is 

calculated using the following equation (Rubin et al., 2007b). This is the equation that is 

available and the most suitable for the O2 purity of less than 97.5% according to (Rubin 

et al., 2007b). This study focuses on using 95% of O2 purity, therefore this equation is 

adopted. 
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1498.000172.0  oxASUE      5.97ox    [3.4] 

where, 

ASUE
 
is the energy requirement in ASU (kW/m

3
 O2 produced) 

ox is the O2 purity 

  Emissions from refrigeration 

The refrigeration equipment is required in the ASU to cool the incoming air. In principle, 

the refrigeration system used in the ASU is nearly the same as that used in industrial 

refrigeration. To this date, the dominant refrigerants used in industrial refrigeration are 

NH3 and chlorodifluoromethane (HCFC-22). In this research, the amount of NH3 

emissions during the oxy-fuel combustion process calculated on the basis of 1 MWh 

electricity generation is assumed to be 0.000472 kg (Nie, 2009). 

  Distillation unit and O2 products  

In this distillation unit, the air is distilled based on the different boiling points of each 

element. However, more distillation stages are used to separate Ar from O2 if high purity 

O2 is required (Nie, 2009). This is because the boiling point of Ar (– 185.9 °C) is much 

closer to the boiling point of O2 (– 182.95 °C) than to the boiling point of N2 (-195.8 °C), 

shown in Table 3.3. Consequently, the Ar in the air travels with the O2 in the main 

distillation column. The optimum rate of O2 purity is 95% (Andersson & Johnsson, 2006). 

With 0.93% of Ar in ambient air, O2 products will have around 4.4% Ar. This research 

assumes that the default values of O2, Ar, and N2 in the O2 products are 95%, 4.4%, and 

0.6% by volume, respectively. 

 



 

 

93 

 

Table 3.3 Main components with boiling points at atmospheric pressure 

Main components of air Boiling points (°C) 

Nitrogen (N2) -195.8 

Oxygen (O2) -182.95 

Argon (Ar) -185.9 
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3.2.1.2 Boiler 

The oxy-fuel combustion LCI model quantifies mass flow rates of coal, fuel, O2, N2, and 

H2O by using stoichiometric reactions. SOx, NOx, CO, N2O and unburned carbon 

emissions are calculated using the data from the literature. The emissions of NO, NO2, 

HCl, HF, CH4, PM, PM10, VOC, and trace metals are calculated using US EPA AP-42 

emission factors. Lastly, energy consumption and heat (steam) output are calculated 

using engineering calculations and the literature.  

 Operating parameters 

o O2 purity 

In many studies, 95% O2 purity has been used as an optimal level (Rubin et al., 2007b). 

This O2 purity works for oxy-fuel combustion because the increasing O2 purity not only 

increases the power consumption but also the capital cost. Previous research carried out 

by Wikinson et al. (2003) concluded that 95% O2 purity provided an optimum balance 

between the cost of an ASU to generate pure O2 and the equipment to separate inert gases 

from the product of a CO2 stream, which had a target of 96.5% CO2. It is worth noting 

that the energy penalty of ASU increases dramatically with higher product purity 

(Andersson & Johnsson, 2006). The main impurity in the O2 product is Ar. Furthermore, 

there are also some traces of N2 in the O2 product (Rubin et al., 2007a). 

o Excess O2 

Excess O2 is generally needed to ensure that there is complete combustion of the fuel. In 

addition, it is necessary to avoid CO formation. The excess air rate, which is used in 

conventional coal combustion, is 15-20%. To achieve a similar O2 fraction in the flue gas, 

similar to an air blown system, 3-4% of excess O2 is required. In many previous studies, 
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the excess O2 rate used is around 1.5-5%. As a result, this research uses 3% of excess O2 

as a default value. 

o Flue gas recycle ratio (FGRR) 

Oxy-fuel combustion technology aims to attain a similar AFT to coal combustion in air. 

Flue gas recycling is necessary to provide a mass flow of flue gas to cool the flame and 

also to generate heat capacity and flue gas velocity for convective heat transfer in the 

boiler (Scheffknecht et al., 2011). As a result, the flue gas is recycled back into the boiler 

in order to control the temperature in the combustion process and also to make up for the 

missing N2 volume. In a conventional boiler, sufficient N2 volume is essential for 

carrying the heat through the boiler. CO2 and H2O, which are major elements in the 

recycled flue gas, have higher thermal capacities than N2. This increase in thermal 

capacity brings about an increase of the heat transfer in the boiler and an increase of the 

flame temperature (Buhre et al., 2006). Furthermore, to maintain a similar AFT, the 

properties of CO2 and H2O allow for a slightly lower amount of recycled flue gas because 

of the higher thermal capacity of CO2 and H2O compared to N2. Many studies use 60-85% 

of the FGRR values. This research has 70% of the FGRR as a default value (Rubin et al., 

2007b).   

o Air leakage level 

Ideally, pure O2 is used in the oxy-fuel combustion system to obtain a flue gas that 

contains almost all CO2 when dried. Nonetheless, in practice, it is impossible to avoid air 

ingress because the boiler and flue gas ductwork cannot be sealed completely. Air 

leakage, whose major component is N2, brings about a significant amount of N2 in the 

flue gas. Consequently, air leakage affects the CO2 recovery rate and energy requirement 
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in the gas processing unit (GPU) (Preuschea et al., 2011). In other words, air leakage 

dilutes the CO2 in flue gas, which results in a greater requirement of energy to capture 

CO2. It is very important to keep this air leakage value at a minimum level. In oxy-fuel 

combustion, various studies (Singh et al., 2003; ALSTOM et al., 2001; McDonald & 

Palkes, 1999; Babcock et al., 1995) assumed 1-5% to be a default value, while some 

other studies (Dillion et al., 2004; Andersson et al., 2002; Wilkinson, 2000) assumed this 

value to be zero. In this research, according to Rubin, 2007b, air leakage value is 

assumed to be 2%. 

 Boiler efficiency 

Oxy-fuel combustion is the chemical reaction between fuel and O2. The oxy-fuel 

combustion boiler produces a lower volume production of exhaust gas, an increased 

higher flame temperature, and improved energy efficiency (Kiriishi et al., 2009). In the 

case of air combustion, the majority of exhaust gas consists of N2, which is heated up to 

high temperatures in the combustion. Replacing air with O2 not only helps reduce the 

volume of exhaust gas but also reduces the heat loss by 75% in the flue gas compared to 

air combustion. This results in an overall efficiency improvement. In terms of flame 

temperature, the AFT of air combustion is around 1950°C, while that of oxy-fuel 

combustion is around 2800°C. This is because oxy-fuel combustion dramatically 

increases the flame temperature and the thermal efficiency. In this research, it is assumed 

that the boiler efficiency increased by around 4% (from around 90% to around 94%) from 

the case of air combustion to an oxy-fuel combustion system. 
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 Mass flow rate of coal 

In order to produce gross electric capacity, 150 MWg, the mass flow rate of coal must be 

determined. The coal consumption depends on the plant gross efficiency ( plant ) and the 

high heating value of coal (HHVcoal) (Rubin et al., 1991). Lignite coal properties are 

shown in Table 3.4. 

coalM Designed power output (kWh)/(HHV plant )   [3.5] 
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Table 3.4 Lignite coal properties (Smith, 2009) 

Parameter Value Unit 

Heating value  15,119.00 kJ/kg 

Moisture  35.00 % 

Carbon  41.70 % 

Hydrogen  2.61 % 

Nitrogen  0.79 % 

Sulfur  0.54 % 

Ash  9.47 % 

Oxygen  9.90 % 

Mercury  79.00 ppb 

Chlorine  10.20 ppm 

 

  



 

 

99 

 

 The heat output of a boiler 

The heat output of a boiler (H) is calculated using the following equation: 

 H = boilercoal HVM         [3.6] 

where, 

HV is heat value of coal 

 boiler is the boiler efficiency, which is assumed to be 94%. 

 Mass flow of O2  

The mass flow of O2 (Moxygen) needed for stoichiometric combustion is calculated using 

the following equation: 

 oxygenM  = )1(32
3832412

)1(












coalM

SOHuC
   [3.7] 

where, 

C, H, S, and O are mass fractions of these elements in coal. 

u is the rate of unburned carbon, which is assumed to be 0.386% in this research (Liu et 

al., 2005). 

 Products of combustion 

o CO2, H2O, O2, and unburned carbon 

Total quantity of CO2, H2O, O2, and unburned carbon outputs from oxy-fuel combustion 

are calculated using the following equations: 

 =       [3.8] 

 =         [3.9] 

2COM  
12

44
1coal  uCM

OHM
2 2

18
coal HM
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 =         [3.10] 

  =        [3.11] 

where, 

u is the rate of unburned carbon, which is assumed to be 0.386%. 

 is ratio of excess O2, which is assumed to be 3%.  

  is air leakage ratio, which is assumed to be 2%.  

o Sulphur oxides (SOx) emissions  

Sulphur content in coal and also the conversion of sulphur into SO2 affects the SOx 

emission rate. Furthermore, the type of coal seems to be the most essential parameter that 

affects the SOx emission rate (Croiset & Thambimuthu, 2001). In oxy-fuel combustion 

processes, before the flue gas is fed into the FGD unit, 70% of the flue gas is recycled. 

This recycled flue gas contains the full amount of SO2. In other words, a significant 

amount of SO2 can accumulate in recycled flue gas. Even though the SO2 emissions from 

oxy-fuel combustion CO2 capture are lower than those of air combustion, the SO2 

concentration in the flue gas is much higher in oxy-fuel combustion due to the recycling 

of SO2 and the higher O2 content in the flue gas (lower flue gas volume). The increased 

concentration of SO2 during oxy-fuel combustion and the higher O2 content in the flue 

gas result in an increased amount of sulfur trioxide (SO3) in the recycled stream through 

the following reactions (Zhuang & Pavlish, 2012): 

 SO2 +O→SO3         [3.12]  

SO2 + OH → HOSO2         [3.13] 

4HOSO2 + O2 → 4SO3 + 4H2O2      [3.14] 

2OM oxygenM )( 

carbon unburnedM uM coal
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In oxy-fuel combustion, the conversion rate of sulphur from coal to SO2 is 37-100%, 

whereas there is 70-100% of that in air combustion, as shown in Table 3.5 (Nie, 2009). 

There is a substantial reduction of SO2 formation in oxy-combustion compared to air 

combustion because of some sulfur retention in fly ash/particulates (Nsakala et al., 2007).  

In this research, it is assumed that the conversion factor from sulphur in coal to SO2 is   

60% and this conversion rate is taken from the average conversion rate for the oxy-fuel 

combustion of Table 3.5 (Nie, 2009). The rest of sulphur in coal becomes fly ash and 

bottom ash in the same proportions. The conversion ratio of SO2 to SO3 when lignite coal 

is used is from 0.5 to 1.5%. For the firing fuels that have high alkaline content, such as 

the ash in BDPS, the conversion measurement indicates relatively lower conversions (Li 

et al., 2012). In this research, it is assumed that the conversion ratio of SO2 to SO3 is 1%. 

The following equations show how to calculate the emissions of SO2, SO3, and S in 

bottom ash and S in fly ash: 

 
2SOM  

32

64
6.0 coal  SM        [3.15] 

 3SOM
32

80
coal  SM        [3.16] 

 MS to bottom ash =  
32

64
6.015.0 coal  SM    [3.17] 

 MS to fly ash =  
32

64
6.015.0 coal  SM     [3.18] 

where, 

S is sulphur content in coal 

  is the conversion ratio of SO2 to SO3   
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Table 3.5 Conversion rates of sulphur to SO2 in air and oxy-fuel combustion 

scenarios (modified from Nsakala et al., 2007; Nie, 2009) 

Authors Conversion (%) 

Air combustion Oxy-fuel combustion 

Yamada (2007) 70-80 45-50 

Woycenko et al. (1994) 96 60-75 

Kiga et al. (1997) 70-78 37-41 

Croiset and Thambimuthu (2001) 91 56-66 

Zheng and Furimsky (2003) 91-100 90-100 
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o Nitrogen oxides (NOx) emissions 

NOx emissions are represented as pollutant emissions. In the oxy-fuel combustion 

process, the NOx emission rate can be reduced to less than one-third of that in air 

combustion (Kimura et al., 1995; Croiset & Thambimuthu, 2001). Several potential 

mechanisms result in the NOx reduction: (1) a decrease of thermal NOx in the combustor 

due to the very low N2 concentration from air in the combustor, (2) the flue gas 

recirculation process, which helps to reduce the combustion chamber temperature and the 

O2 partial pressure in the boiler, thus inhibiting nitrogen monoxide (NO) formation 

(Buhre et al., 2005), and (3) the reaction between recycled NOx, fuel nitrogen content 

(fuel-N), and hydrocarbons released from coal (Buhre et al., 2005). 

For the typical oxy-fuel combustion (30% O2/70% CO2), the conversion ratio of coal-

nitrogen to NOx is assumed to be 15%, whereas the conversion ratio of coal-nitrogen to 

NOx is 50% of air combustion (Nie, 2009). In this research, the NO:NO2 ratio is assumed 

to be 95:5. The NOx emissions can be calculated using the following equations: 

 MNO = 15%×95%× (30/14)×Mcoal ×N     [3.19]    

 MNO2 = 15%×5%× (46/14)× Mcoal ×N     [3.20]   

where, 

N is the nitrogen content in coal. 

o Nitrous oxide (N2O) emissions 

N2O emissions have higher potential for causing climate change, even though the amount 

of N2O emissions is much lower than CO2. It is because the GWP of N2O has around 300 

times the GWP of CO2 (Nie, 2009). N2O emissions strongly vary depending on 

temperature (Nsakala et al., 2007). The N2O emissions decrease when the combustor 
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temperature increases (Diego et al., 2013). 

Many previous studies showed that there are lower N2O emissions in oxy-fuel 

combustion than that emitted by air combustion (Nie, 2009). N2O emission can be 

estimated by the emission factor for coals from (Environment Canada, 2008): 

 N2O = 0.032 g/kg of coal        [3.21] 

o Carbon monoxide (CO) emissions 

CO is one of primary products of combustion, which is then rapidly oxidized into CO2. In 

general, the higher the concentration of O2, the lower the amount of CO emitted (Chui et 

al., 2004). Excess O2 allows for complete oxidation of the carbon, so the amount of CO in 

this research is assumed to be zero (Manuilova, 2011). 

o Unburned carbon in ash 

Oxy-fuel combustion has higher efficiency in burning out carbon than coal combustion in 

air. According to Yamada (2007), the amount of carbon in ash in oxy-fuel combustion is 

lower than that in air combustion by around 30-40%. Furthermore, the research from Liu 

et al. (2005) supported the same idea and concluded that carbon in ash in oxy-fuel 

combustion is 38.6% of that for coal combustion in air. Normally, the unburned carbon in 

coal combustion in air is around 1%. Thus, in this research, it is assumed that the 

unburned carbon is 0.6% in oxy-fuel combustion.  

o Bottom ash and fly ash 

During the oxy-fuel combustion process, there are some inorganic mineral impurities in 

fuels that leave the system in the form of bottom ash, fly ash, or vapour. However, vapour 

is not an issue in the oxy-fuel combustion process because it goes with the recycled flue 

gas back to the combustion process. The release of these substances to the air has 
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significant impacts on human health and the ecosystem. The mass flow rate of bottom ash 

and flyash can be determined using the following equations: 

bottomashM = f lyashCunburnedbottomashScoal MMMAM  )(     [3.22] 

f lyashM = )(10 f lyashSPMPM MMM         [3.23] 

where, 

 A is ash content in coal (fraction). 

o Particulate matter (PM) emissions 

In oxy-fuel combustion, the O2 concentration is changed when it is passed through the 

burner. This change affects particle combustion temperature and then affects the 

vaporization of metals and minerals in coal particles (Nie, 2009). As a result, this can 

affect the formation of ash. However, there is a similar AFT between an oxy-fuel 

combustion with a 30%O2/70%CO2 mixture and air combustion. This research uses US 

EPA PM2.5 emission factors for air combustion to calculate PM emissions and PM10 

emissions for typical oxy-fuel combustion (US EPA, 1998). Emission factors of PM2.5, 

and PM10 are 3.2A and 1.15A, respectively, where A is ash content in coal (fraction). 

o Trace metals in flue gas 

The trace metal of concern in lignite combustion is Hg, which is covered by a US EPA 

emission factor. In this research, Hg in the flue gas can be classified in three forms: (1) 

elemental mercury (Hg
0
), (2) oxidized mercury (Hg

2+
), and (3) particulate mercury (Hgpart). 

In this research, the results of these three types of mercury are presented as total Hg 

emissions. 

The total Hg emissions are calculated using the following equations (Mniszek, 1994): 
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Hg = 0.9Hgcoal×Mcoal        [3.24] 

where,  

0.9 is a constant with a correlation coefficient (R
2
) of 0.9995 

Hgcoal is mercury content in coal (g Hg/tonne) 

Mcoal is coal mass flow rate (tonne/hr). 

Other emissions are calculated using the US EPA trace element emission factors for coal 

in air combustion presented in Table 3.6. According to the US EPA, the trace element 

emission factors for coal air combustion can be used for the calculation of trace metal 

emissions from a typical oxy-fuel combustion with O2 concentration at 30%. This is 

because this typical oxy-fuel combustion has an AFT similar to coal air combustion. The 

trace elements from oxy-fuel combustion are precipitated in forms of bottom ash and flue 

gas emissions. Bottom ash is disposed of, while flue gas emissions are fed into the FGD 

and CO2 purification and compression processes. Some of trace elements from the flue 

gas emissions are precipitated in the form of bottom ash in the FGD and CO2 purification 

and compression processes. After the CO2 purification and compression process, a small 

portion of trace elements accompany the CO2 product and head off into the pipeline. 

o Other emissions 

The emissions of HCl, HF, CH4, and VOC in oxy-fuel combustion and air combustion 

are unclear (Nie, 2009). As a result, it is assumed in this research that these emissions are 

not significantly different, so the US EPA AP-42 emission factors are used. The US EPA 

emissions factors for lignite combustion are shown in Table 3.7. 
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Table 3.6 Average trace elements emissions from an average coal-fired power plant 

in U.S., g/MWh of net electricity 

Element Flue gas emissions 

(g/MWh of net electricity) 

Solid emissions 

(g/MWh of net electricity) 

Arsenic  0.049 0.13 

Barium  0.013 0.44 

Antimony  0.0041 0.015 

Chromium  0.059 0.22 

Cadmium 0.0041 0.0098 

Beryllium  0.0016 0.014 

Copper  0.023 0.11 

Cobalt  0.0069 0.047 

Lead  0.03 0.10 

Molybdenum  0.038 0.039 

Manganese  0.0043 0.27 

Selenium  0.41 0.01 

Nickel  0.058 0.016 

Vanadium 0.088 0.32 

 

Table 3.7 The US EPA emissions factors for lignite combustion, kg/tonne of coal 

emissions Emission factors 

HCl 0.6 

HF 0.075 

CH4 0.02 

VOC 0.02 

Source : US EPA 1998 
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Table 3.8 Important information on products of combustion 

Products of oxy-fuel 

combustion 

Important information 

CO2 
=

 

where, 

u is the rate of unburned carbon, which is assumed to be 

0.386%. 

H2O 
=  

O2 = 
 

where, 

  is ratio of excess O2, which is assumed to be 3%.  

  is air leakage ratio, which is assumed to be 2%. 

Unburned carbon 
 =  

SO2 - The conversion factor from sulphur in coal to SO2 is 

0.6  

- The conversion ratio of SO2 to SO3 is 1% 

- The rest of sulphur in coal goes to fly ash and bottom 

ash in the same proportions 

- 
2SOM  

32

64
6.0 coal  SM  

- 3SOM
32

80
coal  SM     

-MS to bottom ash =  
32

64
6.015.0 coal  SM  

-MS to fly ash =  
32

64
6.015.0 coal  SM  

where, 

S is sulphur content in coal 

  is the conversion ratio of SO2 to SO3 

SO3 

S in bottom ash 

S in fly ash 

NO - NOx emission rate can be reduced to less than one-

third of that in air combustion  

- The NO:NO2 ratio is assumed to be 95:5 

- MNO = 15%×95%× (30/14)×Mcoal ×N   

- MNO2 = 15%×5%× (46/14)× Mcoal ×N 

where, 

N is nitrogen content in coal 

NO2 

CO -Excess O2 allows for complete oxidation of the carbon,  

-CO is assumed to be zero 

2COM  
12

44
1coal  uCM

OHM
2 2

18
coal HM

2OM oxygenM )( 

carbon unburnedM uM coal
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N2O -Higher potential for causing climate change, even 

though the amount of N2O emissions released is much 

lower than CO2 

-N2O = 0.032 g/kg of coal 

Unburned carbon in ash Unburned carbon 0.6% in oxy-fuel combustion 

Bottom ash - Inorganic mineral impurities in fuels which will leave 

the system in forms of bottom ash, fly ash or vapour 
Fly ash 

Particulate matter emissions - The O2 concentration will be changed when it is passed 

through the burner.  

- This change will affect particle combustion 

temperature and then affect the vaporization of metals 

and minerals in coal particles 

- Hg - The trace metal of concern in lignite combustion  

- Hg = 0.9Hgcoal×Mcoal  

where,  

0.9 is a constant with a correlation coefficient (R
2
) of 

0.9995 

Hgcoal is mercury content in coal (g Hg/tonne) 

Mcoal is coal mass flow rate (tonne/hr). 

- PM2.5, PM10, HCl, HF, 

CH4, VOC 

- Calculated using US EPA AP-42 emission factors  

Trace elements emissions 

from an average coal-fired 

power plant in U.S. 

Flue gas emissions 

(g/MWh of net electricity) 

Solid emissions 

(g/MWh of net electricity) 

-Arsenic (As) 0.049 0.13 

-Barium (Ba) 0.013 0.44 

-Antimony (Sb) 0.0041 0.015 

-Chromium (Cr) 0.059 0.22 

-Cadmium (Cd) 0.0041 0.0098 

-Beryllium (Be) 0.0016 0.014 

-Copper (Cu) 0.023 0.11 

-Cobalt (Co) 0.0069 0.047 

-Lead (Pb) 0.03 0.10 

-Molybdenum (Mo) 0.038 0.039 

-Manganese (Mn) 0.0043 0.27 

-Selenium (Se) 0.41 0.01 

-Nickel (Ni) 0.058 0.016 

-Vanadium (V) 0.088 0.32 

A is ash content in coal (fraction). 
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 FGR fan power requirement 

An FGR fan is required for providing a small pressure head for the recycled flue gas 

stream to go back to the boiler (Rubin et al., 2007b). The default value for this pressure 

head is 0.14 psi or 96.53 kPa (Rubin et al., 2007b). The FGR fan power requirement can 

be calculated using the following equation: 

Power (kW) = 2.67×10
-6

Q× P / fan       [3.25] 

where, 

Q is the fan volume (m
3
/hr) (density of O2 used is 1.439 kg/m

3
) 

P is the total change of pressure in kPa, which is typically 96.53 kPa 

fan  is the energy conversion efficiency of fans, which is typically 75% 

 Cooling water requirement  

The cooling water requirement can be calculated by determining the flue gas flow rate 

and the desired temperature difference using the following equation: 

coolingM = 7.94   10
-4

  fgV  T       [3.26] 

where, 

coolingM  is the cooling water requirement (m
3
/min) 

fgV  is the flue gas flow rate (actual m
3
/ min) at 37.78 C  

 

T is the desired temperature difference ( C ) 

 Auxiliary power requirements by forced draft (FD) fans  

Auxiliary power requirements caused by FD fans provide adequate high pressure 

capacity between the air intake of the fan and the boiler to overcome the pressure drop. In 

other words, the fans are used to deliver the air for combustion. The auxiliary power 
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requirement by FD fans can be calculated using the following calculation (Drbal et al., 

1996):  

Power (kW) = 2.67×10
-6
Q×ΔP/ηfan       [3.27] 

where, 

Q is the fan volume (m
3
/hr) (density of O2 used is 1.429 kg/m

3
) 

ΔP is the total change of pressure in kPa, which is typically 5.086 kPa 

ηfan is the energy conversion efficiency of fans, which is typically 75% 

 Energy consumption in the oxy-fuel combustion process  

The energy consumptions used in the oxy-fuel combustion process come mainly from the 

boiler, FD fan, FGR fan, and cooling water unit. In this research, it is assumed that the 

energy consumption in this unit is 1.98 kW/MW (Nie, 2009). 

3.2.1.3 Electrostatic precipitator (ESP) 

ESPs have been used widely in the industry and become important devices to remove 

suspended particles for protecting the environment from problems (Mizuno, 2000). The 

basic features of an ESP include: (1) it can provide all sizes of particles from 

submicroscopic to largest present, (2) it requires low power, which is economical in 

operation, (3) it can treat very large gas flows, (4) it is very flexible in gas temperatures 

used from 93.33°C to 426.67°C, and (5) it has a long life expectancy (White, 1997). 

At the BDPS, ESP is installed in all 6 units. The dry ESP is applied in this research. In 

the dry ESP unit, there are a series of parallel plates with thin wires of electrodes spaced 

between them that carry a high voltage of opposite polarity (Berkenpas et al., 1999). If 

every particle in the flue gas is given a negative charge and the plate is given a positive 

charge, the negatively charged particle will migrate to the plate and be captured. The 
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accumulated particles on the plate create a dust layer that will be removed by rapping the 

plates. ESP performance is influenced by some operating parameters such as particle size 

distribution, fly ash electrical resistivity, fly ash mass loading, and precipitator voltage (US 

EPA, 1998).  

 Particulates removal efficiency 

The particulates removal efficiencies of ESPs can be from 99% to 99.99% (Buonicore et 

al., 1992). In this research, particulates removal efficiency is assumed to be 99%. In the 

ESP unit, there are some trace elements in flue gas that can be removed. In this research, 

SO3 and Hg removal efficiency are assumed to be 25% and 7.5%, respectively (Rubin et 

al., 1991). The removal efficiency for emissions emitted from the ESP unit is shown in 

Table 3.9. 

 Bottom ash and fly ash disposed 

The mass flow of bottom ash and fly ash disposed are calculated using the following 

equations:  

   bottomashM = )( 10)()( PMflyashPMCunburnedbottomashScoal MMMMAM     [3.28] 

  M( flyash_disposed )=  99.0)()( )()()(10)(10)(  flyashsflyashsESPPMESPPMPMflyashPM MMMMMM  [3.29] 

 Power requirements for ESP 

In this research, power requirements used for operating system fans, transformer-rectifier 

(TR) sets, and cleaning equipment in ESP are assumed to be 1.18 kW/MW (Manuilova, 

2011; Nie, 2009). 
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Table 3.9 Removal efficiency for emissions emitted from the ESP unit 

Emissions Removal efficiency (%) 

PM2.5 99 

PM10 99 

SO3 25 

Hg 7.5 
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3.2.1.4 Flue gas desulphurization (FGD) 

Over 85% of the total installed FGD units across the world adopt wet FGD technology 

because this technology has high efficiency and reliability (Jamil et al., 2013). In this 

research, the wet FGD is applied. In this unit, the flue gas from the ESP unit is fed into a 

SO2 absorber in which SO2 contacts with calcium-based sorbent slurry, typically lime 

(Calcium oxide, CaO) or limestone (calcium carbonate, CaCO3). SO2 dissolves into the 

slurry droplets forming calcium sulfite (CaSO3). Treated flue gas passes through a mist 

eliminator where any entrained slurry droplets are removed before exiting the FGD 

system (US EPA, 2004). The sulfite generated in the SO2 absorber is oxidized in a 

reaction tank forming calcium sulfate (CaSO4) in which it is crystallised as gypsum 

(CaSO4·2H2O). After that, the dewatering system is applied to concentrate the 

CaSO4·2H2O to around 85%-90% of solid content and then it is conveyed to a disposal 

landfill or utilized for cement or wallboard manufacture. 

 Trace elements removal rate 

In the wet FGD unit, the reaction with the sorbent helps remove SO2 from the flue gas. 

This unit normally removes more than 90% of SO2 by using a high level of sorbent (US 

DOE, 1999). Based on the data from the literature reviews (Nie, 2009; Manuilova, 2011; 

Rubin et al., 1991), the LCI model in this research assumes the SO2 removal, SO3 

removal, PM removal, HCl removal, HF removal, and Hg removal while flue gas passes 

through the FGD system to the extent given by the following percentages in Table 3.10. 

In addition, other trace element removal efficiencies in flue gas are taken from Manuilova 

(2011) and Nie (2009) and are presented in Table 3.11.  
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Table 3.10 The removal efficiency for emissions emitted from the FGD unit, %  

(Rubin et al., 1991) 

 Elements  % removal efficiency 

SO2   99 

SO3   50 

PM   70 

HCl    90 

HF  70 

Hg  25 

 

Table 3.11 Average trace elements removal efficiency in the FGD unit, % 

(Manuilova, 2011; Nie, 2009) 

Trace element Removal efficiency, % 

Beryllium  95 

Arsenic  91 

Antimony  90 

Barium  90 

Cadmium  80 

Cobalt  90 

Lead  90 

Manganese  93 

Selenium  58 

Vanadium  92 

Copper  69 

Molybdenum  90 

Nickel  86 

Chromium  88 
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 Mass flow rate of limestone (CaCO3) 

Even though CaO and CaCO3 can be both used to be the reagent in the wet scrubber, 

CaCO3 is commercially used in many studies. In this research, CaCO3 is used in the wet 

FGD process. The mass flow of limestone is calculated using the following equation: 

LimestoneM  = 
purity

SOSOSOSO

R

MM















 





06.8406.64
09.100 3322

   [3.30] 

where, 

Mlimestone is the mass flow rate of limestone (kg/hr) 

2SO is the removal efficiency of SO2 

MSO2 is the mass flow rate of SO2 

3SO is the removal efficiency of SO3 

 is the molar stoichiometry (mole of calcium required/mole of sulfur removed),  which 

is 1.03 

Rpurity is the reagent purity (weight fraction of CaCO3), which was assumed to be 92.4%. 

 FGD power requirements  

Even though the wet FGD technology reduces the emission of air pollutants produced 

from the electrical generating plants, this results in significant energy consumption. The 

primary power consumptions are required for the induced draft fan power, which is 

required to overcome the total resistance of the boiler air and flue gas systems and for 

slurry recirculation pumps (Xu et al., 2011; Berkenpas et al., 1999). The power 

requirements in the FGD process are assumed to be 3.8% MWg (Rubin et al., 1991).  
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 Water consumption 

According to Nie (2009), water from the scrubbing slurry is lost from: (1) evaporation in 

the scrubber and (2) the bleed stream from the scrubber. In this research, the water 

consumption is assumed to be 6.18E-06 per megawatt (MW) electricity generated 

(Berkenpas et al., 1999). 

 Reaction in FGD 

In the wet FGD process, the desulphurisation reaction and oxidation and crystallization 

are shown in the following equations: 

Desulphurisation reaction: SO2+CaCO3 + ½ H2O CaSO3½H2O+CO2  [3.31] 

Oxidation and crystallization: CaSO3½H2O+½O2+1.5H2OCaSO42H2O [3.32] 

The specifications of the reactions in flue gas exiting the scrubber are determined by the 

following reactions (Hu & Yan, 2012). 

0.5H2O + SO2 + CaCO3 → CaSO3•0.5H2O + CO2      [3.33] 

2H2O + 0.5O2 + SO2 + CaCO3 → CaSO4•2H2O + CO2    [3.34] 

0.5H2O + SO3 + CaCO3 → CaSO3•0.5H2O + CO2 + 0.5O2     [3.35] 

2H2O + SO3 + CaCO3 → CaSO4•2H2O + CO2      [3.36] 

The O2 is used to oxidize CaSO3 to CaSO4. It is assumed that the moisture content in the 

scrubber comes from makeup slurry, so it does not decrease the moisture content of the 

flue gas (Manuilova, 2011). In this research, 90% of CaSO3 is assumed to oxidize to 

CaSO4 (Ox = 0.9). 

The mass flow rate of exiting NO2, NO, CO2, O2, H2O, SO2, SO3, HCl, HF, Hg, and PM 

are shown in the following equations: 
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2NOexitM = 
2NOinM         [3.37] 

NOexitM =
NOinM         [3.38] 

2COexitM = 
2COinM         [3.39] 

2OexitM =
2OinM          [3.40] 

OHexitM
2

=
OHinM

2

        [3.41] 

2SOexitM =
2SOinM         [3.42] 

3SOexitM =
3SOinM         [3.43] 

HClexitM =
HClinM         [3.44] 

HFexitM =
HFinM         [3.45] 

HgexitM =
HginM         [3.46] 

PMexitM =
PMinM         [3.47] 

  Solid waste generation  

The amount of solid waste from FGD depends on unused reagent in the slurry, inert 

materials in the slurry, flyash removed by the scrubber (varies depending on PM removal 

efficiency), and oxidation products (Manuilova, 2011; Nie, 2009). The mass flow rates of 

solid waste are shown in the following equations:  

3CaCOM = removalinremovalin SOMSOM
SOSO 32 32

()103.1(09.100(    [3.48] 

ashM = PMinPM
M          [3.49] 

OHCaCOM
23 5.0 = PMx

Limestone O
M




)1(
09.100

14.129
    [3.50] 
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OHCaCOM
24 2 = PMx

Limestone O
M




)(
09.100

17.172
    [3.51] 

inertsM = )1( purityLimestone RM         [3.52] 

3.2.1.5 CO2 purification and compression unit 

The enriched CO2 stream enters into the CO2 purification and compression process in 

order to be cleaned, dehydrated, and compressed. This is required for the CO2 transport 

and storage system (Hu, 2011). In this unit, the CO2 stream leaving the oxy-fuel electrical 

generating plant is compressed and dehydrated. Firstly, the CO2 stream passes through a 

direct contact cooler (DCC) to remove moisture by condensation. The water stream, HCl, 

HF, and ash are removed at the bottom of the DCC column. Secondly, the CO2 stream at 

35°C  is compressed to around 3MPa (30 bar) by a two-stage intercooled compressor (Hu, 

2011, Almåas, 2012). In this stage, SOx and NOx are removed by SOx and NOx removal 

packed bed columns. Thirdly, the CO2 stream is fed to a temperature swing dual-bed 

adsorption dryer to meet the required level of dried CO2. After that, the dried CO2 flue 

gas is delivered to the volatile removal system in order to remove Ar, N2, O2, etc. (Nie, 

2009). Finally, the CO2 flue gas is compressed to the required pressure, typically 15 MPa, 

for pipeline transportation (Almåas, 2012), as shown in Figure 3.3. 
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Figure 3.3 The schematic of a CO2 purification and compression unit (modified from 

Nie, 2009; Almåas, 2012; Dillon et al., 2005)  

(original in colour) 
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For the LCI model, this unit requires the removal rates of SOx, NOx, Hg, HCl, HF, PM, 

and trace metals, CO2 recovery, and other impurities. Furthermore, the energy input for 

the compressor, adsorbent consumption of the drier, heat input for the drier, and cooling 

water consumption are all required (Nie, 2009). All requirements are described in the 

following paragraphs. 

 NOx, SOx, and Hg removal rates 

In order to remove NO2 and SO2 from the oxy-coal combustion flue gases, NOx and SOx 

removal columns in the CO2 compression process are used. The conversions of NO2 and 

SO2 are nitric acid (HNO3) and sulfuric acid (H2SO4), respectively (Hong et al., 2009). 

The corresponding reactions are described as follows (Hong et al., 2009):  

NO+
2

1
O2 =NO2         [3.53] 

2NO2=N2O4          [3.54] 

NO2 +SO2 +H2O = NO+H2SO4       [3.55] 

2NO2 +H2O=HNO2 +HNO3        [3.56] 

3HNO2 =HNO3 +2NO+H2O       [3.57] 

NO2 +SO2 =NO+SO3         [3.58] 

SO3 + H2O= H2SO4         [3.59] 

The NOx is converted into NO2 and then removed as HNO3. NO is a catalyst that is 

oxidized to NO2. After that, NO2 reacts with SO2 to form SO3. 

More than 90% of NOx and SOx can be removed in this well-designed unit. Hg in flue 

gas can be removed by the reaction with the HNO3 in this unit. All these elements from 

these reactions can be removed by discharged water. In this research, the removal rates of 
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NOx, SOx, and Hg are assumed to be 95%, 100%, and 100%, respectively. 

 HCl and HF removal rates  

HCl and HF have higher boiling points than CO2 or have high solubility in water. As a 

result, these elements can be removed with the water in the CO2 compression process. In 

this research, HCl and HF are assumed to be totally removed (Aspelunda & Jordal, 2007). 

 PM and trace element removal rates 

There are two processes in the CO2 purification and compression unit that can remove 

PM and trace elements, which include DCC and volatile removal systems. In the DCC 

system, the removal rate of PM and trace elements is 10%, while the removal rates of 

those in volatile removal systems are 99% and 90%, respectively (Nie, 2009).  

 CO2 recovery rate  

The CO2 recovery rate varies depending on pressure, temperature, and CO2 content in the 

inlet flue gas (Nie, 2009). The purity of recovered CO2 depends on the pressure. The 

higher the pressure, the lower the purity of the CO2 product (White, 2008). In this 

research, it is assumed that at a typical pressure (3 MPa), the purity of the recovered CO2 

is 95% in the volatile removal system (White, 2008). 

 Energy consumption in CO2 purification and compression unit 

The energy consumptions used in the CO2 purification and compression unit come from 

the purification and compression unit (Rubin et al., 2007b). The following equations are 

used to estimate these power requirements:  
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where, 

purife is energy requirement for purification unit, 0.0018 MWh/ton, for low purity produce 

(purity < 97.5%) 

compe is energy requirement for compression unit, kWh/tonne 

2COM is total mass of CO2 captured (tonne/hr) 

2COP is CO2 produce pressure (psig) 

comp is CO2 compression efficiency (%), typically 80% 

3.2.2 LCI modeling from the IECM software version 8.0.2  

All units which include ASU, boiler, ESP, FGD, and CO2 purification and compression 

in the system boundaries are discussed in detail in the following paragraphs.  

 3.2.2.1 Air separation unit (ASU) 

The input data in this unit is shown in Table 3.12.  

3.2.2.2 Boiler 

The input data in this unit is shown in Table 3.13. 
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Table 3.12 All important input data in the ASU 

Title Units Value Min Max Default 

Oxygen (O2) vol % 95 95 99.5 95 

Argon (Ar) vol % 4.4 0 100 Calc 

Nitrogen (N2) vol % 0.6 0 100 Calc 

Final Oxidant Pressure psia 14.5 0 800 calc 

Maximum Train Capacity lb-moles/hr 17000 625 17000 17000 

Number of Operating Trains integer 1 Menu Menu Calc 

Total ASU Power 

Requirement 

% MWg 27.7 0 40 Calc 

 

Table 3.13 All important input data in the boiler unit 

Title Units Value Min Max Default 

Gross Electrical Output MWg 150 100 2500 calc 

Unit Type   Sub-Critical Menu Menu Supercritical 

Steam Cycle Heat Rate, 

HHV 

Btu/kWh 9354.95 6000 15000 calc 

Boiler Firing Type   Tangential Menu Menu Tangential 

Boiler Efficiency % 94 50 100 calc 

Excess Air For Furnace % stoich. 3 0 40 calc 

Leakage Air at Preheater % stoich. 2 0 50 calc 

Gas Temp. Exiting 

Economizer 

deg. F 700 250 1200 700 

Gas Temp. Exiting Air 

Preheater 

deg. F 300 150 500 300 

Miscellaneous % MWg 0.198 0 5 calc 

Percent Ash Entering Flue 

Gas Stream 

% 65  0 100 calc 

Sulfur Retained in Flyash % 20 0 100 calc 

Percent of SOx as SO3 % 0.01 0 100 calc 

Nitrogen Oxide Emission 

Rate 

lb/MBtu 0.2051 0 10 calc 

Percent of NOx as NO % 95 0 100 calc 

Conc. of Carbon in 

Collected Ash 

% 0.6 0 10 0 
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3.2.2.3 Electrostatic precipitator (ESP) 

The input data in this unit is shown in Table 3.14. 

3.2.2.4 Flue gas desulphurization (FGD) 

The input data in this unit is shown in Table 3.15. 

3.2.2.5 CO2 purification and compression unit 

The input data in this unit is shown in Table 3.16. 
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Table 3.14 All important input data in the ESP unit 

Title Units Value Min Max Default 

PM Removal Eff. % 99 0 100 calc 

Actual SO3 Removal Eff. % 25 0 100 25 

Collector Plate Spacing inches 12 6 16 12 

Specific Collection Area sq ft/1000 acfm 202.2 100 1000 calc 

Plate Area per T-R Set sq ft/T-R set 23800 5000 50000 23800 

Cold-Side ESP Power  % MWg 0.00787  0 10 calc 

 

Table 3.15 All important input data in the FGD unit 

Title Units Value Min Max Default 

Maximum SO2 Removal Efficiency % 99 0 99.5 98 

Scrubber SO2 Removal Efficiency % 99 30 99.5 calc 

Scrubber SO3 Removal Efficiency % 50 0 100 50 

Particulate Removal Efficiency % 70 0 100 50 

Absorber Capacity % acfm 100 0 200 100 

Number of Operating Absorbers integer 1 Menu Menu calc 

Liquid-to-Gas Ratio gpm/kacfm 224.4 90 200 calc 

Reagent Stoichiometry mol Ca/mol S rem 1.03 1 3 calc 

Reagent Purity wt % 92.4 80 100 calc 

Temperature Rise Across ID Fan deg. F 14 0 25 14 

Gas Temperature Exiting Scrubber deg. F 153.4 115 185 calc 

Gas Temperature Exiting Reheater deg. F 153.4 115 300 calc 

Oxidation of CaSO3 to CaSO4 % 90 0 100 calc 

Wet FGD Power Requirement % MWg 3.8 0 10 calc 
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Table 3.16 All important input data in the CO2 purification and compression unit 

Title Units Value Min Max Default 

Flue Gas Recycled % 70 60 85 70 

Oxygen Content in Air/Oxidant vol % 27.91 0 100 Calc 

Particulate Removal Efficiency % 99 0 100 50 

Recycled Gas Temperature deg. F 100 60 350 100 

Recycle Fan Pressure Head psia 0.14 0 2 0.14 

Recycle Fan Efficiency % 75 50 100 75 

FGR Power Requirement % MWg 0.0304 0 15 calc 

Is Flue Gas Purification Present?   Yes Menu Menu Yes 

CO2 Capture Efficiency % 95 0 100 calc 

CO2 Product Purity % 95 90 100 calc 

CO2 Unit Purification Energy kWh/t CO2 18  0 1000 Calc 

CO2 Purification Energy % MWg 0.0011 0 15 calc 

CO2 Product Pressure psia 2176 1100 2200 2000 

CO2 Product Purity % 95 90 100 calc 

CO2 Compressor Efficiency % 80 75 85 80 

CO2 Unit Compression Energy kWh/t CO2 94.5  0 180 calc 
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3.2.3 Comparison of the LCI results  

After the LCI models were developed, the LCI results from the model created are 

compared to the LCIA model results extracted from the IECM software version 8.0.2 

(Trademark of Carnegie Mellon University, USA). The results from the model created 

and the IECM software version 8.0.2 are summarized in Table 3.17. 
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Table 3.17 Comparison between the plant input data, overall plant, and emissions to 

air of the LCI modeling in the MS Excel spreadsheet and the IECM software 

Plant input data IECM  
Excel 

spreadsheet 
Unit 

Unit Type Sub-Critical Sub-Critical 
 

Steam Cycle Heat Rate 9354.95 9354.95 Btu/kWh 

Gross Plant Heat Rate, HHV  10500 10500 (kJ/kWh) 

Net Plant Heat Rate, HHV  18520 18500 (kJ/kWh) 

Excess Air For Furnace 3 3 % 

Leakage Air at Preheater 2 2 % 

Boiler Firing Type Tangential Tangential 
 

Boiler Efficiency 94 94 % 

Heat value of coal 15.119 15.119 MJ/kg 

Gross Electrical Output 

(MWg) 150 150 MW 

Net Electrical Output (MW) 85.08  85.74 MW 

   Overall plant and emissions 

to atmosphere IECM 

Excel 

spreadsheet Unit 

Coal 1224 1225.13 kg/MWh 

PM  0.0007163  0.000865 kg/MWh 

H2O 3.89E-01 N/A kg/MWh 

CO2 93.64 93.69 kg/MWh 

CO 0 0 kg/MWh 

HCl 0.0414  0 kg/MWh 

HF 0 0 kg/MWh 

SO2 0.032  0 kg/MWh 

SO3 0.0002  0 kg/MWh 

NO 1.01  0.147 kg/MWh 

NO2 0.08   0.0119 kg/MWh 

NH3 - N/A kg/MWh 

Ar  59.4 N/A kg/MWh 

Hg 0.00000864  0 kg/MWh 

C2H4 - 0.000920683 kg/MWh 

N2O - 0.000920683 kg/MWh 

O3 - 0.001227577 kg/MWh 

C3H6 - 0.001227577 kg/MWh 

C2H2 - 0.006137887 kg/MWh 

Sb  - 0.000000373 kg/MWh 

As - 0.000000441 kg/MWh 

Ba - 0.00000013 kg/MWh 
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Be - 0.000000008 kg/MWh 

Cd - 0.000000082 kg/MWh 

Cr - 0.000000708 kg/MWh 

Co - 0.000000069 kg/MWh 

Cu - 0.000000713 kg/MWh 

Pb - 0.0000003 kg/MWh 

Mn - 0.0000000301 kg/MWh 

Mo - 0.00000038 kg/MWh 

Ni - 0.000000812 kg/MWh 

Se - 0.0000172 kg/MWh 

V - 0.000000704 kg/MWh 

 

Table 3.18 Removal efficiency of each emission in each process between the two 

models  

 Elements IECM  Excel spreadsheet 

 ESP FGD CO2 

purification 

and 

compression 

unit 

 ESP  FGD CO2 

purification 

and 

compression 

unit 
SO2  -  99  70  -  99 100 

SO3  25  50  70  25 50 100 

HCl  -  90  70  -  90 100 

NO  -  -  70  -  -  95 

NO2  -  -  70  -  -  95 

Hg  -  23.75  70  7.5  25  100 
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The units for the emissions outputs provided in Table 3.17 are per kg/MWh; 

consequently, the results show small amount of emissions. However, the information 

provided in the Table shows the same trend of the LCI results observed in the model 

created and the IECM software, especially in CO2 and PM emissions. This is because 

both models have the same percent removal efficiency of these emissions in each unit in 

the oxy-fuel combustion system. However, there are some differences of removal 

efficiency between our model and the IECM software because in the three units the latter 

model cannot be changed by users, as shown in Table 3.18. As a result, the emissions 

outputs between these two models of SO2, SO3, HCl, NO, NO2, and Hg are different.  

In addition, there are some emissions emitted from the oxy-fuel combustion CO2 capture 

technology which are not calculated by the IECM software version 8.0.2. These include 

heavy metals, Ethylene (C2H4), N2O, ozone (O3), Cyclopropane (C3H6), Acetylene 

(C2H2), etc. Although there are some emissions that cannot be calculated using the IECM 

software tool, it allows users to input the types of coal and other input parameters best 

suited for this study. In addition, users can model the plant using a variety of emissions 

control units (www.cmu.edu). Even though the IECM software was developed in the U.S., 

the IECM model is created in Aspen Plus, a market-leader in a chemical process 

optimization. The equations for generating emissions data in the Aspen Plus are 

commonly accepted worldwide (Versteeg & Rubin, 2012; www.aspentech.com). There 

are many Canadian studies, including (Ahmadi, 2012; Mostafavi, et al., 2013; Tarun, et 

al., 2007; Alie, 2004; Hassan, 2005), which used Aspen Plus to do the chemical process 

optimization. Moreover, this research assumes that the environmental conditions in the 

U.S. and Canada are similar. As a result, the IECM software tool is suitable for this 

http://www.cmu.edu/


 

 

132 

 

research, which targets a Canadian context. The advantages and disadvantages between 

the model developed in this research and other software tools are provided in Appendix A.  

3.3 Life cycle impact assessment (LCIA) 

Since this study aims to evaluate the measurable environmental impact associated with 

each unit process of an oxygen-based combustion system (oxy-fuel) specific to 

Saskatchewan/Canada, the accurate evaluation should be represented by the LCIA 

methodology best suited for the Canadian environment. The only LCIA methodology that 

can be called Canadian is called LUCAS. The LUCAS model has been developed from 

TRACI, EDIP, and IMPACT 2002+; this methodology, however, is not finalized and is 

not available for use. Consequently, this study employs TRACI. TRACI is well-

established, comprehensive, and commonly used. TRACI, developed by the US EPA is a 

midpoint approach providing greater certainty than the endpoint approach since the 

environmental impacts are considered in an early cause-effect chain stage. TRACI would 

be the best choice in this research. The measurable impact categories are included in this 

study due to the requirements from various programs and regulations within EPA. The 

effects from these impact categories are required, as they are the significant environment 

issues. The 15 environmental impacts include global warming, acidification, smog air, 

ozone depletion air, ecotoxicity air, ecotoxicity water, ecotoxicity soil, eutrophication, 

human health cancer and non-cancer air, human health cancer and non-cancer water, 

human health cancer and non-cancer soil, and human health criteria air-point source. 

Even though the resource depletion categories, especially for fossil fuel use, land use, and 

water use, are significantly recognized, they are being listed for future version of TRACI 

(Bare et al., 2012). 
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Many software tools exist in the world; however, GaBi and SimaPro are the most 

frequently used and competitive software (Suebsiri, 2010). These tools contain a wide 

range of features such as construction, manufacturing, product, and processes. However, 

GaBi 5 is used in this research since this software is the most frequently used software 

tool that provides a full range of analytical LCA tools in building the oxy-fuel 

combustion CO2 capture technology model. In addition, GaBi has been used in previous 

studies in Saskatchewan, so this allows for direct comparison with previous efforts. All 

components modeled using the GaBi 5 software and inputs and outputs of each oxy-fuel 

combustion CO2 capture technology’s process included in the GaBi 5 software are 

provided in Appendix B and C, respectively. 

3.3.1 LCIA Results  

The LCIA results below are generated based on the TRACI methodology implemented in 

the GaBi 5 software. The users enter all the inputs and outputs of each oxy-fuel 

combustion system’s process into the GaBi 5 software. GaBi 5 then generates the LCIA 

results based on the TRACI methodology.  

Compared to the amount of lignite coal from an electrical generating station without CO2 

capture, there is a 76.43% increase in the oxy-fuel CO2 capture scenario due to the ASU, 

FGD, and CO2 purification and compression units, which consumed additional auxiliary 

power. Percentages are used rather than absolute quantities in this study and, as a result, 

the impact categories, particularly under human toxicity related to soil and water, 

appeared to see significant increases. The results of using percentages as the absolute 

changes are quite small. Global warming is the most significant and this impact category 

has major health benefits as well as environmental benefits. The results from the TRACI 
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methodology are shown in detail by impact category and summarized in the following 

sections in Figure 3.4-3.18. The oxy-fuel combustion CO2 capture technology’s impact 

on the environmental categories are shown in Figure 3.19. 

3.3.1.1 Acidification air 

It can be seen from Figure 3.4 that there is a 93.09% reduction of the impact in the 

acidification category in the “capture” scenario compared to the “no capture” scenario. 

As O2 instead of air is used for combustion, less NOx is produced and emitted and this 

helped to mitigate acidification. In the “no capture” scenario, the processes of electricity 

generation and coal mining contributed 97% and 3%, respectively, to the impact on the 

acidification category. In the “capture” scenario, coal mining contributes 71.36% and 

electricity generation station operations contribute 28.32% of the impact. The other 

processes contribute to this impact category by less than 1%. SO2, NOx, NO, NO2, HCl, 

and HF are the dominant substances that contribute to the acidification air, which account 

for 41.03%, 30.64%, 26.56%, 1.4%, 0.13%, and 0.03%, respectively. 
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Figure 3.4 Acidification air potential from coal mining and electrical generating 

construction and operations 

 (original in colour) 
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3.3.1.2 Ecotoxicity  

 Ecotoxicity air  

The impact on the ecotoxicity air category is reduced by 87.76% in the “capture” 

scenario compared to the “no capture” scenario, as the heavy metals are captured by the 

ESP, FGD, and CO2 purification and compression units instead of being released to the 

air. The dominant contributors to the ecotoxicity air are Zn, Se, Cu, and Ni, which 

account for 40.4%, 25.26%, 19.6%, and 11.15%, respectively. In the “no capture” 

scenario, around 97% of the contribution is derived from the electricity generation station 

operations and only 3% from coal mining. In the “capture” scenario, 57.1% of the 

contribution is derived from coal mining, 27.8% from the operation of electricity 

generation, and 15.1% from the construction of the electricity generation station. Figure 

3.5 presents the ecotoxicity air impact category results. 

 Ecotoxicity ground-surface soil  

Compared to the “no capture” scenario, the impact on the ground surface soil pertaining 

to the category of ecotoxicity in the “capture” scenario increases by 32.22%. This is 

mainly due to the emissions from the operations of the electricity generation station. Most 

of the trace elements in the flue gas are removed by the ESP, FGD, and CO2 purification 

and compression units, and they become ash, which resides at the boiler bottom. 

Eventually, the ash leaks to the soil and then to the groundwater when it is land-filled. 

The dominant contributors to the ecotoxicity ground surface soil are Cu, Se, Ni, and Cr, 

which accounted for 69.4%, 14.4%, 8.9%, and 6.5%, respectively. The results are 

presented in Figure 3.6. 
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Figure 3.5 Ecotoxicity air potential from coal mining and electrical generating 

construction and operations 

 

Figure 3.6 Ecotoxicity ground-surface soil potential from coal mining and electrical 

generating construction and operations 

(original in colour) 
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 Ecotoxicity water 

In the “no capture” scenario, 99% of the contribution is derived from coal mining, and 

around 1% from the electrical generating plant construction operations. In the “capture” 

scenario, 58.1% of the contribution is derived from coal mining, 41.5% from operation of 

electricity generation, and 0.4% from construction of the electricity generation station 

(Figure 3.7). Compared to the “no capture” scenario, the impact on the ecotoxicity water 

category increases by 175.57%. Instead of being released to the atmosphere, the heavy 

metals, especially V, Cd, Cu, Hg, Ni, and Se, are captured and reduced significantly by 

the CO2 purification and compression units and then dispose to the landfill to leak into 

fresh water. V, Cd, Cu, Hg, Ni, and Se account for 26.4%, 21.3%, 20.7%, 4.9%, 4.6%, 

and 4.5%, respectively. This waste is transferred from the air and eventually leaks into 

the soil and ground water, which explains the significantly higher impact on the 

ecotoxicity water category.  
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Figure 3.7 Ecotoxicity water potential from coal mining and electrical generating 

construction and operations 

 (original in colour) 
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3.3.1.3 Eutrophication  

It is observed that, compared to the “no capture” scenario, the eutrophication impact 

decreases 85.97% in the “capture” scenario, as shown in Figure 3.8. In the “no capture” 

scenario, around 95.7% of the eutrophication potential is derived from coal mining and 

4.21% from electricity generation station operations. In the “capture” scenario, the 

processes of coal mining and electricity generation contribute 54.3% and 45.4% to the 

eutrophication category, respectively. As O2 instead of air is used for combustion, the 

amount of NO, NOx, and NO2 formed is significantly reduced, and they are further 

removed in the CO2 capture combustion system. NOx, NO, and NO2 are the main 

contributors to EP, which account for 48.62%, 42.65%, and 2.22%, respectively. The coal 

production is the source of NOx emissions. NO and NO2 emissions are mainly emitted by 

the electrical generating plant with CO2 capture.  

3.3.1.4 Global warming air 

The impact on global warming is reduced by 86.29% in the “capture” scenario compared 

to the “no capture” scenario (Figure 3.9). In the “no capture” scenario, the GWP effect is 

due primarily to electrical generating station operations and coal mining, which account 

for 96.6% and 3.3% of the impact, respectively. In the “capture” scenario, the processes 

of electricity generation and coal mining contribute 60.7% and 39%, respectively, to the 

impact on the global warming category. CO2, CH4, and N2O are the main substances that 

contributed to the GWP, which account for 98.04%, 1.39%, and 1.37%, respectively.  

  



 

 

141 

 

 

Figure 3.8 Eutrophication potential from coal mining and electrical generating 

construction and operations 

 

Figure 3.9 Global warming air potential from coal mining and electrical generating 

construction and operations 

(original in colour) 
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3.3.1.5 Human toxicity  

 Human health non-cancer air and human health cancer air  

The emissions from the processes of coal mining and electricity generation are 

responsible for the impact on the cancer and non-cancer air categories. These two 

processes release heavy metals, VOCs, and different inorganic emissions to the air. For 

the impact on the non-cancer air category, 74% of the contribution is from coal mining 

and 15.1% from operation of the electricity generation station. The main substances 

contributed to the non-cancer air category are Sb, As, Pb, Se, and Cr. For the impact on 

the cancer air category, 91.3% is due to coal mining and 8.45% is due to the operation of 

the electricity generation station. The main substances that contribute to the cancer air 

category are As, Cr, and Pb. Compared to the “no capture” scenario, the “capture” 

scenario decreases the impact on the non-cancer and cancer air categories by 86% and 

90%, as shown in Figures 3.10 and 3.11, respectively. Instead of being emitted to the 

atmosphere with the flue gas, the heavy metals are captured by the ESP, FGD, and CO2 

purification and compression units. The majority of the heavy metals are captured mainly 

by the ESP unit. The ESP removes the dust as well as most of heavy metals adhering to 

the dust (Rand et al., 2000). This explains the substantial reduction in the impact category 

of air toxicity.  
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Figure 3.10 Human health regarding non-cancer causing components in the air 

from coal mining and electrical generating construction and operations 

 

Figure 3.11 Human health regarding cancer causing components in the air from 

coal mining and electrical generating construction and operations 

 (original in colour) 
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  Human health non-cancer water and human health cancer water  

The emissions from the processes of coal mining and electricity generation are the main 

sources of impact on the non-cancer and cancer water categories. For the impact on the 

non-cancer water category, 62.5% of the contribution is from coal mining and 37.3% is 

from the operation of the electricity generation station. For the impact on the cancer 

water category, 87.3% is due to coal mining and 12.6% is due to the operation of the 

electricity generation station. The main substances contributing to the non-cancer water 

category are Cd and Pb, while As and Pb are the main substances contributing to the 

cancer water category. Figures 3.12 and 3.13 show the results for the non-cancer water 

and cancer water impact categories. Compared to the “no capture” scenario, the “capture” 

scenario’s impact on the non-cancer and cancer water categories, respectively, increases 

by 84.92% and 157.57%. The heavy metals captured by the ESP, FGD, and CO2 

purification and compression units are landfilled and they eventually leak to ground water. 
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Figure 3.12 Human health regarding non-cancer causing components in the water 

from coal mining and electrical generating construction and operations 

 

Figure 3.13 Human health regarding cancer causing components in the water from 

coal mining and electrical generating construction and operations 

(original in colour) 
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  Human health non-cancer ground surface soil and human health 

cancer ground surface soil  

Compared to the “no capture” scenario, the “capture” scenario’s impact on the non-

cancer and cancer soil categories, respectively, increases by 20.92% and 24.87%, as 

shown in Figures 3.14 and 3.15. In both impact categories, almost 100% of the 

contribution is from the operation of the electricity generation station in both the “no 

capture” and “capture” scenarios. The main substances that contribute to the non-cancer 

ground surface soil are Sb, As, Cr, Pb, Se, and V, while As, Cd, Cr, and Pb are the main 

substances that contribute to the cancer ground surface soil. The operation of the 

electricity generation station, especially ESP and FGD, contributes the most to the 

categories of cancer and non-cancer soil. The trace elements from the ash, which are 

captured by the ESP and FGD, are deposited at the boiler bottom; they eventually leak 

into the soil when landfilled.  
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Figure 3.14 Human health regarding non-cancer causing components in the ground-

surface soil from coal mining and electrical generating construction and operations 

 

Figure 3.15 Human health regarding cancer causing components in the ground-

surface soil from coal mining and electrical generating construction and operations 

(original in colour) 

-100 

0 

100 

200 

300 

400 

500 

600 

No capture Capture 

Human Health Non Cancer Ground-Surface Soil 

EGP operation  

EGP construction  

Coal mining 

401.64 

486 
+20.92 % 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

1.6 

1.8 

No capture Capture 

Human Health Cancer Ground-Surface Soil 

EGP operation  

EGP construction  

Coal mining 

1.247 

1.56 
+24.87 % 



 

 

148 

 

3.3.1.6 Human health criteria air-point source  

The impact on the air-point source is decreased by 89.28% in the “capture” scenario 

compared to the “no capture” scenario, as shown in Figure 3.16. In the “no capture” 

scenario, around 93% of the contribution to this category is from the operation of the 

electricity generation station and 6% is from the coal mining. In the “capture” scenario, 

around 94.1% of the contribution is from coal mining and 5.5% is from the operation of 

the electricity generation station. The main substances that contribute to the air-point 

source are NOx, SO2, PM, NO, and NO2, which account for 41.3%, 29.7%, 19.2%, 3%, 

and 1%, respectively. Since the emissions are reduced by the ESP, FGD, and CO2 

conditioning units, the impact on the air-point source category is significantly reduced.  

3.3.1.7 Ozone depletion air  

Compared to the “no capture” scenario, the potential for ozone depletion in the “capture” 

scenario increases by 61.62%, as shown in Figure 3.17. The main substances that cause 

ozone depletion include trichlorofluoromethane (R11) and dichlorotetrafluoroethane 

(R114), which account for 43% and 41.4%, respectively. As the oxy-fuel combustion 

required 76.43% more lignite coal than the conventional electricity generation system, 

the environmental impact to the ozone depletion category substantially increases in the 

“capture” scenario.  
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Figure 3.16 Human health criteria regarding to air-point sources from coal mining 

and electrical generating construction and operations 

 

Figure 3.17 Ozone depletion air potential from coal mining and electrical generating 

construction and operations 

(original in colour)  
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3.3.1.8 Smog air  

The “capture” scenario shows a reduction of 0.92% in the impact category of smog air 

compared to the “no capture” scenario, as shown in Figure 3.18. In the “no capture” 

scenario, coal mining and the operation of the electricity generation station contribute   

57% and 42%, respectively, to the smog air impact category. In the “capture” scenario, 

coal mining and the operation of the electricity generation station contribute 93.1% and 

6.3%, respectively to the smog air impact category. Although more coal is used in the 

“capture” scenario for auxiliary power, less NOx is produced and released due to the 

combustion of O2 and the flue gas scrubbing operations. NOx is the main substance, 

which accounted almost 100%. 
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Figure 3.18 Smog air potential from coal mining and electrical generating 

construction and operations 

(original in colour) 
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Figure 3.19 Contributions of each process toward all impact categories in TRACI 

(original in colour) 
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3.4 Interpretation  

Interpretation is the last phrase of conducting LCA, where it allows us to identify any 

significant issues. In the LCI and LCIA phases, improving the confidence and reliability 

of the results requires the completeness and consistency of the study to be reviewed.  This 

phase of the LCA has to reach a conclusion, clarify any limitations, and offer any 

recommendations in a clear manner in which the results are reported completely, fairly, 

and accurately to the intended audiences. In this research, case scenarios are used to 

interpret the outcome as a comparative study. In this comparison, the percentages used 

bring about significant increases in the impact categories, particularly under human 

toxicity related to soil and water. This is a result of using percentages because the 

absolute changes are barely measureable. 

This research finds that the oxy-fuel combustion CO2 capture scenario reduces CO2 

emissions which mainly results in a decrease in the GWP. In addition, the CO2 capture 

scenario shows a dramatic reduction of emissions into air. Thus, the impacts on the 

categories of ecotoxicity air and human health regarding air are decreased in the oxy-fuel 

combustion compared to the “no capture” scenario. These impact categories are affected 

by emissions of heavy metals. Instead of being emitted to the atmosphere, these heavy 

metals are captured by the ESP, FGD, and CO2 purification and compression units. In 

addition, since the oxy-fuel combustion CO2 capture is the oxygen-based combustion and 

a closed loop system together with ESP, FGD, and CO2 purification and compression 

units, less NOx, SOx, HCl, and HF are emitted to the air. As a result, the reductions are 

observed in acidification air, eutrophication, and smog air impact categories. However, 

the processes and operations in the CO2 capture system consume additional energy and 
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material consumption, which increase the environmental impacts in ozone depletion air 

category. Furthermore, more emissions are transferred from air to soil and water, which 

increase the environmental impacts in ecotoxicity and human health categories associated 

with soil and water. The main contributions to these impact categories come from the 

heavy metals. These are captured and reduced significantly by the ESP, FGD, and CO2 

purification and compression units. Afterwards, they are landfilled and they eventually 

leak to ground water. All emissions emitted into the air, soil, or water are very important 

to human health. Properly designed landfills can be one of the solutions to reduce the 

impact related to soil and water, and this is localised as opposed to broadened with air 

emissions. 

Figure 3.19 shows the contributions of the three main processes, which include coal 

mining, electrical generating plant construction, and electrical generating plant operation, 

on each impact category. In both the “no capture” and “capture” scenarios, coal mining 

and electrical generating plant operation contribute the most to all impact categories. 

Conversely, electrical generating plant construction contributes the least to each impact 

category. 

3.5 Sensitivity analysis of the LCA study  

Sensitivity analysis aims to identify important parameters that affect the most of the 

results. In other words, this analysis helps to describe how much result values are affected 

by changes in the input values (CMHC, 2004). In this research, the sensitivity analysis 

evaluates the significance of technology options and operational factors. The technology 

options include gross plant efficiency, energy consumption of ASU, and energy 

consumption of CO2 purification and compression unit. In terms of operational factors, 
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these include O2 purity, NO2, PM, SO2, and trace metals emitted from CO2 purification 

and compression unit. This analysis associated with environmental impacts is generated 

with GaBi5 software.  

3.5.1 Gross plant efficiency 

In Figure 3.20, the X axis represents the values of gross plant efficiency, while the Y axis 

shows the percentage changes of the LCIA results. The Figure indicates that reductions in 

energy efficiency caused increases in LCIA results in all impact categories. For example, 

a decrease of 0.02 of the gross plant efficiency from 0.34 to 0.32 leads to a significant 

increase in non-cancer air by approximately 5%. However, impact categories associated 

with heavy metals show less sensitivity to the gross plant efficiency changes than others. 

This is because the main substances contributing to these impact categories are heavy 

metals which are influenced by the emission factors (g/MWh of net electricity output) 

and removal rates in each unit. For other impact categories, different gross plant 

efficiencies are brought about by different amounts of coal used resulting in different 

amounts of emissions. While improving efficiency is one way to reduce impacts, if high 

efficiency is combined with CO2 capture technology, the impact results will look much 

better. 

  



 

 

156 

 

 

Figure 3.20 The impact on gross plant efficiency to LCIA results 

 

Figure 3.21 The impact on ASU energy consumption to LCIA results 

 (original in colour) 
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3.5.2 ASU energy consumption 

In Figure 3.21, the X axis demonstrates the ASU energy consumption, while the Y axis 

shows the percentage changes of the LCIA results. Concerning the impact of ASU energy 

consumption, if more energy is consumed, then more coal is being used to generate the 

designed power output. More emissions are emitted and consequently, increases in all 

impact categories will occur. However, impact categories associated with heavy metals 

are not affected by the ASU energy consumption changes. This is because the amount of 

heavy metals emitted to the environment is influenced by particular emission factors 

(g/MWh of net electricity output) and removal rates in each unit. Even though ASU 

energy consumption affects the net electricity output, this energy consumption does not 

impact the amount of heavy metals per 1 MWh. It is worth noting that increasing plant 

efficiency helps reduce the ASU energy use resulting in less coal used.  

3.5.3 CO2 purification and compression unit energy consumption 

In Figure 3.22, the X axis is the CO2 purification and compression unit energy 

consumption, while the Y axis shows the percentage changes of the LCIA results. 

Similarly to the ASU energy consumption, the CO2 purification and compression unit 

results in more coal used because this unit consumes energy. Impact categories related 

with heavy metal are not affected by the CO2 purification and compression unit energy 

consumption. The amount of heavy metals emitted to the environment is influenced by 

particular emission factors (g/MWh of net electricity output) and removal rates in each 

unit. This shows that even CO2 purification and compression unit energy consumption 

affects the net electricity output, this consumption does not impact the amount of heavy 

metals per 1 MWh.   
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Figure 3.22 The impact on CO2 purification and compression energy consumption 

to LCIA results 

 

Figure 3.23 The impact on O2 purity to LCIA results 
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3.5.4 O2 purity 

In Figure 3.23, the X axis shows the percentage changes of the O2 purity, while the Y 

axis shows the percentage changes of the LCIA results. When there is an increase in the 

O2 purity, it will result in an increase in the LCIA results of acidification air, 

eutrophication, human health criteria air-point source, GWP, and smog air impact 

catogories. The scenario impacts the least those categories related to heavy metals which 

are not affected by percentage changes of O2 purity. The heavy metals, the main 

substances that contribute to those impact categories, vary depending on the emission 

factors (g/MWh of net electricity output) and removal rates in each process. Changes of 

O2 purity do not affect the amount of heavy metals emitted to the environment (per 1 

MWh) but it does affect the net electricity output, the amount of coal used (per 1 MWh), 

and  the purity of CO2 entering the CO2 purification and compression unit. Consequently, 

there are no changes in the LCIA results on the impact categories most affected by heavy 

metals. When a higher level of purity of CO2 enters the CO2 purification and compression 

unit, a lower amount of energy is required to meet the minimum specification for piping 

and further use, such as CO2-EOR. 

3.5.5 NO2 at CO2 purification and compression unit 

In this study, 5% of NO2 at the CO2 purification and compression unit is released into the 

air, and the rest goes into fresh water. A decrease of 2% of the NO2 removal rate at the 

CO2 purification and compression unit in the oxy-fuel combustion scenario, as featured in 

Figure 3.24, leads to significant increases in acidification air, eutrophication, air-point 

source, and smog air by around 0.56%, 0.89%, 0.75%, and 1.7%, respectively. For 

example, when there is a decrease of 2% of the NO2 removal rate from 94% to 92%, this 
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leads to a significant increase in the eutrophication impact category from 0.02386 to 

0.02407 kg N-equivalent (approximately a 0.75% change). The smog air impact category 

shows the highest impact by the NO2 removal rate. This is because NO2 is the main 

contributor to smog air. The amount of NO2 going into the fresh water does not affect any 

impact categories associated with water. In addition, the NO2 removal rate at the CO2 

purification and compression unit has no impacts on soil.  
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Figure 3.24 The impact on NO2 removal rate to LCIA results 

 

Figure 3.25 The impact on PM removal rate to LCIA results 

(original in colour) 
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3.5.6 PM at CO2 purification and compression unit 

In this unit, 99% of PM is transferred as waste for disposal and 1% is emitted into the air. 

The “capture” scenario shows reductions in the impact category of air-point source while 

the PM removal rate increases with the CO2 purification and compression unit as shown 

in Figure 3.25. The impact is decreased by around 0.45% when there is a 2% increase in 

the PM removal rate at the CO2 purification and compression unit. However, there is no 

change in other impact categories because PM transferred as waste for disposal has no 

impact on air, water, or soil. PM is the main contributor to the air-point source impact 

category but is not a contributor to other impact categories. It is worth noting that this 

sensitivity analysis only focused on the CO2 purification and compression unit. PM is 

removed mainly in the ESP unit where it goes as bottom ash to be waste for recovery. 

3.5.7 SO2 at CO2 purification and compression unit 

In this unit, SO2 is totally captured and then transferred to fresh water. The impact on the 

acidification air and air-point source is decreased by around 0.47% and 0.34% when there 

is a 2% increase in the SO2 removal rate at the CO2 purification and compression unit as 

shown in Figure 3.26. For example, when there is an increase of 2% of the SO2 removal 

rate from 98% to 100%, the LCIA result of the acidification air decreases from 34.248 to 

34.087 mol H+ equivalent (around a 0.47% change). Even though the total SO2 is 

transferred to fresh water, it does not affect any impact categories associated with water. 

This is because those impact categories related to water are not affected by SO2 removal 

rate. In addition, in other environmental impact categories, there are no differences in the 

LCIA results when there are changes in the SO2 removal rate at the CO2 purification and 

compression unit.  
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Figure 3.26 The impacts on SO2 removal rate to LCIA results 

 

Figure 3.27 The impacts on trace metals removal rate to LCIA results 

(original in colour) 
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3.5.8 Trace metals at CO2 purification and compression unit 

The impacts on the ecotoxicity air, cancer air, and non-cancer air are decreased by around 

5.5%, 1.67%, and 2.25% when there is a 2% increase in the trace metals removal rate at 

the CO2 purification and compression unit. However, the impacts on the ecotoxicity 

water, cancer water, and non-cancer water are increased by around 0.81%, 0.82%, and 

0.23% when there is a 2% increase in the trace metals removal rate at the unit as shown 

in Figure 3.27. With the higher trace metals removal rate from air to water in this unit, 

less emissions are emitted into the air; this leads to less impact on the impact categories 

related to air. In other environmental impact categories, there is no change to LCIA 

results when there are changes in the trace metals removal rate at the unit.  

3.6 Uncertainty analysis of the LCA study 

According to the Commission Decision (2007), uncertainty means a parameter which 

characterizes the dispersion of the values that can bring about the particular quantity 

which include the effects of systematic and random factors. Uncertainty is different from 

randomness in which the uncertainty is not measureable; in contrast, randomness is a 

measurable uncertainty and it can be estimated using historical data. In other words, 

randomness can be estimated through a probability theory (Qin & Kar, 2013). 

Consequently, randomness can be used to predict the uncertainty. For example, in this 

study, input parameters can be randomly sampled to   generate the uncertainty outcomes.  

There are many studies such as (Bieda, 2011; Sonnemann et al., 2002; Qu et al., 2012; 

Berkenpas et al., 1996; Zhao et al., 2013), which used the Monte Carlo simulation and the 

first three studies used the Monte Carlo simulation together with the Crystal Ball 

software to generate the uncertainty analysis. The Monte Carlo simulation is a technique 
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which employs a stochastic simulation technique to evaluate uncertainty (Cinnirella & 

Pirrone, 2013). During the simulation, input values are sampled randomly from the input 

probability distributions and the outcomes from those sampling values are recorded.  The 

computer recalculates over and over again as many time as the selected trial numbers 

(Palisade corporation, 2015). The simulation then gives the possible outcomes in terms of 

a probability distribution around a mean value (Sonnemann et al., 2002).  

Although the uncertainty can be calculated using the analytical approach, as it is a linear 

model in which the calculation is not complicated, this study is a complex study in which 

many parameters are involved. The advantage of the analytical approach is that it is 

compatible with a simple model, in which users know exactly how the model will behave 

under any circumstances. However, non-linear equations cannot be solved using this 

approach (Neumann, 2010). Consequently, the Monte Carlo simulation together with the 

Crystal Ball software is used. The reasons for using these two together include: (1) both 

can quickly assign ranges of values to the inputs especially when there are many input 

parameters, (2) automatically calculate ranges of possible outputs and their probabilities, 

(3) easily change input parameters, (4) greatly increase the ease and speed of 

recalculating the outputs, (5) construct graphs of different outcomes and their chances of 

occurrence, etc. (Oracle corporation, 2008; Palisade corporation, 2015). However, there 

are disadvantages with the Monte Carlo method together with the Crystal Ball. Firstly, 

the simulation is an approximate technique, so it does not give an exact result. This 

problem can be solved by increasing the number of trials which can then provide a range 

of outcomes. Secondly, the length of time that the computer needs to generate the 

outcomes can be long especially when there are many trials (Epix analytics, 2014). 
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In this research, the standard deviation on each substance is generated in GaBi5, and then 

transferred to the MS Excel spreadsheet to which the Crystal Ball software version 11.1.2 

(Trademark of Oracle Corporation, USA) is built in. Crystal Ball is an add-on program 

for Excel that helps users analyze uncertainties. Without this software, Excel by itself 

cannot run the simulation. Crystal Ball has a set of functions that can generate the 

probability of given outcomes. At first, users determine which inputs (emissions) are 

uncertain and should be created for probability distributions (we call these assumptions). 

Crystal Ball lets users define these distributions themselves. After that, the software will 

generate the LCIA results (outputs) based on those emissions (inputs). In order to have 

sufficiently high trial numbers, trials for 10,000 times are considered in many studies as 

the default value (Bieda, 2011; Sonnemann et al., 2002; Qu et al., 2012; Zhao et al., 

2013). The more trials are run, the more accurate the estimation of the output 

distributions would be; however, more trails contribute to longer calculations time. 

The uncertainty results from Crystal Ball are shown in detail by impact category and 

summarized in the following sections. In Figure 3.28-3.42, the analysis shows the 

probability of given outcomes (LCIA results) on a specific impact category. The width of 

the normal distribution represents the range of possible LCIA results. The oxy-fuel 

combustion system’s statistical outputs on each environmental category are shown in 

Table 3.19-3.33. The coefficient of variation (CV) is the value used to describe the 

degree of uncertainty for each impact category. The higher value of the CV indicates a 

higher degree of uncertainty. The analysis in this study aims to compare the CV of each 

impact category, and then see which impact category shows higher or lower uncertainty.  
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In this study, there are two main sources of uncertainty: the percentages of emissions 

removal rates and the numbers of pollution control units.  For the emissions removal rates 

(%), when there are higher percentages, this results in a larger change in the final 

emissions. For example, in the FGD unit, the removal rate of As to air is 9% while that of 

soil is 91%. If there is a 2% change in the As removal rate to air (from 9 to 11%) and to 

soil (from 91 to 89%), the As emissions emitted into the air is changed from 4.41E-06 to 

3.43E-06 kg/MWh, and the As emissions emitted into the soil is changed from 4.46E-05 

to 4.56E-05 kg/MWh. The As emission into the air shows less change (a 9.8E-07 

kg/MWh change) compared to that of soil (a 1E-06 kg/MWh change). For the pollution 

control units, the percentages of the emissions removal rates in each unit can be changed 

by inputting any other percentages. When there are more pollution control units, there are 

higher variations, which result in higher uncertainty. These changes affect the amount of 

the final emissions released into the air, soil, or water. For example, when users input the 

percentage removal rates of the NO2 in the ESP, FGD, and CO2 purification and 

compression units, there are three chances of making errors in inputting the percentages 

of the NO2 removal rates.  

3.6.1 Acidification air 

It can be seen from Figure 3.28 that the range of LCIA results on the acidification air 

impact category of the oxy-fuel combustion CO2 capture technology is from 33.29 to 

34.80. The dominant substances include SO2, NOx, NO, NO2, HCl, and HF. These 

substances are affected by the removal rates at ESP, FGD, and CO2 purification and 

compression units. The CV, the value used to describe the degree of uncertainty, is 

0.0061 as shown in Table 3.19.  
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Figure 3.28 The uncertainty results of the acidification air impact category 

(original in colour) 

 

Table 3.19 The statistical outputs of the acidification air impact category 

Statistics Acidification air Percentiles Forecast values 

Trials 10000 0% 33.29 

Base Case 34.08 10% 33.82 

Mean 34.08 20% 33.91 

Median 34.08 30% 33.97 

Standard Deviation  0.21 40% 34.03 

Variance  0.04 50% 34.08 

Coeff. of Variation 0.0061 60% 34.14 

Minimum 33.29 70% 34.19 

Maximum 34.80 80% 34.26 

Range Width 0.51 90% 34.35 

  

100% 34.80 

 



 

 

169 

 

3.6.2 Ecotoxicity  

 Ecotoxicity air  

The range of LCIA results on the ecotoxicity air category is from 0.175 to 0.18 as shown 

in Figure 3.29. The dominant contributors to the ecotoxicity air are Zn, Se, Cu, and Ni 

and these substances are affected by variation of the heavy metals in coal and the removal 

rates of ESP, FGD, and CO2 purification and compression units. Table 3.20 presents the 

ecotoxicity air impact category statistics and there is a 0.0037 of CV, the value used to 

describe the degree of uncertainty. 

  



 

 

170 

 

 

 

Figure 3.29 The uncertainty results of the ecotoxicity air impact category 

(original in colour) 

Table 3.20 The statistical outputs of the ecotoxicity air impact category 

Statistics Ecotoxicity air Percentiles Forecast values 

Trials 10000 0% 0.1752 

Base Case 0.178 10% 0.1767 

Mean 0.178 20% 0.1769 

Median 0.178 30% 0.1772 

Standard Deviation 6.59E-04 40% 0.1773 

Variance  4.35E-07 50% 0.1775 

Coeff. of Variation 0.0037 60% 0.1777 

Minimum 0.175 70% 0.1779 

Maximum 0.18 80% 0.1781 

Range Width 4.63E-03 90% 0.1784 

  

100% 0.1798 
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 Ecotoxicity ground-surface soil  

The range of LCIA results on the category of ecotoxicity ground surface soil is from 1.04 

to 1.09. This is mainly due to the heavy metals, especially Cu, Se, Ni, and Cr in the flue 

gas pertaining to the ground surface soil. As the removal rates of the heavy metals to soil 

are high, more uncertainties have been observed than that of water and air. There is a 

0.0067 of CV, the value describes the degree of uncertainty. The results are presented in 

Figure 3.30 and Table 3.21. 
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Figure 3.30 The uncertainty results of the ecotoxicity ground-surface soil impact 

category 

 (original in colour) 

Table 3.21 The statistical outputs of the ecotoxicity ground-surface soil impact 

category 

Statistics Ecotoxicity soil Percentiles Forecast values 

Trials 10000 0% 1.04 

Base Case 1.07 10% 1.06 

Mean 1.07 20% 1.06 

Median 1.07 30% 1.06 

Standard Deviation  0.000713 40% 1.06 

Variance  5.08E-05 50% 1.07 

Coeff. of Variation 0.0067 60% 1.07 

Minimum 1.04 70% 1.07 

Maximum 1.09 80% 1.07 

Range Width 0.0566 90% 1.07 

  

100% 1.09 
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 Ecotoxicity water    

The range of LCIA results on the ecotoxicity water category is from 3.66 to 3.76 (Figure 

3.31). The heavy metals, especially V, Cd, Cu, Ni, and Se, are captured by the CO2 

purification and compression unit. Emissions of the heavy metals to water have smaller 

uncertainty than that of air and soil since they are affected by only the removal rates at 

CO2 purification and compression unit. There is a 0.0032 of CV, the value used to 

describe the degree of uncertainty, as shown in Table 3.22. 
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Figure 3.31 The uncertainty results of the ecotoxicity water impact category 

(original in colour) 

 

Table 3.22 The statistical outputs of the ecotoxicity water impact category 

Statistics 

Ecotoxicity 

water Percentiles Forecast values 

Trials 10000 0% 3.66 

Base Case 3.71 10% 3.69 

Mean 3.71 20% 3.70 

Median 3.71 30% 3.70 

Standard Deviation   0.0119 40% 3.70 

Variance  0.000142 50% 3.71 

Coeff. of Variation 0.0032 60% 3.71 

Minimum 3.66 70% 3.71 

Maximum 3.76 80% 3.72 

Range Width 0.0983 90% 3.72 

  

100% 3.76 
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3.6.3 Eutrophication  

The range of the possible LCIA results in the eutrophication impact category is from 

0.0216 to 0.0228 as shown in Figure 3.32. NOx (from coal mining), NO and NO2 are the 

main contributors to this impact category. The CV, the value used to describe the degree 

of uncertainty, of this impact category is 0.0072, as shown in Table 3.23. 
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Figure 3.32 The uncertainty results of the eutrophication impact category  

(original in colour) 

Table 3.23 The statistical outputs of the eutrophication impact category 

Statistics Eutrophication Percentiles Forecast values 

Trials 10000 0% 0.0216 

Base Case 0.02 10% 0.0220 

Mean 0.02 20% 0.0221 

Median 0.02 30% 0.0221 

Standard Deviation  0.00016 40% 0.0221 

Variance  2.58E-08 50% 0.0222 

Coeff. of Variation 0.0072 60% 0.0222 

Minimum 0.0216 70% 0.0223 

Maximum 0.0228 80% 0.0223 

Range Width 0.0012 90% 0.0224 

  

100% 0.0228 
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3.6.4 Global warming air 

The range of LCIA results on the category of global warming air is from 160 to 165 

(Figure 3.33). The main substances that contribute to the GWP are CO2, CH4, and N2O, 

and the highest contributor to the GWP comes from CO2. As CO2 has less uncertainty 

than other substances since CO2 is less affected by pollution control units. As shown in 

Table 3.24, 0.0041 is the CV, the value describes the degree of uncertainty, in the GWP. 
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Figure 3.33 The uncertainty results of the global warming air impact category 

(original in colour) 

Table 3.24 The statistical outputs of the global warming air impact category 

Statistics 

Global warming 

air Percentiles Forecast values 

Trials 10000 0% 160.31 

Base Case 163 10% 162.14  

Mean 163 20% 162.45  

Median 163 30% 162.65  

Standard Deviation  0.675 40% 162.84 

Variance  0.456 50% 163.01 

Coeff. of Variation 0.0041 60% 163.18 

Minimum 160 70% 163.36 

Maximum 165 80% 163.57 

Range Width 5.5 90% 163.87 

  

100% 165.81 
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3.6.5 Human toxicity  

 Human health non-cancer air and human health cancer air  

The ranges of the LCIA results on the non-cancer air and cancer air impact categories are 

from 20.082 to 21.882 and 0.0438 to 0.0473, respectively (Figures 3.34 and 3.35). The 

main substances that contribute to the non-cancer air category are Sb, As, Pb, Se, and Cr, 

while As, Cr, and Pb are the main substances contributed to the cancer air category. 

These substances are affected by ESP and FGD units. 0.0112 and 0.0095 are CV, the 

value describes the degree of uncertainty, in the non-cancer air and cancer air impact 

categories, respectively, as shown in Tables 3.25 and 3.26. 
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Figure 3.34 The uncertainty results of the human health non cancer air impact 

category 

(original in colour) 

Table 3.25 The statistical outputs of the human health non cancer air impact 

category 

Statistics 

Human health 

non-cancer air Percentiles Forecast values 

Trials 10000 0%  20.0781  

Base Case 20.99 10%  20.6902  

Mean 20.99 20%  20.7856  

Median 20.99 30%  20.8712  

Standard Deviation  0.24 40%  20.9290  

Variance  0.06 50%  20.9300  

Coeff. of Variation 0.0112 60%  20.9900  

Minimum 20.0828 70%  21.1141  

Maximum 21.8823 80%  21.1814  

Range Width 1.7742 90%  21.2900  

  

100%  21.8823  
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Figure 3.35 The uncertainty results of the human health cancer air impact category 

(original in colour) 

Table 3.26 The statistical outputs of the human health cancer air impact category 

Statistics 

Human health 

cancer air Percentiles Forecast values 

Trials 10000 0%  0.0439  

Base Case 0.0455 10%  0.0450  

Mean 0.0455 20%  0.0452  

Median 0.0455 30%  0.0453  

Standard Deviation  4.33E-04 40%  0.0454  

Variance  1.87E-07 50%  0.0455  

Coeff. of Variation 0.0095 60%  0.0456  

Minimum 0.0439 70%  0.0458  

Maximum 0.0474 80%  0.0459  

Range Width 0.0035 90%  0.0461  

  

100%  0.0474  
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 Human health non-cancer water and human health cancer water 

Figures 3.36 and 3.37 show the ranges of LCIA results on the non-cancer water and 

cancer water impact categories, which are from 311.27 to 325.30 and 0.0053 to 0.0055, 

respectively. The main substances that contribute to the non-cancer water category are Cd 

and Pb, while As and Pb are the main substances that contribute to the cancer water 

category. The CV, the value describes the degree of uncertainty, for the non-cancer water 

and cancer water impact categories are 0.0063 and 0.0064 as shown in Tables 3.27 and 

3.28. 
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Figure 3.36 The uncertainty results of the human health non cancer water impact 

category  

(original in colour) 

Table 3.27 The statistical outputs of the human health non cancer water impact 

category 

Statistics 

Human health 

non-cancer 

water Percentiles Forecast values 

Trials 10000 0% 311.27 

Base Case 318.19 10% 315.59 

Mean 318.18 20% 316.47 

Median 318.18 30% 317.12 

Standard Deviation 2.01 40% 317.68 

Variance 4.05 50% 318.18 

Coeff. of Variation 0.0063 60% 318.66 

Minimum 311.2739 70% 319.23 

Maximum 325.3037 80% 319.88 

Range Width 14.0298 90% 320.77 

  100% 325.30 
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Figure 3.37 The uncertainty results of the human health cancer water impact 

category 

 (original in colour) 

Table 3.28 The statistical outputs of the human health cancer water impact category 

Statistics 

Human health 

cancer water Percentiles Forecast values 

Trials 10000 0% 0.00526 

Base Case 0.0054 10% 0.00535 

Mean 0.0054 20% 0.00536 

Median 0.0054 30% 0.00537 

Standard Deviation  3.45E-05 40% 0.00538 

Variance  1.192E-09 50% 0.00539 

Coeff. of Variation 0.0064 60% 0.00540 

Minimum 0.0053 70% 0.00541 

Maximum 0.0055 80% 0.00542 

Range Width 0.0003 90% 0.00543 

 

 100% 0.00552 
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 Human health non-cancer ground surface soil and human health cancer 

ground surface soil 

As demonstrated in Figure 3.38, the range of LCIA results on the non-cancer ground 

surface soil impact category for the oxy-fuel combustion CO2 capture technology is from 

456.268 to 503.934. The main substances that cause this impact category include Sb, As, 

Cr, Pb, Se, and V. These substances are affected by pollution control units. There is a 

0.014 of CV, the value describes the degree of uncertainty, as shown in Table 3.29. For 

the impact on the cancer ground surface soil category, the range of LCIA results on the 

non-cancer ground surface soil impact category of the oxy-fuel combustion CO2 capture 

technology is from 1.126 to 2.012, as shown in Figure 3.39. As, Cd, Cr, and Pb are the 

main substances that contribute to the cancer ground surface soil. 0.074 is a CV, the value 

describes the degree of uncertainty, in this impact category, as shown in Table 3.30. 
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Figure 3.38 The uncertainty results of the human health non cancer ground-surface 

soil impact category 

(original in colour) 

Table 3.29 The statistical outputs of the human health non cancer ground-surface 

soil impact category 

Statistics 

Human health 

non-cancer soil Percentiles Forecast values 

Trials 10000 0% 456.27 

Base Case 480.25 10% 471.63 

Mean 480.34 20% 474.63 

Median 480.36 30% 476.79 

Standard Deviation  6.79 40% 478.65 

Variance  46.07 50% 480.36 

Coeff. of Variation 0.014 60% 482.10 

Minimum 456.268 70% 484.00 

Maximum 503.934 80% 486.04 

Range Width 47.666 90% 488.99 

 

 100% 503.93 
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Figure 3.39 The uncertainty results of the human health cancer ground-surface soil 

impact category 

(original in colour) 

Table 3.30 The statistical outputs of the human health cancer ground-surface soil 

impact category 

Statistics 

Human health 

cancer soil Percentiles Forecast values 

Trials 10000 0% 1.126 

Base Case 1.557 10% 1.411 

Mean 1.556 20% 1.460 

Median 1.556 30% 1.495 

Standard Deviation  0.11 40% 1.526 

Variance  0.01 50% 1.556 

Coeff. of Variation 0.074 60% 1.585 

Minimum 1.126 70% 1.617 

Maximum 2.012 80% 1.654 

Range Width 0.886 90% 1.705 

 

 100% 2.012 
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3.6.6 Human health criteria air-point source 

The range of LCIA results on the air-point source impact category is from 0.217 to 0.228, 

as shown in Figure 3.40. NOx, SO2, and PM are the main contributors to this impact 

category, and these emissions have higher uncertainty than that of CO2 emissions since 

they are affected by more emissions control units, including ESP, FGD, and CO2 

purification and compression units. In this impact category, 0.0058 is the CV, the value 

describes the degree of uncertainty, as shown in Table 3.31. 
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Figure 3.40 The uncertainty results of the human health criteria air-point source 

impact category 

(original in colour) 

Table 3.31 The statistical outputs of the human health criteria air-point source 

impact category 

Statistics 

Human health 

criteria air-

point source Percentiles Forecast values 

Trials 10000 0% 0.217 

Base Case 0.223 10% 0.221 

Mean 0.223 20% 0.222 

Median 0.223 30% 0.222 

Standard Deviation  0.00129 40% 0.222 

Variance  1.66E-06 50% 0.223 

Coeff. of Variation 0.0058 60% 0.223 

Minimum 0.217 70% 0.224 

Maximum 0.228 80% 0.224 

Range Width 0.011 90% 0.224 

 

 100% 0.228 
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3.6.7 Ozone depletion air 

It can be seen from Figure 3.41 that the range of LCIA results on the ozone depletion 

impact category of the oxy-fuel combustion CO2 capture technology is from 5.86E-06 to 

5.89E-06. The main substances that cause ozone depletion include R11 and R114, and 

these substances are affected by coal surface mining; however, these substances are not 

affected by pollution control units. The CV, the value describes the degree of uncertainty, 

is 5.74E-04 as shown in Table 3.32. 
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Figure 3.41 The uncertainty results of the ozone depletion air impact category 

(original in colour) 

Table 3.32 The statistical outputs of the ozone depletion air impact category 

Statistics 

Ozone depletion 

air Percentiles Forecast values 

Trials 10000 0% 5.862E-06 

Base Case 0.00000587 10% 5.870E-06 

Mean 0.00000588 20% 5.872E-06 

Median 0.00000588 30% 5.873E-06 

Standard Deviation  3.36E-09 40% 5.874E-06 

Variance  1.13E-17 50% 5.874E-06 

Coeff. of Variation 5.7271E-04 60% 5.875E-06 

Minimum 5.86E-06 70% 5.876E-06 

Maximum 5.89E-06 80% 5.877E-06 

Range Width 2.52E-08 90% 5.879E-06 

  

100% 5.887E-06 

 



 

 

192 

 

3.6.8 Smog air 

The range of LCIA results on the impact category of smog air is from 0.000265 to 

0.000286 as shown in Figure 3.42. The dominant contributor to the smog air is NOx. This 

substance is affected by the pollution control units and coal surface mining. Table 3.33 

presents the smog air impact category statistics and the CV, the value describes the 

degree of uncertainty, is 0.0101. 
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Figure 3.42 The uncertainty results of the smog air impact category 

 (original in colour) 

Table 3.33 The statistical outputs of the smog air impact category 

Statistics Smog air Percentiles Forecast values 

Trials 10000 0% 0.000265 

Base Case 0.000275 10% 0.000272 

Mean 0.000275 20% 0.000273 

Median 0.000275 30% 0.000274 

Standard Deviation  2.77E-06 40% 0.000274 

Variance  7.69E-12 50% 0.000275 

Coeff. of Variation 0.0101 60% 0.000276 

Minimum 0.000265 70% 0.000277 

Maximum 0.000286 80% 0.000278 

Range Width 0.000021 90% 0.000279 

  

100% 0.000286 
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3.7 Conclusion 

Uncertainty is used to generate the range of values that can be attributed to a particular 

quantity. In this study, there are two essential factors affecting uncertainty. These include 

the percentages of the emissions removal rates and the numbers of pollution control units. 

When emissions have higher removal rates (%), these can cause a larger change in the 

final emissions. In terms of the pollution control units, these units can affect the amount 

of emissions released into the air, soil, or water. This is because the emissions removal 

rates in each unit can be changed. These two factors consequently can cause an increase 

in uncertainty. In this study, the CV is used to compare the uncertainty of each impact 

category. The higher the CV, the higher uncertainty would be associated with the impact 

category. 

Comparing each CV among ecotoxicity impact categories related to air, soil, and water, 

the results show that the uncertainty of ecotoxicity soil is higher than that of air and 

water. In terms of human health non-cancer impact categories related to air, soil, and 

water, in comparing each CV among these impact categories, the impact category 

associated with soil has a higher uncertainty than that of air and water. In addition, 

comparing each CV of human health cancer impact categories associated with air, soil, 

and water, the comparison shows that there is a higher uncertainty in human health 

cancer impact category related to soil than that of air and water. These are because the 

ecotoxicity, human health cancer and non-cancer impact categories associated with soil 

varied depending on the higher percentages of removal rates of heavy metals compared to 

those of air. Furthermore, there are more emissions control units related to air and soil 



 

 

195 

 

than that of water. This brings about the higher uncertainties of air and soil than that of 

water impact categories.  

The impact categories of acidification air, eutrophication, human health criteria air-point 

source, GWP, and smog air show higher CVs than the ozone depletion air. This is 

because the R11 and R114 (the main emissions that contributed to ozone depletion air) 

are not affected by any pollution control units, while the SOx, NOx, PM, CO2 (the main 

contributors to acidification air, eutrophication, human health criteria air-point source, 

GWP, and smog air impact categories) are affected by the pollution control units. A 

higher number of pollution control units is associated with a greater degree of 

uncertainty, because the emissions removal rates in each unit will be changed.   
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4. Risk assessment (RA) of carbon capture technology 

 

When risk is considered, risk should be evaluated for the entire energy cycle, not only the 

end the public sees (Inhaber, 1941). The risks with carbon capture technology have been 

studied both regarding likelihood and the possible consequences.  

This research estimates risks in all stages of the oxy-fuel combustion CO2 capture 

technology. After that, the risk results are compared with those of conventional lignite-

fired electricity generation station and post-combustion CO2 capture technology. The LCI 

results of the conventional lignite-fired electricity generation station and the post-

combustion CO2 capture technology are taken from (Manuilova, 2011; Koiwanit et al., 

2014b). While it cannot be proved that all sources of risk have been taken into account 

(Inhaber, 1941), the major stages, which probably comprise almost all the risk proceeding 

through coal mining and CO2 capture are calculated. In this research, risks are analyzed 

to see the relationship of quantitative emissions releases and probability of occurrences of 

health effects. After getting the LCI results, the results can be directly used to calculate 

the possible effects to human health. 

4.1 The selected technological boundaries  

In terms of risks related to NO2, PM2.5, and SO2, the two technologies are compared 

based on three scenarios, which include: (i) the conventional lignite-fired electricity 

generation station without CO2 capture, (ii) the oxy-fuel combustion CO2 capture system, 

and (iii) the amine post-combustion capture system. The conventional lignite-fired 

electricity generation station without CO2 capture is used as a base case scenario. In 
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regards to risks related to Hg and heavy metals, the three scenarios are compared, which 

include: (i) the conventional lignite-fired electricity generation station without CO2 

capture, (ii) the oxy-fuel combustion CO2 capture system, and (iii) the amine post-

combustion capture system. 

The model description of post-combustion CO2 capture technology is presented as 

follows.  

The CO2 is absorbed by MEA solvent from the flue gases after combustion. The CO2 rich 

solvent is fed to the regenerator to extract CO2 and recover the original MEA solvent. 

The recovered MEA solvent is recycled for further CO2 capture, and the CO2 stream is 

purified and compressed for transportation and storage.  

Unit 3 of BDPS, which has 150 MW capacity output, was rebuilt with post-combustion 

carbon capture technology. In this study, 30%wt MEA is used as the solvent and the 

model assumptions of the post-combustion CO2 capture system are summarized in Table 

4.1.  
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Table 4.1 Model assumptions for the post-combustion CO2 capture process 

(Manuilova, 2011; Koiwanit et al., 2014b) 

Parameter Value 

MEA concentration in sorbent, % 30 

Lean sorbent CO2 loading, mole CO2/mole MEA 0.2  

Temperature of the flue gas entering the CO2 

absorber, °C 

50 

Desired CO2 product pressure, MPa 13.789 

MEA losses, kg MEA/tonne CO2 1.36077  

Reclaimer waste, kg/tonne CO2 captured 3.2 

Activated carbon consumption, kg C/tonne CO2 

captured 

0.075  

Caustic consumption, kg NaOH/tonne CO2 captured 0.13 

Ammonia formation, kg NH3/tonne CO2 0.136 

Water consumption, tonne/MWh 1.1 

Sorbent regeneration heat requirement, kJ/kg 3,600 

Enthalpy of steam, kJ/kg steam 2,000 

Reboiler efficiency, % 85 

Steam requirement, kg/MWh 2,045 
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The emission reductions observed are due to capture of PM, trace elements, CO2, and 

acidic gases such as SOx, NOx, HCl and HF in the ESP, FGD and CO2 capture units. The 

ESP unit removes mainly PM and trace elements where they become ash at the bottom of 

the boiler. As MEA is very sensitive to SOx emissions, the FGD unit is installed before 

the CO2 capture unit. The CaCO3 is used as a reagent in this system, and its purity is 

assumed to be 92.4%. The efficiency of SO2 removal is assumed to be 99% for FGD. The 

FGD also removes the majority of SO3, HCl, PM and part of Hg. In terms of the CO2 

capture unit, CO2 is not only removed but also other emissions such as PM, SO2, SO3, etc. 

The removal efficiency for all emissions emitted from the ESP, FGD, and CO2 capture 

units is shown in Table 4.2.  
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Table 4.2 Removal efficiency for all emissions (adapted from Rubin et al., 1991) 

 ESP FGD CO2 capture  

Particulates removal efficiency, % 99 70 50 

CO2 removal efficiency, % - - 90 

SO2 removal efficiency, % - 99 99.5 

SO3 removal efficiency, % 25 50 99.5 

HCl removal efficiency, % - 90 95 

NO2 removal efficiency, % - - 25 

Hg removal efficiency, % 7.5 25 80 

Trace elements removal efficiency 

(depending on a trace element), % 

50.9-99 58-95  80  
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4.2 System boundary 

The studied system is located at BDPS unit 3 in Estevan, SK. At this location, the NO2, 

PM2.5, SO2, Hg, and heavy metals emissions are predicted in a circular pattern of 10 

degrees increments with 25 points of 100 m on each increment. In other words, these 

emissions are predicted in 36 directions beginning with a 10 degrees flow vector with an 

increase every 10 degrees. Each direction has 25 distances starting from 100 m and 

increasing every 100 m. The location of the stack at the BDPS unit 3 is set as an origin of 

the emissions and designated as (0.0, 0.0).   

4.3 Methods – air dispersion and risk study modeling 

Since the objective of this study is to evaluate the risks posed to human health by an 

oxygen-based combustion system (oxy-fuel) compared to a conventional coal-fired 

electricity generation station and a post-combustion system specific to Saskatchewan, 

Canada, the accurate evaluation should be represented by the air pollution dispersion 

methodology together with the risk analysis suited to the Canadian environment. Hence, 

the choice of air pollution dispersion methodology should be made between AERMOD 

and CALPUFF. AERMOD and CALPUFF are both recently used in relevant areas and 

developed by the US EPA; however, the Government of Saskatchewan prefers to use the 

AERMOD model. The Government of Saskatchewan also provides the meteorological 

data specific to Estevan required in the AERMOD model. In addition, AERMOD has 

been widely used for predicting near-field impacts (i.e. less than 50 km) of chemical 

pollutants. Since this study aims to evaluate the risks to health that people who live near 

the electrical generating station face, the AERMOD model is suitable. 
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For the risk analysis, the choice is made between AQBAT, HEM, and TRIM. The 

AQBAT model was developed by Health Canada, while HEM and TRIM models were 

developed by the US EPA. In addition, HEM is only used in the U.S. and there is a 

temporarily unavailable TRIM Installation Program. As a result, AQBAT is chosen as the 

most appropriate tool. 

The AQBAT model calculates changes in the frequency of a total of 13 health endpoints 

by applying the damage function approach. The health outcomes are triggered by changes 

in the pollutant concentrations of NO2, PM2.5, and SO2 provided by the LCA model  

(Koiwanit et al., 2014a; Koiwanit et al. 2014b). The air dispersion modeling using 

AERMOD is calculated based on the 24-hour period. NO2 and SO2 are collected hourly 

and averaged over the 24-hour period, while PM2.5 is collected daily. On each emission, 

the maximum 24-hour average of concentration for each scenario year from the 

AERMOD model is used as the input for calculating the changes in the pollutant 

concentration. These changes are used to calculate changes in the health endpoints for the 

two CO2 capture scenarios of (i) “oxy-fuel combustion CO2 capture”, and (ii) “post-

combustion CO2 capture”. 

However, the AQBAT model has some weaknesses. Although some emissions such as 

Hg and heavy metals can be hazardous for human health and they are significantly 

reduced in the oxy-fuel and post-combustion systems compared to the conventional 

electrical generating plant, the AQBAT software does not support calculating the effect 

of these emission reductions. As a result, this study uses a different methodology (US 

EPA, 2005; US EPA, 2009), which is explained in section 4.3.3, to evaluate risks related 

to cancer and non-cancer effects caused by Hg and heavy metals. 

file:///C:/Users/ABC1/Desktop/doc%20in%20my%20thesis%2025-7-14/US
http://www.epa.gov/oswer/riskassessment/ragsf/pdf/9-partf_200901_ch5.pdf
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4.3.1 Air dispersion modeling using AERMOD software 

The sources of data involve (i) the Canadian stack data provided by the Saskatchewan 

Power Corporation (SaskPower), and (ii) emission rates from the electrical generating 

plant obtained from an LCA study of a Canadian oxy-fuel and post-combustion CO2 

capture processes (Koiwanit et al., 2014a; Koiwanit et al., 2014b). The stack data and 

emission rates are summarized in Table 4.3. 

The meteorological data is taken from the air quality modeling shown on the Government 

of Saskatchewan website (www.environment.gov.sk.ca). The meteorological data from 

the years 2003-2007 are used for the AERMOD modeling because only this set of data is 

available. 

 

  

http://www.environment.gov.sk.ca/Default.aspx?DN=35205651-cfcc-496a-97b7-4e8484699571
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Table 4.3 Stack features and NO2, PM2.5, and SO2 emissions rates 

Coal-fired 

electrical 

generat-

ing plant 

Stack 

height 

(m) 

Stack 

dia-

meter 

(m) 

Exit gas 

velocity 

(m/sec) 

Exhaust 

gas 

temper

ature 

(K) 

NO2 

emissions 

rate (g/s) 

PM2.5 

emissions 

rate (g/s) 

SO2 

emissions 

rate (g/s) 

BDPS unit 

3 (without 

CO2 

capture) 

91.44 4.27 18.1 436.15 4.57 2.63 2.64 

Post-com-

bustion 

91.44 4.27 18.1 

 

436.15 3.42 1.31 0.013 

Oxy-fuel 

com- 

bustion 

91.44 4.27 15.09 

 

310.93 

 

0.28 0.026 0 
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4.3.2 Risk analysis using AQBAT software 

Health Canada’s Air Quality Benefits Assessment Tool (AQBAT) is a health benefits 

assessments tool used to estimate the human health risks or damages related to changes in 

ambient air quality. The model is primarily used for calculating the health outcomes due 

to changes associated with air concentrations as measured from a baseline (Hamilton 

Public Health Services Clean Air Hamilton, 2012). This tool analyses ambient air 

concentrations by means of the “Health Canada endorsed” CRF related to both chronic 

and acute human health outcomes. The CRF quantifies the percentage incidence of health 

endpoints associated with a unit of the emission concentration, and the CRF is derived 

from many epidemiological studies and available analyses made in the past. AQBAT 

works together with @Risk software (Trademark of Palisade, USA) to generate risk. 

@RISK version 6.2 is the built-in Excel tool that enables users to easily automate and 

customize the tool using Excel’s programming language. The tool combines Monte Carlo 

simulation to perform risk analysis. The analysis computes many possible scenarios 

together with the probabilities and risks. The results allow for the decision makers to 

decide the best result with uncertain values.  

There are five pollutants estimated in AQBAT, which include CO, NO2, O3, SO2 and 

PM2.5 (BC Ministry of Environment and BC Ministry of Healthy Living and Sport, 2009). 

Although AQBAT can calculate the impacts on human health from the five emissions 

mentioned above, the “capture” scenarios in this study only involve three out of the five 

emissions: NO2, PM2.5, and SO2. With an increase in coal use during implementation of 

the carbon capture technology, more heavy metals will be released into the soil and water, 

http://refworks.scholarsportal.info/refworks2/default.aspx?r=references%7CMainLayout::init
http://refworks.scholarsportal.info/refworks2/default.aspx?r=references%7CMainLayout::init
http://refworks.scholarsportal.info/refworks2/default.aspx?r=references%7CMainLayout::init
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and fewer pollutants will be released into the atmosphere. Hence, the risks to human 

health will be less. 

The AQBAT tool was developed for 446 geographic areas in Canada. The years covered 

by the scenario are from 2003 to 2007. Since a set of baseline is required in the AQBAT 

model as a reference point for defining the changes in pollutant concentration, a 

hypothetical baseline is selected since distributions of pollutant concentrations are 

available for all the geographic areas including Estevan, SK. The 24-hour period is 

selected as the duration of analysis for all pollutants. All the important input parameters 

of the oxy-fuel and post-combustion CO2 capture technologies in the AQBAT model are 

shown in Table 4.4. The steps of the AERMOD and AQBAT modeling in this research 

are listed and described in Appendix D. 
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Table 4.4 All important input parameters of the oxy-fuel and post-combustion CO2 

capture technologies in the AQBAT model 

Start 

year 

End 

year 

Reference 

set of 

baseline 

concen- 

tration  

Geographic 

area 

Pollutants Time period 

2003 2007 Hypothetic Estevan, SK NO2, PM2.5,  

SO2 

24-hour 
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4.3.3 Cancer and non-cancer risks analysis related to Hg and heavy metals  

This section provides an estimation of the cancer and non-cancer risks related to Hg and 

heavy metals from inhaled contaminants of concern at BDPS and the method is taken 

from (US EPA, 2005; US EPA, 2009). The emissions data from the “no capture” and the 

two “capture” scenarios are taken from the LCA models in (Koiwanit et al., 2014a; 

Manuilova, 2011). The emissions concentration is then generated using AERMOD. The 

stack data and emission rates are summarized in Table 4.5. After that, the data is used to 

evaluate the cancer and non-cancer risks. The equations recommended for estimating 

cancer and non-cancer risks are described in the following sections. 

  

file:///C:/Users/ABC1/Desktop/doc%20in%20my%20thesis%2025-7-14/US
http://www.epa.gov/oswer/riskassessment/ragsf/pdf/9-partf_200901_ch5.pdf
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Table 4.5 Stack features and Hg and heavy metals emissions rates 

Coal-fired generating plant BDPS unit 3 

(without CO2 

capture) 

Oxy-fuel  

combustion 

Post-

combustion 

Stack height (m) 91.44 91.44 91.44 

Stack diameter (m) 4.27 4.27 4.27 

Exit gas velocity (m/sec) 18.1 15.09 18.1 

Exhaust gas temperature (K) 436.15 310.93 436.15 

Hg 2.85E-01 - 2.51 E-01 

As 3.06E-01 2.76E-03 5.5E-03 

Ba 8.13E-02 8.1E-04 1.62E-03 

Be 1E-02 5E-05 1E-04 

Cd 2.56E-02 5.1E-04 1.02E-03 

Cr 3.68E-01 4.43E-03 8.85E-03 

Co 4.31E-02 4.3E-04 8.63E-04 

Cu 1.43E-01 4.46E-03 8.91E-03 

Pb 1.87E-01 1.88E-03 3.75E-03 

Ni 3.62E-01 5.08E-03 1.01E-02 

Se 2.56 1.07E-01 2.15E-01 

V 5.5E-01 4.4E-03 8.8E-03 
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4.3.3.1 Cancer risk (Long term) 

There are two main types of cancer risks: inhalation and ingestion. However, this study 

only calculates the risk related to the inhalation pathway. The unacceptable cancer risk is 

the risk higher than 1,000,000 (French et al., 1997; ATSDR, 2005). In other words, the 

cancer risk which is higher than 0.000001 will cause carcinogenic effects of concern. The 

URF data is taken from the toxicity values for inhalation exposure shown on the New 

Jersey Department of Environmental Protection website (www.nj.gov). The cancer risk 

via the inhalation pathway can be calculated by the following equation. 

Cancer risk = EC*URF        [4.1] 

Where, 

EC = Exposure air concentration (µg/m
3
) 

URF = Unit risk factor (µg/m
3
)
-1

 

4.3.3.2 Non-cancer risk (Long and short terms) 

The direct inhalation exposures can be estimated using the HQ approach, a ratio which 

can be used to estimate chronic dose/exposure level to RfC (US EPA, 2005; US EPA, 

2011). RfC is an estimated daily concentration of emissions in air (US EPA, 2005). The 

RfC values can be divided into two types: long term and short term effects. The RfC data 

is taken from the toxicity values for inhalation exposure shown on the New Jersey 

Department of Environmental Protection website (www.nj.gov). HQ values equal or less 

than one is referred to adverse effects are very unlikely to occur (US EPA, 2011). In 

contrast, if the HQ exceeds one, this implies that the emissions are in the level of concern 

(Kincaid et al., 1997). However, the HQ is not a probabilistic of risk, so it does not matter 

how large the HQ is, only whether or not the HQ value exceeds one (US EPA, 2011). For 

file:///C:/Users/ABC1/Desktop/doc%20in%20my%20thesis%2025-7-14/ATSDR,
file:///C:/Users/ABC1/Desktop/doc%20in%20my%20thesis%2025-7-14/US
http://www.epa.gov/dfe/pubs/tools/ctsa/appends/app-d.pdf
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example, a quotient of 0.01 does not mean that there is a one in a hundred chance of the 

occurring effect. The HQ is calculated using this following equation. 

HQ = EC/RfC          [4.2] 

Where, 

HQ = Hazad quotient (unitless) 

EC = Exposure air concentration (µg/m
3
) 

RfC = Reference concentration (µg/m
3
) 

4.4 Results 

4.4.1 Results from AERMOD 

The study examines the air dispersion modeling of the “no capture” and the two “capture” 

scenarios, with the “no capture” scenario being used as a baseline scenario. As a result, 

the concentrations in 2003 are extracted from the “no capture” scenario. The maximum 

24-hr average concentration values of NO2, PM2.5, and SO2 generated from AERMOD 

are shown in Table 4.6. 
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Table 4.6 The maximum 24-hour average concentrations of the three pollutants 

from AERMOD modeling of each year's scenario (µg/m
3
) 

Year 

Oxy-fuel combustion Post-combustion 

NO2 SO2 PM2.5 NO2 SO2 PM2.5 

2003  0.33 0.19 0.19 0.33 0.19 0.19 

2004  0.10 0 0.003 0.31 0.001 0.12 

2005 0.06 0 0.006 0.25 0.0009 0.09 

2006 0.09 0 0.008 0.26 0.001 0.102 

2007 0.06 0 0.006 0.24 0.0009 0.09 
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In terms of cancer and non-cancer risks, the maximum 24-hour and 1-hour average 

concentration values of Hg and heavy metals are used for long term and short term 

exposures, respectively. The maximum 24-hour concentration values generated from 

AERMOD of the “no capture”, “oxy-fuel combustion CO2 capture”, and “post-

combustion CO2 capture” scenarios are shown in Table 4.7. For short term effects, the 

maximum 1-hour concentration values generated from AERMOD of the “no capture”, 

“oxy-fuel combustion CO2 capture”, and “post-combustion CO2 capture” scenarios are 

shown in Table 4.8. It can be seen from the two Tables that the maximum 24-hour and 1-

hour average concentrations of the Hg and heavy metals of the “no capture” scenario, 

respectively, show the highest concentrations compared to the other two scenarios. This 

shows that when the CO2 capture technologies are applied, the less concentrated Hg and 

heavy metals will emit into the air. These emissions are captured by the pollution control 

units provided in the CO2 capture technologies. In comparing between the “oxy-fuel 

combustion CO2 capture”, and “post-combustion CO2 capture” scenarios, even though 

there are less emissions of heavy metals from the “oxy-fuel combustion CO2 capture”, the 

heavy metals with less concentrations will be generated from air dispersion modeling in 

the “post-combustion CO2 capture” scenario. This is because the air dispersion modeling 

which generate emission concentrations depends not only on the amount of emissions but 

also on other parameters such as the stack height, exhaust gas temperature, exit gas 

velocity, etc., as shown in Table 4.5.   
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Table 4.7 The maximum 24-hour average concentrations of the Hg and heavy 

metals of the “no capture” and the two “capture” scenarios in 2003-2007 (µg/m
3
) 

Substances Concentrations 

No capture Oxy-fuel 

combustion 

Post-

combustion 

Hg 4.72E-02 0 4.15E-02 

As 5.06E-02 1.08E-03 9.1E-04 

Ba 1.34E-02 3.2E-04 2.7E-04 

Be 1.65E-03 2.0E-05 2.0E-05 

Cd 4.24E-03 2.0E-04 1.7E-04 

Cr 6.1E-02 1.73E-03 1.46E-03 

Co 7.14E-03 1.7E-04 1.4E-04 

Cu 2.37E-02 1.74E-03 1.47E-03 

Pb 3.10E-02 7.3E-04 6.2E-04 

Ni 5.99E-02 1.99E-03 1.68E-03 

Se 4.23E-01 4.21E-02 3.56E-02 

V 9.1E-02 1.72E-03 1.46E-03 
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Table 4.8 The maximum 1-hour average concentrations of the Hg and heavy metals 

of the “no capture” and the two “capture” scenarios in 2003-2007 (µg/m
3
) 

Substances Concentrations 

No capture Oxy-fuel 

combustion 

Post-

combustion 

Hg 4.16E-01 0 3.66E-01 

As 4.47E-01 8.43E-03 8.05E-03 

Ba 1.18E-01 2.48E-03 2.37E-03 

Be 1.46E-02 1.5E-04 1.5E-04 

Cd 3.74E-02 1.57E-03 1.5E-03 

Cr 5.38E-01 1.35E-02 1.29E-02 

Co 6.29E-02 1.32-03 1.26E-03 

Cu 2.09E-01 1.36E-02 1.3E-02 

Pb 2.73E-01 5.73E-03 5.47E-03 

Ni 5.29E-01 1.55E-02 1.48E-02 

Se 3.74 3.29E-01 3.14E-01 

V 8.02E-01 1.34E-02 1.28E-02 
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4.4.2 Results from AQBAT 

In the AQBAT software tool, the changes in the number of health outcomes depend on 

four main factors, as shown in Figure 4.1. The research objective is to conduct RA by 

modeling the oxy-fuel and post-combustion CO2 capture technologies using the AQBAT 

software. The air pollution impacts of the “capture” scenarios which cover the period of 

2004 to 2007 inclusive are examined. This study uses 2003 as a baseline starting point 

and the cumulative reductions in risks to health are reduced each year over four years 

period. Also the averaged risk for the four years and forecasted risks over the expected 50 

year life of the electrical generating plant are generated. In other words, based on the 

average impacts of 4 years, forecasts are for the next 50 years are generated for each 

health outcome. The Canadian government has deemed the life of an electrical generating 

station operating on coal to be 50 years. The cumulative reduction in risks to health due 

to reduction in concentrations of NO2, PM2.5, and SO2 from 2004 to 2007 are shown in 

Table 4.9. 
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Figure 4.1 The four main factors in the AQBAT calculation for changes in health 

outcomes (adapted from BC Ministry of Environment and BC Ministry of Healthy 

Living and Sport, 2009) 

(original in colour) 
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4.4.2.1 Health outcomes from NO2 

The concentration of NO2 affects only the change in the health endpoint of acute 

exposure mortality. This health endpoint refers to sudden death in people affected by 

higher pollution levels. The estimated lost time is approximately 0.25 to 0.5 years (Yang, 

2004). The total reductions are 0.053 and 0.21 cases of acute exposure mortality per 

million specified population for oxy-fuel and post-combustion carbon capture systems 

compared to the “no capture” scenario, respectively, as shown in Figure 4.2. The 

cumulative numbers of cases over a 50 year period are 2.68 and 0.69 per million 

specified population for the oxy-fuel and post-combustion carbon capture systems, 

respectively.  

 

  

http://web.mit.edu/globalchange/www/docs/Yang_MS_04.pdf
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Figure 4.2 Total reductions in acute exposure mortality from NO2 

 (original in colour) 
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4.4.2.2 Health outcomes from PM2.5 

According to AQBAT, the concentration of PM2.5 has affected 12 health impacts 

categories due to both acute and chronic exposures, the impacts are discussed as follows. 

 Acute Respiratory Symptom Days 

The acute Respiratory Symptom refers to the condition of a sudden lung failure, which 

prevents enough O2 from getting into the lungs and passing into the bloodstream 

(American Lung Association, 2014). A consequent of this condition is failure of the 

respiratory or breathing system. The symptoms of rapid breathing, difficulty in breathing 

due to insufficient air getting into the lungs, and low blood pressure normally develop 

within 1 to 2 days of the injury or illness (American Lung Association, 2014; Dugdale et 

al., 2014). It can be seen from Figure 4.3 that the total reductions in acute exposure 

mortality are 6975.22 and 3328.65 cases per million specified population for the oxy-fuel 

and post-combustion CO2 capture technologies in compared to the “no capture” scenario. 

In the 50 year life of the electrical generating plant, the cumulative numbers of cases in 

this health outcome are 87190.20 and 41608.15 per million specified population for the 

oxy-fuel and post-combustion CO2 capture technologies, respectively.  

 

http://refworks.scholarsportal.info/refworks2/?r=references|MainLayout::init
http://refworks.scholarsportal.info/refworks2/?r=references|MainLayout::init
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Figure 4.3 Total reductions in acute respiratory symptom from PM2.5 

(original in colour) 
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 Adult Chronic Bronchitis  

Adult Chronic Bronchitis refers to inflammation of the bronchial tubes due to tissue 

swelling that results in narrowing or closing of the tubes. The symptom is a cough which 

occurs every day and lasts for around 3 months to two years (Davis, 2013). Compared to 

the “no capture” scenario, the “capture” scenarios have impacts on the outcome of adult 

chronic bronchitis and decrease it by 2.42 and 1.15 cases per million specified population 

for the oxy-fuel and post-combustion CO2 capture technologies, respectively. The results 

are presented in Figure 4.4. For the 50 year forecast, the cumulative numbers of cases in 

this health outcome are 30.23 and 14.38 per million specified population for the oxy-fuel 

and post-combustion CO2 capture technologies, respectively. 

 Asthma symptoms  

The symptoms of asthma are defined by inflammation and constriction of the airways 

(Baird, 2010). The symptoms differ among individual patients and can worsen due to 

respiratory infections such as a cold or flu (Baird, 2010; Rajakulasingam et al., 2013).  

The health impacts in terms of asthma symptoms are decreased by 125.87 and 60.06 

cases per million specified population, respectively, in the oxy-fuel combustion and post-

combustion CO2 capture technologies, compared to the “no capture” scenario. This 

comparison is shown in Figure 4.5. The cumulative numbers of cases in the health 

outcome of asthma-related symptoms over the 50 year period are 1573.36 and 750.76 per 

million specified population in the oxy-fuel and post-combustion CO2 capture 

technologies, respectively.  
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Figure 4.4 Total reductions in adult chronic bronchitis from PM2.5 

 

Figure 4.5 Total reductions in asthma symptom from PM2.5 
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 Cardiac Emergency Room Visits   

Cardiac Emergency Room Visits constitute an indicator for the association between air 

pollution and cardiovascular disease, which includes damage made to the heart, blood 

vessels, or arteries. Arteries are blood vessels that deliver O2 from the heart to the rest of 

the body (Mayo foundation for medical education and research, 2014). If the arteries are 

narrowed due to plaque build-up, it is difficult for blood to flow through the whole body, 

which can lead to heart disease (Reeves, 2014). Compared to the baseline scenario, the 

potential for Cardiac Emergency Room Visits decreases by 0.39 and 0.18 cases per 

million specified population for the oxy-fuel and post-combustion CO2 capture systems, 

respectively, as shown in Figure 4.6. In terms of cardiac cases, there are reductions of 

4.83 and 2.31 cases per million specified population for the oxy-fuel and post-combustion 

CO2 capture systems, respectively, over the 50 year period. 

 Cardiac Hospital Admissions  

Cardiac Hospital Admissions constitute an indicator for the association between air 

pollution and hospital admissions due to cardiac conditions. The health impact category 

of Cardiac Hospital Admissions shows reductions of 0.29 and 0.14 cases per million 

specified population for the oxy-fuel and post-combustion CO2 capture scenarios, 

respectively, compared to the “no capture” scenario. Figure 4.7 shows the results for the 

impact category of Cardiac Hospital Admissions. The oxy-fuel and post- combustion CO2 

capture systems are associated with cumulative numbers of cases of 3.67 and 1.75 per 

million specified population in this heath outcome over the 50 year life span of the power 

generation facility.  

http://www.mayoclinic.org/diseases-conditions/heart-disease/basics/causes/con-20034056
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Figure 4.6 Total Reductions in cardiac emergency room visits from PM2.5 

 

Figure 4.7 Total reductions in cardiac hospital admissions from PM2.5 

(original in colour) 
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 Child Acute Bronchitis  

Child Acute Bronchitis refers to the inflammation of the bronchial tubes, which results in 

swelling or irritation of the airways. Acute bronchitis in children is usually caused by 

bacteria or viruses that can infect the respiratory system (Nemours foundation, 2014). 

Episodes of Child Acute Bronchitis are reduced by 21.38 and 10.09 cases per million 

specified population for the oxy-fuel and post-combustion CO2 capture scenarios, 

respectively, compared to the conventional electrical generating plant with no capture. 

Figure 4.8 shows the comparison. Over the 50 year period, there would be a cumulated 

numbers of cases of 267.26 and 126.06 per million specified population in this health 

outcome for the oxy-fuel and post-combustion CO2 capture scenarios, respectively. 

 Respiratory Emergency Room Visits  

Respiratory Emergency Room Visits constitute the indicator that shows a relationship 

between air pollution and emergency room visits for respiratory conditions, which may 

involve a life-threatening situation in which the patient cannot obtain O2 in the body and 

which often results in death (Hanna, 2012). There is a total reduction in the health impact 

category of Respiratory Emergency Room Visits of 1.08 and 0.51 cases per million 

specified population in the oxy-fuel combustion and post-combustion CO2 capture 

scenario compared to the “no capture” scenario. The comparison is shown in Figure 4.9. 

The cumulated numbers of cases in this health outcome are 13.44 and 6.42 per million 

specified population in the oxy-fuel and post-combustion CO2 capture scenarios, 

respectively, over the 50 year life of the power plant. 
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Figure 4.8 Total reductions in child acute bronchitis episodes from PM2.5  

 

Figure 4.9 Total reductions in respiratory emergency room visits from PM2.5 

(original in colour) 

0 

5 

10 

15 

20 

25 

oxy-fuel combustion post-combustion 

2007 

2006 

2005 

2004 

Reductions in child acute bronchitis episodes from PM2.5  
cases 

CO2 capture  
technologies 

21.38 

10.09 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

oxy-fuel combustion post-combustion 

2007 

2006 

2005 

2004 

cases 

CO2 capture  
technologies 

1.08 

0.51 

Reductions in respiratory emergency room visits from PM2.5 



 

 

228 

 

 Respiratory Hospital Admissions  

Respiratory Hospital Admissions indicate the relationship between air pollution and 

hospital admissions for respiratory symptoms, which involve a failure of lung functions. 

As a result, the patient cannot get enough O2 into his or her lung and into the bloodstream 

(American Lung Association, 2014). Compared to the “no capture” scenario, the health 

outcomes in the Respiratory Hospital Admissions category decrease by 0.21 and 0.10 

cases per million specified population for the oxy-fuel and post-combustion CO2 capture 

scenarios, respectively. The comparison is shown in Figure 4.10. In terms of the 50 year 

forecast, the cumulative numbers of cases in this health outcome are 2.66 and 1.27 per 

million specified population for the oxy-fuel and post-combustion CO2 capture scenarios, 

respectively. 

 Restricted activity days  

Restricted activity days refers to days in which patients spend most of their time in bed or 

are unable to undertake their usual activities due to illness or injury (Lokare et al., 2011). 

There are reductions of 2708.23 and 1291.74 cases per million specified population in the 

restricted activity days category in the oxy-fuel and post-combustion CO2 capture 

scenarios, respectively, compared to the “no capture” scenario. The comparison is shown 

in Figure 4.11. The cumulative reduction numbers of cases in this health outcome over 

the 50 year period in the oxy-fuel and post-combustion CO2 capture scenarios are 

33852.87 and 16146.74 per million specified population, respectively. 
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Figure 4.10 Total reductions in respiratory hospital admissions from PM2.5 

 

Figure 4.11 Total reductions in restricted activity from PM2.5 

(original in colour) 
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 Chronic Exposure Respiratory Mortality 

Chronic Exposure Respiratory Mortality refers to the conditions that affect the lungs or 

the respiratory systems for a long period of time (Australian Institute of Health and 

Welfare, 2005). The most common diseases that cause this condition include asthma, 

occupational lung diseases, chronic obstructive pulmonary disease, and pulmonary 

hypertension (WHO, 2014a). Compared to the “no capture” scenario, the oxy-fuel and 

post-combustion CO2 capture scenarios reduced impacts in the category of Chronic 

Exposure Respiratory Mortality of 0.21 and 0.10 cases per million specified population, 

respectively. The reduced impact can be seen in Figure 4.12. The oxy-fuel and post-

combustion systems show cumulated reduction numbers of cases in this health outcome 

category of 2.65 and 1.27 per million specified population, respectively, over the 50 year 

life of the power generation facility. 

 Chronic Exposure Cerebrovascular Mortality 

Chronic Exposure Cerebrovascular Mortality refers to all disorders of the brain and blood 

vessels that supply blood to the brain (WHO, 2014b). In extreme cases, the brain can be 

affected by bleeding (Winkler, 1998). Compared to the “no capture” scenario, the post- 

and oxy-fuel combustion CO2 capture scenarios reduced impacts on the Chronic 

Exposure Cerebrovascular Mortality category, and there are decreases of 0.17 and 0.35 

cases per million specified population, respectively. The comparison is shown in Figure 

4.13. Over the 50 year period, there are 4.39 and 2.09 fewer cases per million specified 

population in the oxy-fuel and post-combustion CO2 capture scenarios, respectively.  

 

http://www.who.int/respiratory/en/
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Figure 4.12 Total reductions in chronic exposure respiratory mortality from PM2.5 

 

Figure 4.13 Total reductions in chronic exposure cerebrovascular mortality from 

PM2.5 
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 Chronic Exposure Ischemic Heart Disease Mortality  

Chronic Exposure Ischemic Heart Disease Mortality is related to heart problems caused 

by the restriction or reduction in width of the heart related arteries. If arteries are 

restricted, less blood and O2 are supplied to the heart muscle (American Heart 

Association, 2014b). Compared to the “no capture” scenario, the oxy-fuel and post- 

combustion CO2 capture scenarios show a reduction of 1.73 and 0.83 cases per million 

specified population in the Chronic Exposure Ischemic Heart Disease Mortality category, 

respectively. The comparison is shown in Figure 4.14. Over the 50 year period, the 

cumulated reductions in numbers of cases for this health outcome in the oxy-fuel and 

post-combustion CO2 capture systems are 10.37 and 21.66, respectively. 

 Chronic Exposure Lung Cancer Mortality 

Chronic Exposure Lung Cancer Mortality refers to the loss of the controlled operation of 

the cells. Under normal circumstance, the cells naturally divide in a controlled process. 

However, this health outcome happens when the cells do not divide in a controlled 

manner and cause lung tissues to grow into cancerous tissues (Macniar, 2013). Compared 

to the power generation station without CO2 capture, there are reductions of 0.34 and 

0.16 cases per million specified population for the oxy-fuel and post-combustion CO2 

capture scenarios, respectively. Figure 4.15 shows this comparison. The cumulative 

reduction in numbers of cases in this health outcome for the oxy-fuel and post-

combustion CO2 capture scenarios over the 50 year period are 4.21 and 2.00, respectively. 
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Figure 4.14 Total reductions in chronic exposure ischemic heart disease mortality 

from PM2.5  

 

Figure 4.15 Total Reductions in chronic exposure lung cancer mortality from PM2.5 

(original in colour) 
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4.4.2.3 Health outcomes from SO2 

Even though the oxy-fuel combustion CO2 capture technology has zero SO2 emissions, 

the change in concentration of SO2 emission can be 100% compared to that of the “no 

capture” scenario. This change in concentration is an input to the AQBAT model. As a 

result, the risks to human health that result from SO2 emissions from the oxy-fuel 

combustion and post-combustion CO2 capture technologies are considered. Consideration 

is discusses as follow. 

 Acute Exposure Mortality  

In the category of Acute Exposure Mortality, compared to the health impact due to the 

power generation without CO2 capture, there are reductions of 0.175 and 0.174 cases for 

the oxy-fuel and post-combustion CO2 capture scenarios, respectively. This is shown in 

Figure 4.16. For the 50 year forecast, the cumulative numbers of cases in this health 

outcome for the oxy-fuel and post-combustion CO2 capture scenarios are 2.19 and 2.17, 

respectively. 
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Figure 4.16 Total reductions in acute exposure mortality from SO2 

(original in colour) 
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Table 4.9 Cumulative reduction in health outcomes from NO2, PM2.5, and SO2 from 

2004 to 2007 

Health outcomes Oxy-fuel combustion 

(Counts) 

Post-combustion 

(Counts) 

Acute Exposure Mortality 0.39 0.23 

Acute Respiratory Symptom Days 6975.22 3328.65 

Adult Chronic Bronchitis Cases 2.42 1.15 

Asthma Symptom Days 125.87 60.06 

Cardiac Emergency Room Visits 0.39 0.18 

Cardiac Hospital Admissions 0.29 0.14 

Child Acute Bronchitis Episodes 21.38 10.09 

Respiratory Emergency Room 

Visits 1.08 0.51 

Respiratory Hospital Admissions 0.21 0.10 

Restricted Activity Days 2708.23 1291.74 

Chronic Exposure Respiratory 

Mortality 0.21 0.10 

Chronic Exposure 

Cerebrovascular Mortality 0.35 0.17 

Chronic Exposure Ischemic Heart 

Disease Mortality 1.73 0.83 

Chronic Exposure Lung Cancer 

Mortality 0.34 0.16 

Total 9838.10 4694.12 
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It can be seen from Table 4.9 that there is higher cumulative reduction in risks to health 

due to reduction in concentrations of NO2, PM2.5, and SO2 from oxy-fuel combustion 

system than those of post-combustion system. This is because the oxy-fuel combustion 

system emits less NO2, PM2.5, and SO2 into the air. In addition, the reductions in the 

concentrations of NO2, PM2.5, and SO2 emissions accounted for the largest benefits in the 

categories of acute respiratory symptom days, asthma symptom days, and restricted 

activity health outcomes.  

4.4.3 Results from cancer and non-cancer risks related to Hg and heavy metals 

Cancer and non-cancer risk results are shown in Table 4.10 and 4.11, respectively. Table 

4.10 indicates that the emissions from the stack in each of the three scenarios pose cancer 

risks of less than one chance in a million (1 x 10
-6

). However, there are two emissions, 

which include As and Cr, from the “no capture” scenario that pose cancer risks due to 

inhalation with a chance greater than 1 x 10
-6

. In terms of non-cancer risks, the inhalation 

exposures are estimated by the HQ value, a ratio to estimate chronic dose/exposure level 

to RfC, an estimated daily concentration of emissions in air. The results shown in Table 

4.11 display that all HQ values are less than one. When the HQ values are less than one, 

this indicates that pollutant concentrations from the three stacks are unlikely to correlate 

with any non-cancer related health concerns. 
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Table 4.10 Cancer risks of Hg and heavy metals 

Substances Inhalation unit 

risk factor (URF) 

(µg/m
3
) 

Cancer risk 

No capture Oxy-fuel 

combustion 

Post-

combustion 

Hg - - - - 

As 4.3E-03 1.45E-06 3.09E-08 2.61E-08 

Ba - - - - 

Be 2.4-E03 2.64E-08 3.20E-10 3.20E-10 

Cd 4.2E-03 1.18E-07 5.6E-09 4.76E-09 

Cr 1.2E-02 4.88E-06 1.38E-07 1.16E-07 

Co 9E-03 4.28E-07 1.02E-08 8.4E-09 

Cu - - - - 

Pb 1.2E-05 2.48E-09 5.84E-11 4.96E-11 

Ni - - - - 

Se - - - - 

V - - - - 
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Table 4.11 Long and short term inhalation exposures of Hg and heavy metals 

Sub-

stances 

Long term Short term 

RfC 

(µg/

m
3
) 

Non-cancer risk RfC 

(µg/

m
3
) 

Non-cancer risk 

No 

capture 

Oxy-fuel 

combus-

tion 

Post-

combus-

tion 

No 

capture 

Oxy-fuel 

combus-

tion 

Post-

combus-

tion 

Hg 0.3 1.05E-03 0 9.24E-04 - - - - 

As 0.015 2.25E-02 4.8E-04 4.04E-04 0.2 1.49E-02 2.81E-04 2.68E-04 

Ba - - - - 0.5 1.58E-03 3.31E-05 3.16E-05 

Be 0.4 5.5E-04 6.67E-06 6.67E-06 - - - - 

Cd 0.02 1.41E-03 6.67E-05 5.56E-05 - - - - 

Cr - - - - - - - - 

Co 0.006 7.93E-03 1.88E-04 1.55E-04 - - - - 

Cu - - - - 100 1.39E-05 9.09E-07 8.67E-07 

Pb - - - - 0.1 1.82E-02 3.82E-04 3.65E-04 

Ni 0.05 7.99E-03 2.65E-04 2.24E-04 6 5.87E-04 1.72E-05 1.65E-05 

Se 20 1.41E-04 1.40E-05 1.18E-05 - - - - 

V 0.1 6.06E-03 1.14E-04 9.73E-05 - - - - 
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4.5 Conclusion 

Since coal-fired electrical generating plants are widely regarded as a significant source of 

air pollution, the adoption of carbon capture technology is increasing. However, safety is 

important to the public acceptance; consequently, RA should be conducted on the carbon 

capture technology. This study focuses on examining the health impacts of the post-

combustion CO2 capture technology compared to the oxy-fuel combustion CO2 capture 

technology.  

The risks to human health are studied based on data on air pollutants obtained from the 

LCA models (Manuilova, 2011; Koiwanit et al., 2014b) and the modeling tools of 

AERMOD and AQBAT are used. The levels of emissions in the “no capture” scenario 

are used as the baseline and a decrease in adverse health outcomes is expected from 

reduced emissions in the “capture” scenarios. The focus of this study is on health 

outcomes associated with both acute and chronic exposures. Although the air pollutants 

of PM2.5, NO2, SO2, O3 and CO can be evaluated using the AQBAT model, this study 

only focuses on the pollutants of PM2.5, SO2, and NO2. The O3 and CO are ignored 

because the oxy-fuel and post-combustion CO2 capture technologies have zero emissions 

for these two pollutants. Moreover, even though CO is also emitted from the coal-fired 

electrical generating plants, since it is rapidly converted in the atmosphere to CO2, CO is 

not considered. Both the oxy-fuel and post-combustion CO2 capture technologies 

generate less air pollution. 

The AQBAT modeling results show that significant benefits are associated with their 

adoption due to the associated decrease in air pollution. Between the two technologies, 

the oxy-fuel system has a better performance than the post-combustion CO2 capture 
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system because the CO2 purification and compression unit in the oxy-fuel combustion 

system can achieve near-zero emissions of all critical pollutants. The reductions in the 

concentrations of NO2, PM2.5, and SO2 emissions account for the largest benefits in the 

categories of acute respiratory problems, asthma, and restricted activity health outcomes. 

Compared to the “no capture” scenario, the cumulated reduction in cases of adverse 

health impacts due to the oxy-fuel and post-combustion CO2 capture systems have 

remained largely unchanged (less than a difference of 1 case-experienced reduction) in 

terms of health effects related to acute exposure mortality, cardiac emergency room visits, 

cardiac hospital admissions, respiratory hospital admissions, chronic exposure respiratory 

mortality, chronic exposure cerebrovascular mortality, and chronic exposure lung cancer 

mortality. It can be observed that PM2.5 is responsible for more health risks than NO2 and 

SO2 because PM2.5 is the cause of twelve health outcomes while there is only one health 

outcome caused by NO2 and SO2. However, these damages vary depending on the 

exposure per unit of emissions for the population in question, the atmospheric conditions, 

the types of fuel, and the control technology. 

In terms of Hg and heavy metals, the cancer and non-cancer risks are studied based on 

data on air pollutants obtained from the LCA models and the AERMOD modeling tool 

and cancer and non-cancer equations are used. The results show that the emissions from 

the three stacks posed cancer risks of less than one chance in a million (1 x 10
-6

). There 

are only two emissions from the “no capture” scenario that cause the inhalation cancer 

risks of more than 1 x 10
-6

. As and Cr are the primary contributors to these risks. In terms 

of non-cancer risks, the results show that all HQ values were less than one. This indicates 
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that pollutants concentration from the three stacks are below RfC values and unlikely to 

cause any non-cancer health effects.  

In general, it can be concluded that there are significant health benefits associated with 

applying the oxy-fuel and post-combustion CO2 capture technologies with the BDPS unit 

3 in Estevan. Even though the increases in some categories of health impacts are 

associated with soil and water pollution, the broad distribution of health impacts 

associated with atmospheric pollutants is significantly reduced. We believe the benefits to 

human health outweigh the negative of increased emissions.   
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5. Cost analysis of carbon capture technology 

 

In this research, the cost is estimated only for the main additional units which are 

required for the oxy-fuel combustion CO2 capture technology system including ASU, 

FGR fan, FGD, CO2 compression and purification, and boiler modification units. The 

capital costs, COE, and COA are evaluated using the IECM software. Input values are 

taken from the IECM modeling; however, if the data is limited, published values can be 

taken as a substitute for certain variables in the equations. After that, the results generated 

from the IECM software will be compared among the results from other oxy-fuel 

combustion CO2 capture technology studies, and post-combustion CO2 capture 

technology studies. All the cost values generated in this study and earlier studies are 

given in US dollars for 2014. This comparison shows which CO2 capture system is more 

efficient in terms of economics. In addition, the IECM results are compared to Peter et al., 

(2004) in order to clarify the results. The study from Peter et al. (2004) is chosen in this 

study because it is highly recommended by professional in the field of study, and all of 

the parameters are important for our research. It is a worth noting that the cost values will 

always fluctuate depending on many parameters such as oil prices (which brings about a 

decrease in transporting materials for construction) and interest rates, etc  (Hall, 1997; 

Garrison, 2015). 

5.1 Cost analysis modeling using the IECM software  

In terms of the cost generated from the IECM software, Table 5.1 and 5.2 show the input 

parameters and results generated from this software, respectively. 

  

http://web.stanford.edu/~rehall/Investment%20Interest%20Rates%20BPEA%201977.pdf
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Table 5.1 All input parameters used in the IECM software 

Oxy-fuel combustion CO2 

capture processes (retrofit) 

Cost components Value Unit 

Overall plant Year Costs Reported 2011 - 

Plant or Project Book Life 30 years 

Activated Carbon Cost 2230 $/ton 

Alum Cost 376.1 $/ton 

Limestone Cost 23.14 $/ton 

ASU Performance Final Oxidant Pressure 14.5 psia 

Number of Operating 

Trains 

1 integer 

Retrofit cost 1 retro $/new $ 

Capital cost Construction Time 2.5 years 

General Facilities Capital 10 %PFC 

Engineering & Home 

Office Fees 7 %PFC 

Project Contingency Cost 15 %PFC 

Process Contingency Cost 5 %PFC 

Royalty Fees 0.5 %PFC 

Months of Fixed O&M 1 months 

Months of Variable O&M 1 months 

Inventory Capital 0.5 %TPC 

O&M cost Electricity Price (Internal) 59.32 $/MWh 

Number of Operating Jobs 2 jobs/shift 

Number of Operating 

Shifts 4.75 shifts/day 

Operating Labor Rate 34.65 $/hr 

Total Maintenance Cost 4 
%TPC 
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Maint. Cost Allocated to 

Labor 

40 % total maint. 

cost 

Administrative & Support 

Cost 

30 % total labor 

cost 

FGD 
Performance 

Maximum SO2 Removal 

Efficiency 

99.00 % 

PM Removal Efficiency 70.00 % 

Absorber Capacity 100.0 % acfm 

Number of Operating 

Absorbers 

1 integer 

Oxidation of CaSO3 to 

CaSO4 

90.00 % 

Wet FGD Power 

Requirement 

3.800 % MWg 

Chloride Removal 

Efficiency 90.00 % 

Retrofit cost Reagent Feed System 1.000 retro $/new $ 

SO2 Removal System 1.000 retro $/new $ 

Flue Gas System 1.000 retro $/new $ 

Solids Handling System 1.000 retro $/new $ 

General Support Area 1.000 retro $/new $ 

Miscellaneous Equipment 1.000 retro $/new $ 

Capital cost Construction Time 2.5 years 

General Facilities Capital 10 %PFC 

Engineering & Home 

Office Fees 7 %PFC 

Project Contingency Cost 15 %PFC 

Process Contingency Cost 5 %PFC 

Royalty Fees 0.5 %PFC 

Months of Fixed O&M 1 months 

Months of Variable O&M 1 months 
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Inventory Capital 0.5 %TPC 

O&M cost Electricity Price (Internal) 59.32 $/MWh 

Number of Operating Jobs 2 jobs/shift 

Number of Operating 

Shifts 

4.75 shifts/day 

Operating Labor Rate 34.65 $/hr 

Total Maintenance Cost 4  
%TPC 

Maint. Cost Allocated to 

Labor 

40 % total 

Administrative & Support 

Cost 

30 % total labor 

FGR & CO2 

purification and 

compression 

unit 

Performance Flue Gas Recycled 70 % 

O2 content entering the 

combustion chamber  

27.91 vol % 

Recycled Gas Temp. 100 deg. F 

Recycle Fan Pressure 

Head 0.14 psia 

Recycle Fan Efficiency 75 % 

Flue Gas Recycle Power 

Requirement 

0.65 % MWg 

CO2 Capture Eff. 95 % 

CO2 Product Purity 95 % 

CO2 Unit Purification 

Energy (direct contact 

cooler, dryer, volatile 

removal unit) 

18 kWh/ton CO2 

CO2 Purification Energy 0.0011 % MWg 

CO2 Product Pressure 2176 psia 

CO2 Product Purity 95.00 % 

CO2 Compressor Eff. 80.00 % 
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CO2 Unit Compression 

Energy 

94.50 kWh/ton CO2 

Retrofit cost Boiler Modifications 1 retro $/new $ 

Flue Gas Recycle Fan 1 retro $/new $ 

CO2 Purification System 1 retro $/new $ 

Direct Contact Cooler 1 retro $/new $ 

CO2 Compression System 1 retro $/new $ 

Capital cost Construction Time 2.5 years 

General Facilities Capital 10 %PFC 

Engineering & Home 

Office Fees 7 %PFC 

Project Contingency Cost 15 %PFC 

Process Contingency Cost 5 %PFC 

Royalty Fees 0.5 %PFC 

Months of Fixed O&M 1 months 

Months of Variable O&M 1 months 

Inventory Capital 0.5 %TPC 

O&M cost 
Misc. Chemicals Cost 

0.26 $/ton CO2 

Electricity Price (Internal) 59.32 $/MWh 

Number of Operating Jobs 2 jobs/shift 

Number of Operating 

Shifts 

4.75 shifts/day 

Operating Labor Rate 34.65 $/hr 

Total Maintenance Cost 4  %TPC 

Maint. Cost Allocated to 

Labor 40  % total 

Administrative & Support 

Cost 30  % total labor 
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Table 5.2 The results generated from the IECM software 

Oxy-fuel combustion CO2 

capture processes (retrofit) 

Cost components Value  

(In 2011) 

Unit 

Overall plant Fixed O&M  15.64 M$/yr 

Variable O&M  3.471 M$/yr 

Total O&M 19.11 M$/yr 

ASU Capital cost Process Facilities Capital 140.4 M$ 

General Facilities Capital 14.04 M$ 

Eng. & Home Office Fees 9.826 M$ 

Project Contingency Cost 21.05 M$ 

Process Contingency Cost 7.018 M$ 

Interest Charges 

(AFUDC) 

16.52 M$ 

Royalty Fees 0.7018 M$ 

Preproduction (Startup) 

Cost 

0.8049 M$ 

Inventory (Working) 

Capital 

0.9615 M$ 

Total Capital Requirement 

(TCR) 

211.3 M$ 

O&M cost Total Variable Costs 

(electricity) 

1.957 M$/yr 

Operating Labor 0.8027 M$/yr 

Maintenance Labor 3.077 M$/yr 

Maintenance Material 4.615 M$/yr 

Admin. & Support Labor 1.164 M$/yr 

Total Fixed Costs 9.658 M$/yr 

Total O&M Costs 11.62 M$/yr 

FGD Capital cost Process Facilities Capital 31.29 M$ 



 

 

249 

 

General Facilities Capital 3.129 M$ 

Eng. & Home Office Fees 2.190 M$ 

Project Contingency Cost 4.693 M$ 

Process Contingency Cost 1.564 M$ 

Interest Charges 

(AFUDC) 

3.683 M$ 

Royalty Fees 0.1564 M$ 

Preproduction (Startup) 

Cost 

1.198 M$ 

Inventory (Working) 

Capital 

0.2143 M$ 

Total Capital Requirement 

(TCR) 

48.11 M$ 

O&M cost Total Variable Costs 

(reagent and electricity) 

0.5072 M$/yr 

Operating Labor 0.8027 M$/yr 

Maintenance Labor 0.6858 M$/yr 

Maintenance Material 1.029 M$/yr 

Admin. & Support Labor 0.4465 M$/yr 

Total Fixed Costs 2.964 M$/yr 

Total O&M Costs 3.471 M$/yr 

FGR & CO2 

purification 

and 

compression 

unit 

Capital cost Process Facilities Capital 32.18 M$ 

General Facilities Capital 3.218 M$ 

Eng. & Home Office Fees 2.253 M$ 

Project Contingency Cost 4.827 M$ 

Process Contingency Cost 1.609 M$ 

Interest Charges 

(AFUDC) 

3.788 M$ 

Royalty Fees 0.1609 M$ 

Preproduction (Start up) 
1.231 M$ 
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Cost 

Inventory (Working) 

Capital 

0.2204 M$ 

Total Capital Requirement 

(TCR) 

49.49 M$ 

O&M cost Total Variable Costs 

(chemicals and power) 

1.006 M$/yr 

Operating Labor 0.8027 M$/yr 

Maintenance Labor 0.7054 M$/yr 

Maintenance Material 1.058 M$/yr 

Admin. & Support Labor 0.4524 M$/yr 

Total Fixed Costs 3.018 M$/yr 

Total O&M Costs 4.025 M$/yr 
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5.2 Results and comparisons between the IECM software and other studies 

This study compares the capital cost, COE, and COA of the oxy-fuel combustion CO2 

capture technology generated from IECM and other studies (Simbeck, 2001; Singh et al., 

2003; Stromburg et al., 2008; Herzog, 2009; Varagani et al., 2005; and Kleme  et al., 

2007). The aim of this comparison is to observe the trends of the three cost types of the 

oxy-fuel combustion CO2 capture technology, and then compare with those of the post 

combustion CO2 capture technology. The comparisons are as follows: 

5.2.1 The capital cost 

The total capital cost considers the overall carbon capture system, which mainly includes 

electrical generating plant construction. Figure 5.1 shows the total capital costs which are 

significantly different between oxy-fuel and post-combustion CO2 capture technologies. 

This comparison shows that the capital cost of the oxy-fuel technology is higher than that 

of post-combustion system. This is because ASU in the oxy-fuel combustion system is 

the largest consumer of the energy and the most expensive component. In the oxy-fuel 

system, the capital cost ranged from 1162 to 3583 $/kW, while that of the post-

combustion cost is from 563 to 1354 $/kW. Moreover, different plant sizes affect the cost 

comparison in which the cost per unit output normally decreases with increases in the 

plant size (Davison, 2007; Singh et al., 2003). For example, in this study, if the plant size 

is changed from 150 MW to 300 MW or 450 MW, the capital cost will be 3304 and 2786 

$/kW, respectively. However, different studies take different units into account, which 

brings about differences in the cost results. For example, this study takes the FGD unit 

into account but not in (Simbeck, 2001; Singh et al., 2003). If the FGD unit is excluded in 

this study, the capital cost will be significantly decreased from 3583 $/kW to 3023 $/kW. 
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In addition, different studies analyze the cost using different tools, and each of them takes 

different input parameters into account. These are the main reasons to explain the 

differences in the capital cost results between this and other studies shown in the Figure 

5.1. When the capital cost in this study and other studies is compared to the capital cost in 

SaskPower’s carbon capture project, there is a significant difference in the estimated and 

the actual capital cost. In most utilities, the interest on construction cost is capitalised. 

This is one reason the calculated costs of a plant per installed kWh are smaller than the 

actual costs when completed. This implies that calculated costs are tentative and do not 

reflect the actual costs.   
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Figure 5.1 Total capital cost between this present study and other studies
1
  

(original in colour)   

 
 
 
 
 
 

 

 

 

 

 

 

 

1
 The estimated capital cost for SaskPower is approximately $1.355 billion for plant refurbishment and the 

flue-gas clean-up and CO2 capture. The CO2 capture and compression is around $677 million (50% of the 

capital cost) and the flue gas clean-up, including both mercury and sulphur oxides, is around $271 million 

(20% of the capital cost). It is expected that the bulk of the capital for the flue gas clean-up will be for the 

sulphur oxide capture and sulphuric acid production (CCPA, 2015; SaskPower, 2014). However, this 

capital cost is not the end of the cost over-runs.  
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 5.2.2 Cost of electricity (COE)  

There are many factors that change over the operation life of a plant that affect the COE 

(Rubin, 2012). The input parameters for COE calculation include the plant size, capital 

costs, capacity factor, O&M costs, thermal efficiency, expected plant lifetime, the 

discount rate, and fuel costs (Giovanni & Richards, 2010).  

As a result of CO2 capture, all studies indicate increases to the COE. This is because 

carbon capture technology consumes additional energy to capture CO2 emissions. In this 

present work, the COE from IECM is 151 $/MWh; this is higher than other studies (48-

85 $/MWh) since this work is applied to a smaller electrical generating plant (150 MW) 

than others (500-1000 MW). In addition, according to Stromburg et al. (2008) and 

Varagani et al. (2005), there is lower COE in the oxy-fuel combustion system than that of 

the post-combustion CO2 capture technology. In these two studies and in (Herzog, 2009), 

COE is spilt into capital cost, O&M costs, and fuel. Other than the ASU, FGD, and CO2 

purification and compression units, flue gas condensation (FGC) is included in the flue 

gas clean up system in the oxy-fuel combustion system in (Stromburg et al., 2008), while 

SCR is used in post-combustion in (Varagani et al., 2005). Both FGC and SCR bring 

about an increase in capital and variable O&M costs which affect COE. Moreover, more 

O&M variable cost is used in the post-combustion system than that in the oxy-fuel 

combustion system, mainly due to MEA (Stromburg et al., 2008; Varagani et al., 2005). 

The comparison of the COE is shown in Figure 5.2. 
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Figure 5.2 COE between this present study and other studies
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 The COE for SaskPower is broken down as 75% capital cost, 15% fuel, and 10% O&M (SaskPower, 

2014).   
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5.2.3 Cost of CO2 avoided (COA) 

Energy from plants with carbon capture technology is certainly more expensive than from 

plants without it. The CO2 avoided cost is one of the most common measures of carbon 

capture cost to indicate the effectiveness of the plants with this technology (Kleme  et al., 

2007; Rubin, 2012). This cost is different than the cost of CO2 captured, as it compares a 

plant with CO2 capture to a reference case scenario without CO2 capture and then defines 

the average cost of an avoided tonne of atmospheric CO2 emissions, while still providing 

a product (electricity). In contrast, CO2 captured cost is the total incremental cost of 

capture divided by the number of CO2 captured. COA is equal to the difference between 

COE per kWh generation in the carbon capture process and in a conventional electrical 

generating plant without carbon capture technology, then divided by the difference 

between tonne of CO2 avoided per kWh emitted to the air in the reference scenario and in 

the carbon capture scenario. 

Based on the same 300 MW gross in the oxy-fuel and post-combustion CO2 capture 

technologies, Simbeck (2001) demonstrates that between the two CO2 capture 

technologies, the oxy-fuel combustion CO2 capture technology has the lower COA. In 

Figure 5.3, the COA results from Simbeck (2001) shows that the COA are 32 and 38 

$/tCO2 for the case of the oxy-fuel and post-combustion systems, respectively. The 

results reveal the same COA trend of the other two studies. Singh et al. (2003) reveals 

that it is 43 $/tCO2 from the oxy-fuel system, compared to 68 $/tCO2 from the post-

combustion CO2 capture technology. Varagani et al. (2005) reveals the COA trend, where 

there is a 18 $/tCO2 difference in the post- and oxy-fuel combustion CO2 capture 

technologies. The COA of the oxy-fuel combustion system shows better results in 
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comparison to the post-combustion system mainly due to the variable O&M cost, which 

is the chemical cost required in the post-combustion system. However, when the smaller 

plant is applied to the main focus of this study, the results show significantly higher COE 

and COA than other studies. For example, there are 151 $/MWh and 140 $/tCO2 in COE 

and COA, respectively, when the plant size of 150 MW is applied. However, the cost for 

450 MW plant size is 120 $/MWh and 110 $/tCO2 in COE and COA, respectively. This 

signifies that a higher the plant capacity corresponds to lower costs. COE is equal to TRR 

divided by the multiplication of MWnet and HPY. TRR is a total annual revenue 

requirement ($/yr), which is equal to the summation of the total annualized capital cost 

($/yr) and the total annual O&M cost ($/yr). MWnet is a net power generation capacity 

(MW), while HPY is annual hours of operation (hrs/yr). When we compare a large-scale 

plant and a small-scale plant on a per-kWh basis, the COE for the bigger plant is less than 

the smaller plant. This is true even though the TRR and MWnet of the bigger plant show 

higher results. In terms of COA, it is positively correlated with COE, in which it is equal 

to the difference between COE per kWh generation in the carbon capture process and in a 

conventional electrical generating plant without carbon capture technology, then divided 

by the difference between tonne of CO2 avoided per kWh emitted to the air in the 

reference scenario and in the carbon capture scenario. The proportionality of COE and 

COA is shown in Figure 5.4.  
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Figure 5.3 COA between this present study and other studies 

 

Figure 5.4 Proportionality of COE and COA in the oxy-fuel combustion system 

(original in colour) 
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5.3 Results and comparisons between the IECM software and the study by Peter et 

al., (2004) 

The capital costs, COE, and COA are evaluated based on the equations in (Peter et al., 

(2004)) and then compare to the IECM results. In this study, the default value of each 

parameter is taken from (Peter et al., (2004)). However, the base cost of all equipment is 

taken from the IECM modeling, while the adjustment factors are taken from published 

values, which include (Pehnt and Henkel, 2009; Pei associate Inc., 1987; The institute of 

materials, minerals and mining, 2008; Pham et al., 2012; Bonnin-Nartker et al., 2012; 

Gansley, 2008). All the equations given in the (Peter et al., (2004)) analysis are provided 

in Appendix E. The results and comparisons are shown in Table 5.3 and 5.4, respectively. 
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Table 5.3 Cost comparison between the IECM and Peter et al., (2004) results 

Cost components IECM results Peter et al., 2004 

results 

Unit 

Cost of ASU 211.3 176 M$ 

Cost of FGR fan, CO2 

purification and compression 

49.49 46.56 M$ 

FGD 48.11 46.98 M$ 

Raw material cost (RAW) 3.53 3.47 M$ 

Utilities cost (UC) - 0.39 M$ 

Labour cost (LC) 2.40 2.42 M$ 

Operating supervision cost (OS) - 0.36 M$ 

Maintenance and repair cost 

(MR) 

11.17 16.17 M$ 

Operating supplies (OSP) - 2.42 M$ 

Laboratory charge (LAB) - 0.36 M$ 

Rayalty (ROY) 1.019 0.301 M$ 

Taxes (property) (TAX) - 5.39 M$ 

Insurance (INS) - 1.45 M$ 

Plant overhead (PO) - 1.45 M$ 

Administration (AD) 2.062 0.484 M$ 

Distribution and selling (DI) - 1.75 M$ 

Research and development (RE) - 1.406 M$ 

 

Table 5.4 Comparison between the costs generated from the IECM tool and Peter et 

al., (2004) 

Types of cost IECM results Peter et al., 2004 

results 

% difference 

Capital cost ($/kW) 3583 3168 11.58 

COE ($/MWh) 151 178 17.88 

COA ($/tCO2) 140 165 17.85 
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As shown in Table 5.4 the capital cost in IECM is higher than that of (Peter et al., (2004)) 

which is mainly due to the different types of parameters taken into account. The capital 

cost model in IECM is calculated using the base cost of equipment, general facilities, 

engineering and home office fees, project contingency cost, process contingency cost, 

interest charges, royalty fees, preproduction (start-up) cost, and inventory (working) 

capital, while costs in (Peter el al., (2004)) are calculated based on fixed-capital and 

working-capital costs (both of which primarily consist of the base cost of equipment and 

the material factors, which create room for a lot of variation in cost). However, the O&M 

costs in the (Peter et al., (2004)) analysis raise the COE and COA higher than those of the 

IECM software. This is because the UC, OS, OSP, LAB, TAX, INS, PO, DI, RE are 

taken into account in the (Peter et al., (2004)) model, while none of these are considered 

in IECM. In addition, the maintenance and repair cost in the (Peter et al., (2004)) analysis, 

which accounts for 41.3% of the total O&M costs, is 44.78% higher than the cost of the 

IECM tool. However, the comparisons between IECM and (Peter et al., (2004)) show that 

the three costs remain within the acceptable range of 20%, as specified in (Santoleri et al., 

2000; Colacioppo, 1999).  

5.4 Conclusion 

Compared to similar studies, this work shows significantly higher capital cost. This is 

because this work is applied to a smaller electrical generating plant than other studies; 

while the capital costs generally decrease with the size of the plant, smaller electrical 

generating plants show greater capital cost per kW. In addition, the capital cost is higher 

in the oxy-fuel combustion system than that of post-combustion CO2 capture technology, 

mainly due to the cost of ASU (Varagani et al., 2005).   
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In regards to COE, in other studies, there is lower COE in the oxy-fuel combustion CO2 

capture technology than that of the post-combustion CO2 capture technology. This is 

because the solvent make up in the post-combustion system leads to an increase in 

variable O&M cost compared to the oxy-fuel combustion system (Bouillon et al., 2009). 

In addition, different studies have different COE due to many input parameters, such as 

the flue gas clean up system, types of fuel, plant size, solvent used, etc. However, this 

study shows the higher COE in the oxy-fuel combustion system compared to the post-

combustion system is mainly due to the application to a smaller plant. In terms of COA, 

the results show the same trend as in COE because the solvent is consumed in the post-

combustion system which leads to higher variable O&M cost, compared to the oxy-fuel 

combustion system. When bigger plants apply the oxy-fuel combustion system, the COA 

becomes lower. This is because COA is positively correlated with COE and also 

evaluated per tonne of CO2.  

The comparison shows that the oxy-fuel combustion CO2 capture technology has the 

lower COE and COA than those of the post-combustion system. However, in this study, 

the oxy-fuel combustion system is applied with the small plant, so the higher number of 

COE and COA are shown (Figure 5.4). 

In addition, there are many variables affecting the capital cost, COE, and COA. For the 

capital cost, different ASU technology and the ASU power requirement are the major 

input parameters that affect the capital cost. The plant size, capacity factor, capital costs, 

and O&M costs are some examples of the input variables for COE. Price of fuels such as 

coal varies depending on the time. In terms of COA, this cost depends on the incremental 
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cost of electricity from the carbon capture technology compared to a conventional 

electrical generating plant and the CO2 emission rate to the air of the carbon capture 

technology compared to a conventional electrical generating plant. 

The study calculates the cost values using the equations from (Peter et al., (2004)) in 

order to compare these cost values with the cost values generated from the IECM 

software. Table 5.4 shows that the three cost values generated from the IECM software 

are all within the acceptable range of 20%. These results are consistent with those of 

(Peter et al., (2004)). This analysis helps to clarify the three cost values generated from 

the IECM software.  
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6. Conclusions and recommendations 

 

6.1 Conclusions 

The carbon capture technology has become a comprehensive technology for ensuring 

reduction of greenhouse gas emissions from electricity generation plants. However, the 

CO2 capture technology requires additional energy for its operation. Consequently, it is 

necessary to evaluate the environmental performance of CO2 capture from a full life 

cycle perspective to comprehensively understand its environmental impacts. This study 

conducts an LCA study of a Canadian lignite-fired electricity generation station with and 

without oxy-fuel combustion CO2 capture.  

Since public acceptance of CO2 capture technologies depends on a reliable demonstration 

of their safety, it is important that the risks associated with this technology are fully 

understood so that the standards and regulatory frameworks required for large-scale 

application of the carbon capture technology can be formulated. Even though the carbon 

capture technology can reduce emissions, it can also result in an increase in cost. 

Consequently, risk and cost analyses are conducted in this study. A number of 

observations related to the research objectives can be drawn from the study, and they are 

discussed as follows. 

6.1.1 Summary of LCIA results 

This study evaluates the two scenarios of (1) no CO2 capture (“no capture”), and (2) oxy-

fuel combustion CO2 capture (“capture”) technologies. In order to clarify the LCI values, 

this study creates a model and compares it with the model utilized in the IECM software 

tool. The results show that the same trend of the LCI results, especially in CO2 and PM 
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emissions, are observed in the model created and the IECM software. However, the 

removal efficiency of SO2, SO3, HCl, NO, NO2 and Hg are different between the two 

models because the IECM model cannot be changed by users; consequently, the 

emissions outputs between these two models are different.  

In terms of the LCIA method, the results in the oxy-fuel combustion CO2 capture 

scenario show an increase in ecotoxicity water and ground-surface soil, human health 

cancer and non-cancer ground-surface soil, human health cancer and non-cancer water, 

and ozone depletion air impact categories compared to the “no capture” scenario. In 

contrast, there are reductions in acidification air, ecotoxicxity air, eutrophication, global 

warming air, human health cancer air, human health non-cancer air, human health criteria 

air-point source, and smog air impact categories. The reductions are observed due to the 

capture of trace elements, PM, CO2 and acid gases, especially SOx, NOx, HCl, and HF in 

the ESP, FGD, and CO2 purification and compression units. Furthermore, using almost 

pure O2 instead of air combustion and a closed loop system helps reduce the emissions, 

especially emissions of NOx. Moreover, the decrease in the eutrophication impact 

category in the oxy-fuel combustion CO2 capture is observed due to fewer emissions of 

NO, NOx, and NO2, since these compounds are removed in the ESP, FGD, and CO2 

purification and compression units. The same trend is observed in the acidification air 

and smog air impact categories due to less NOx emissions produced and emitted. 

However, the captured trace elements from the ESP, FGD, and CO2 purification and 

compression units are deposited in landfills which affect the soil and ground water.  

In addition, sensitivity and uncertainty analyses are conducted so as to explain the 

parameters that affect the LCA results and which characterize the dispersion of the LCIA 
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values, respectively. The sensitivity analysis results show that the reductions in energy 

efficiency, the increase in coal used, and the percentage changes of higher O2 purity 

cause increases in LCIA results in all impact categories. Among these, impact categories 

associated with heavy metals show less sensitivity than other impact categories. This is 

because the heavy metals are influenced by the emission factors and removal rates in 

each unit.  

In terms of uncertainty analysis, the soil toxicity to humans has the highest uncertainty. 

This is because the heavy metals are affected by the removal rates at ESP, FGD, and CO2 

purification and compression units, and most of the heavy metals from ESP and FGD 

units are removed to the soil.  

6.1.2 Summary of risk analysis 

Since the coal-fired electrical generating plant is widely regarded as a significant source 

of air pollution, concerns about the adoption of carbon capture technology are increasing. 

Consequently, it is important that risk assessment be conducted on the carbon capture 

technology.  

The risks to human health are studied based on air pollutants data obtained from LCIA 

study and analyzed using the modeling tools of AERMOD and AQBAT. The levels of 

emissions in the “no capture scenario” are used as the baseline and a decrease in adverse 

health outcomes is expected from reduced emissions in the “capture” scenarios. This 

study focuses on examining the health outcomes associated with both acute and chronic 

exposures to the oxy-fuel combustion CO2 capture technology compared to the post-

combustion CO2 capture technology. Although the air pollutants of PM2.5, NO2, SO2, O3 

and CO can be evaluated using the AQBAT model, this study only focuses on the 
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pollutants of PM2.5, SO2, and NO2. The omission of O3 is because the “capture” scenarios 

have zero emissions for this pollutant. Moreover, even though CO is also emitted from 

the coal-fired electrical generating plants, since it is rapidly converted in the atmosphere 

to CO2, CO is not considered. Both the oxy-fuel and post-combustion CO2 capture 

technologies generate less air pollution. The AQBAT modeling results show that 

significant benefits are associated with their adoption due to their associated decrease in 

air pollution. Between the two technologies, the oxy-fuel system has better performance 

when compared to the post-combustion CO2 capture system because the CO2 purification 

and compression unit in the oxy-fuel combustion system can achieve near-zero emissions 

of all critical pollutants. The unit has high efficiency to remove 95%, 99%, and 100% of 

NO2, PM2.5, and SO2 emissions, respectively. The reductions in the concentrations of NO2, 

PM2.5, and SO2 emissions account for the largest benefits in the categories of acute 

respiratory problems, asthma, and restricted activity health outcomes. Compared to the 

“no capture” scenario, the cumulated reduction in numbers of health effects in acute 

exposure mortality, cardiac emergency room visits, cardiac hospital admissions, 

respiratory hospital admissions, chronic exposure respiratory mortality, chronic exposure 

cerebrovascular mortality, and chronic exposure lung cancer mortality attributed to the 

oxy-fuel and post-combustion CO2 capture systems have remained largely unchanged. It 

can be observed that PM2.5 is responsible for more health risks than NO2 and SO2 because 

PM2.5 is the cause of twelve health outcomes while there is only one health outcome 

caused by NO2 and SO2. However, these damages vary depending on the exposure per 

unit of emissions for the population in question, the atmospheric conditions, the types of 

fuel, and the control technology. 
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In terms of the pollutants of Hg and heavy metals, the cancer and non-cancer risks are 

used to calculate these pollutants for the three CO2 capture scenarios of (i) “no capture”, 

(ii) “oxy-fuel combustion CO2 capture”, and (iii) “post-combustion CO2 capture”. The 

results show that the emissions from the oxy-fuel and post-combustion scenarios pose 

cancer risks of less than one chance in a million (1 x 10
-6

); however, there are two 

emissions from the “no capture” scenario that pose cancer risks of more than 1 x 10
-6

. As 

and Cr are the primary contributors to these risks. In terms of non-cancer risks, the results 

show that all HQ values are less than one. This indicates that pollutant concentration 

from the three stacks will not cause any non-cancer health issues. 

In general, it can be concluded that there are significant health benefits associated with 

the application of the oxy-fuel and post-combustion CO2 capture technologies to the 

BDPS unit 3 in Estevan. Even though the increases in some categories of health impacts 

are associated with soil and water pollution, the broad distribution of health impact 

associated with atmospheric pollutants is significantly reduced. We believe the benefits 

of capture technologies to human health outweigh the negative consequences of increased 

emissions.  

6.1.3 Summary of cost analysis 

The cost analysis of the three cost types of oxy-fuel combustion system has been 

conducted and the results have been compared to previous cost studies. The IECM 

software is used to calculate the three types of costs, which include capital cost, COE, 

and COA. The capital cost shown in this study is significantly higher than in the previous 

studies because the different plant sizes affect the economic comparison in which the cost 

per unit output (kW) normally decreases with plant size increases. In addition, the higher 
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capital cost of the oxy-fuel combustion system over the post-combustion CO2 capture 

technology is largely due to the cost of ASU.  

In other studies, the COE in the oxy-fuel combustion CO2 capture technology is lower 

than that of the post-combustion CO2 capture technology. This is a consequence of the 

solvent make up in the post-combustion system leading to an increase in variable O&M 

cost compared to the oxy-fuel combustion system. In addition, different studies show 

differences in COE due to the flue gas clean up system, types of fuel, plant size, solvent 

used, etc. However, this study shows that there is a higher COE in the oxy-fuel 

combustion system compared to the post-combustion system. This is mainly due to the 

system being applied to a smaller plant. This difference in plant size affects the economic 

comparisons. The COE per unit output (MWh) normally decreases with plant size 

increases.  

In terms of COA, the same trend is shown as in COE, as a result of the solvent being 

consumed in the post-combustion system, which leads to a higher variable O&M cost, 

compared to the oxy-fuel combustion system. When bigger plants apply the oxy-fuel 

combustion system, the COA is lower. This is because COA is calculated based on per 

tonne of CO2 and its value decreases with increases in plant size. 

The oxy-fuel combustion CO2 capture technology has lower COE and COA than that of 

the post-combustion system as shown in the comparison. However, the oxy-fuel 

combustion system is applied with the smaller plant in this study, so the higher numbers 

of COA and COE are shown. 
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In this study, cost analysis is also calculated using the equations from (Peter et al., (2004)) 

and the results are compared with those of the IECM software tool. The comparisons 

show acceptable cost values between the cost results from the IECM software and from 

(Peter et al., (2004)). 

6.2 Contributions 

The main contributions in this study include: 

 The 15 measurable environmental effects are evaluated using TRACI methodology over 

all phases of the life cycle of coal-fired electricity generation with oxy-fuel combustion CO2 

capture technology. In addition, the results are compared to those of the conventional power plant 

without CO2 capture technology. The comparison shows that each scenario uses different 

amounts of raw materials and energy, resulting in different amounts of environmental impacts. 

 This study produces a database for the oxy-fuel combustion CO2 capture using an 

LCA approach in Saskatchewan, Canada. Such a database was previously unavailable in 

the literature; the database produced can be useful for future studies on the oxy-fuel 

combustion technology. 

 This study explains all the related processes in the oxy-fuel combustion system in 

details using an LCA approach.  LCA is a methodology that studies the entire life cycle 

of a product, in which complex systems are broken down into elementary flows. This 

helps to easily evaluate the emission reductions of an electricity generation station with 

CO2 capture from a full life cycle perspective and a better understanding of the CO2 

capture operations can be obtained.  

 Even though CO2 capture technologies can result in a more complex electricity 

generating plant, this study shows the measurable environmental performance of the 
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entire life of the oxy-fuel combustion CO2 capture technology using the LCA approach. 

In doing so, the study generates all the emission outputs, which support decision makers 

in quantifying the differences, in effectiveness and feasibility, among the CO2 capture 

technologies.  

 As the use of an effective CO2 capture technology has become important for 

ensuring reduction of CO2 emissions, this reduces risk to human health and in cost. This 

study provides the risk results to confirm that the oxy-fuel combustion CO2 capture 

technology is safe and reliable. The cost results related to the oxy-fuel combustion CO2 

capture technology is also analyzed to show the incremental cost associated with the CO2 

capture system and which unit area in the system should be improved.  

 The entire life cycle of the oxy-fuel combustion system is associated with 

environmental performance, environmental effects, and cost. In addition, the LCI results 

in the LCA study can be directly used to generate the risk results. Hence, these three tools 

can be used to not only focus on the environmental impacts but also the cost related to the 

oxy-fuel combustion system.  

6.3 Future works 

This study has conducted LCA of the oxy-fuel combustion CO2 capture technology 

together with the risk and cost analyses, some direction for future works include: 

 There are some weaknesses in the current version of the LCA analysis. Except for 

Hg, there are no available emission factors for heavy metal emissions specific to the 

Canadian context. This study use data for coal (including Hg) at an average coal-fired 

electrical generating station in the U.S. In the future, this LCA study should be extended 

to include Canada-specific data on emission factors. Data on heavy metal emissions can 
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be collected based on the property of coal from North Dakota which is the coal that 

Canadian plants use, and then entering the emissions data per 1 MWh (a functional unit 

in the LCA study) into the GaBi 5 software tool.  

  There is a lack of research on Canada-based LCIA methodology. This lack is due to 

the fact that a mature LCIA method that uses Canada as the geographic reference does 

not exist. To develop a Canadian version, the characterization factors specific to Canada 

will need to be developed as these factors are crucial for converting emissions and wastes 

into environmental impact categories.  

 A limitation in the AQBAT software is that other emissions such as Hg and heavy 

metals are not considered, and also there are no CRF data provided for these emissions. It 

is recommended for future work that this limitation of the modeling tool be addressed. 

 A limitation in the cancer and non-cancer risks calculation is that there are no URF 

and RfC data provided for some types of heavy metals. It is recommended that this 

limitation of the calculations be remedied for future work. 

 Oxy-fuel combustion CO2 capture technology significantly assists in capturing 

emissions before venting into the air, yet, the cost of the technology associated with ASU 

is the major concern. There are other types of technology that can be used in ASU, 

instead of the cryogenic technology. One of them is called membrane technology, which 

can produce a high purity but low amount of O2. If we adopt this technology, the ASU 

cost will be lower. More research is needed on more cost effective technology for ASU. 
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Appendix A 

Advantages and disadvantages of software tools 

 

Table A.1 Comparison of simulation between the MS Excel spreadsheet and software tools (modified from Querol et al., 2011;  

Karimi, 2009; Alnur Auli et al., 2013; Verhoef et al., 2008) 

 MS Excel spreadsheet Software tools 

Aspen plus UniSim IECM Promax 

Ad-

van-

tages 

-  The results and the 

formula are written on 

the cells which are 

visible and editable  

 

-  A very powerful data 

base especially in the 

chemical industry and oil 

refining process 

 

-  The flowsheet is user 

friendly for creating and 

checking  

 

- A user-friendly 

software tool 

- A simple user 

interface 

 

 

- There is free access to 

the application 

 

-  It can handle very 

complex processes 

 

- The data base is 

powerful 

 

- Provides max, min, 

and default values. 

- It is combined with 

Microsoft Visio for 

users who are not 

familiar with 

computer-aided 
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design. This is to 

enable the easy 

implementation of 

schematic diagrams 

- There is no protection 

on changes and 

improvements to be 

done 

- It is able to simulate 

various combinations of 

operating units  

 - Less time consuming 

for modeling 

- Tailored towards oil 

and gas industries 

   - A widely used and 

publicly available 

modeling tool 

 

Disad-

van-

tages 

- Gets approximate 

results 

- When users put 

inappropriate information 

into the program, the 

program will give 

nonsensical results or an 

error message.  

 

- It allows users to do 

impossible things in 

their modeling, such as 

water flowing below its 

freezing point  

- Some emissions 

results cannot be 

calculated such as the 

heavy metals and 

VOCs 

- The program does 

not allow users to 

enter kinetic equations 

- Finding all related 

equations is time 

consuming 

- It contains a lot of 

information which makes 

the program complicated 

and difficult to learn and 

work with. 

 

- The program does not 

allow users to enter 

kinetic equations  

- Only specific to coal-

fired power plants 
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Appendix B 

All components in the oxy-fuel combustion CO2 capture 

technology modeled using the GaBi 5 software tool 

 

This research conducts individual modeling on the nine components including: “ASU 

construction”, “power plant construction oxy”, “SK surface coal (lignite) (oxy)”, “ASU 

(oxy)”, “BDPS-boiler (oxy)”, “BDPS-ESP”, “BDPS-FGD (oxy)”, “Limestone flour”, and 

“CO2 conditioning (oxy)”, as shown in Figure B.1. 

For example, the modeling process of “ASU (oxy)” is shown in Figure B.2. As shown in 

the left hand side of Figure B.2, the inputs are “In_Air” and “ASU_power”. In the right 

hand side of Figure B.2, the outputs include “PPUwaste C3H6”, “Waste_N2”, “Exit_O2”, 

etc. Some outputs of ASU will become the inputs of the next component which include 

“Exit O2”, “Exit Ar”, and “Exit N2”. However, the rest will be emitted to the air such as 

“PPUwaste C3H6”, “waste N2” etc. After the modeling is completed, the result is 

converted to impact categories by using the characterization factors in TRACI. The 

impacts of each emission component are calculated, and then aggregated to get the total 

result for each impact category. For example, the LCIA result for ozone depletion air is 

calculated after the modeling and shown in Figure B.3. 
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Figure B.1 All components in the oxy-fuel combustion CO2 capture technology 

 

Figure B.2 The modeling process of “ASU (oxy)” in GaBi 5 

 (original in colour) 
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As can be seen from Figure B.3, the total impact to ozone depletion air is 5.87E-06 kg 

CFC 11-equivalent, and this result comes from the ASU construction, power plant 

construction, SK surface coal, and limestone components.  
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Figure B.3 The LCIA results for the ozone depletion air impact category 

(original in colour) 
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Appendix C 

Inputs and outputs of all processes in  

the oxy-fuel combustion CO2 capture technology 

 

All inputs and outputs of each oxy-fuel combustion CO2 capture technology’s process are 

included in the GaBi 5 software as follows: 
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Table C.1 All inputs and outputs of each oxy-fuel combustion system’s process in 

the GaBi 5 software 

Process Input Amount Unit Output Amount Unit 

ASU 

construction 

 

Steel hot rolled 0.0696 kg Air separation unit 

(material 

resources) 

0.0887 kg 

 Ready-mix 

concrete 

0.0112 kg Steel scrap 0.0591 kg 

 Lignite Canada 0.000281 kg    

Power plant 

construction 

Lignite 0.0118 kg Steel scrap 0.218 kg 

 Steel hot rolled 0.257 kg Power plant 

materials 

1.06 kg 

SK coal Lignite Canada 1225.53 kg Lignite Canada 1225.53 kg 

    Methane 0.0735 kg 

    Carbon dioxide 63.1 kg 

Limestone Gypsum 4.38E-06 kg Limestone 13.6 kg 

 Limestone 15 kg    

 energy 0.00016 MWh    

ASU air [Renewable 

resources] 

 

6137.8868

9 

 

Kg Argon [Renewable 

resources] 

70.97788 kg 

 Electricity 0.2691340

6435272 

MWh Nitrogen 

[Renewable 

resources] 

6.78398 kg 

    Oxygen 

[Renewable 

resources] 

1227.577 kg 

    acetylene 

[Emissions to air] 

0.006138 kg 

    Ammonia 

[Inorganic 

emissions to air] 

0.000472 kg 

    Carbon dioxide 

[Inorganic 

emissions to air] 

2.430603 kg 

    Ethene (ethylene) 

[Group NMVOC 

to air] 

0.000921 kg 

    Hydrocarbons, 

chloro- (HCl) 

[Halogenated 

organic emissions 

to air] 

0.000307 kg 

    Nitrogen 

(atmospheric 

4182.324 kg 
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nitrogen) 

[Inorganic 

emissions to air] 

    Nitrogen oxides 

[Inorganic 

emissions to air] 

0.000307 kg 

    Nitrous oxide 

(laughing gas) 

[Inorganic 

emissions to air] 

0.000921 kg 

    Ozone [Inorganic 

emissions to air] 

0.001228 kg 

    Propene 

(propylene) [Group 

NMVOC to air] 

0.001228 kg 

    Sulphur dioxide 

[Inorganic 

emissions to air] 

0.000614 kg 

    Waste heat [Other 

emissions to air] 

63.82748 MW

h 

    Water Vapour 

[Emissions to air] 

61.37887 kg 

Boiler Power plant 

[Materials] 

1.06 kg Ash [Waste for 

recovery] 

72.9025 kg 

 air separation 

unit [Material 

resources] 

0.0887 kg Carbon dioxide 

[Inorganic 

emissions to air] 

1866.007 kg 

 Oxygen 

[Renewable 

resources] 

1227.577 kg Cooling water 

[Waste for 

recovery] 

6.318307 kg 

 Nitrogen 

[Renewable 

resources] 

6.78398 kg Dust (PM10) 

[Particles to air] 

13.34238 kg 

 Lignite Canada 

[Lignite 

(resource)] 

1225.139 kg Dust (unspecified) 

[Particles to air] 

37.12661 kg 

 Argon [Non 

renewable 

elements] 

70.97788 kg Electricity 

[Electric power] 

1 MW

h 

    Fly ash (hard coal) 

[Waste for 

recovery] 

53.04913 kg 

    HCl in slag and 

ashes [Hazardous 

waste] 

0.735083 kg 

    HF in slag and 

ashes [Hazardous 

waste] 

0.091885 kg 

    Mercury (+II) 8.71E-05 kg 
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[Heavy metals to 

air] 

    Methane [Organic 

emissions to air 

(group VOC)] 

0.024503 kg 

    Nitrogen dioxide 

[Inorganic 

emissions to air] 

0.238508 kg 

    Nitrogen monoxide 

[Inorganic 

emissions to air] 

2.955429 kg 

    Nitrous oxide 

(laughing gas) 

[Inorganic 

emissions to air] 

0.005881 kg 

    Oxygen 

[Renewable 

resources] 

77.37325 kg 

    Sulphur dioxide 

[Inorganic 

emissions to air] 

7.9389 kg 

    Sulphur trioxide 

[Inorganic 

emissions to air] 

0.165394 kg 

    Surphur 

(bottomash) 

[Waste for 

recovery] 

2.580143 kg 

    Surphur (flyash) 

[Waste for 

recovery] 

2.580143 kg 

    Unburned Carbon 

[Emissions to air] 

4.729036 kg 

    Unburned Carbon 

(Ash) [Waste for 

recovery] 

7.350833 kg 

    VOC (unspecified) 

[Organic emissions 

to air (group 

VOC)] 

0.024503 kg 

    Water Vapour 

[Emissions to air] 

287.7851 kg 

ESP Sulphur 

trioxide 

[Inorganic 

emissions to 

air] 

0.165394 kg Antimony [Heavy 

metals to air] 

4.10E-06 kg 

 Sulphur 

dioxide 

7.9389 kg Antimony [Heavy 

metals to industrial 

1.50E-05 kg 
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[Inorganic 

emissions to 

air] 

soil] 

 Dust (PM10) 

[Particles to 

air] 

13.34238 kg Arsenic (+V) 

[Heavy metals to 

air] 

4.90E-05 kg 

 Dust 

(unspecified) 

[Particles to 

air] 

37.12661 kg Arsenic (+V) 

[Heavy metals to 

industrial soil] 

0.00013 kg 

 Mercury (+II) 

[Heavy metals 

to air] 

8.71E-05 kg Ash [Waste for 

recovery] 

75.48265 kg 

 HF in slag and 

ashes 

[Hazardous 

waste] 

0.091885 kg Barium [Inorganic 

emissions to air] 

1.30E-05 kg 

 HCl in slag and 

ashes 

[Hazardous 

waste] 

0.735083 kg Barium [Inorganic 

emissions to 

industrial soil] 

0.00044 kg 

 Electricity 

[Electric 

power] 

0.00118 MWh Beryllium 

[Inorganic 

emissions to 

industrial soil] 

1.40E-05 kg 

 Carbon dioxide 

[Inorganic 

emissions to 

air] 

1866.007 kg Beryllium 

[Inorganic 

emissions to air] 

1.60E-06 kg 

    Cadmium (+II) 

[Heavy metals to 

industrial soil] 

9.80E-06 kg 

    Cadmium (+II) 

[Heavy metals to 

air] 

4.10E-06 kg 

    Carbon dioxide 

[Inorganic 

emissions to air] 

1866.007 kg 

    Chromium 

(unspecified) 

[Heavy metals to 

air] 

5.90E-05 kg 

    Chromium 

(unspecified) 

[Heavy metals to 

industrial soil] 

0.00022 kg 

    Cobalt [Heavy 

metals to industrial 

soil] 

4.70E-05 kg 
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    Cobalt [Heavy 

metals to air] 

6.90E-06 kg 

    Copper (+II) 

[Heavy metals to 

industrial soil] 

0.00011 kg 

    Copper (+II) 

[Heavy metals to 

air] 

2.30E-05 kg 

    Dust (PM10) 

[Particles to air] 

0.133424 kg 

    Dust (unspecified) 

[Particles to air] 

0.371266 kg 

    Fly ash (hard coal) 

[Waste for 

recovery] 

49.9901 kg 

    HCl in slag and 

ashes [Hazardous 

waste] 

0.735083 kg 

    HF in slag and 

ashes [Hazardous 

waste] 

0.091885 kg 

    Lead (+II) [Heavy 

metals to industrial 

soil] 

0.0001 kg 

    Lead (+II) [Heavy 

metals to air] 

3.00E-05 kg 

    Manganese (+II) 

[Heavy metals to 

air] 

4.30E-06 kg 

    Manganese (+II) 

[Heavy metals to 

industrial soil] 

0.00027 kg 

    Mercury (+II) 

[Heavy metals to 

air] 

8.06E-05 kg 

    Mercury (+II) 

[Heavy metals to 

industrial soil] 

6.53E-06 kg 

    Molybdenum 

[Heavy metals to 

industrial soil] 

3.90E-05 kg 

    Molybdenum 

[Heavy metals to 

air] 

3.80E-05 kg 

    Nickel (+II) 

[Heavy metals to 

industrial soil] 

1.60E-05 kg 

    Nickel (+II) 

[Heavy metals to 

5.80E-05 kg 
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air] 

    Oxygen 

[Renewable 

resources] 

77.37325 kg 

    Selenium [Heavy 

metals to industrial 

soil] 

1.00E-05 kg 

    Selenium [Heavy 

metals to air] 

0.00041 kg 

    Sulphur dioxide 

[Inorganic 

emissions to air] 

7.9389 kg 

    Sulphur trioxide 

[Inorganic 

emissions to air] 

0.124045 kg 

    Surphur 

(bottomash) 

[Waste for 

recovery] 

2.580143 kg 

    Surphur (flyash) 

[Waste for 

recovery] 

2.580143 kg 

    Vanadium (+III) 

[Heavy metals to 

industrial soil] 

0.00032 kg 

    Vanadium (+III) 

[Heavy metals to 

air] 

8.80E-05 kg 

    Water Vapour 

[Emissions to air] 

287.7851 kg 

FGD Water (feed 

water) [Water] 

22.248 kg Antimony [Heavy 

metals to air] 

4.10E-07 kg 

 Sulphur 

trioxide 

[Inorganic 

emissions to 

air] 

0.124045 kg Antimony [Heavy 

metals to industrial 

soil] 

3.69E-06 kg 

 Sulphur 

dioxide 

[Inorganic 

emissions to 

air] 

7.9389 kg Arsenic (+V) 

[Heavy metals to 

air] 

4.41E-06 kg 

 Dust (PM10) 

[Particles to 

air] 

0.133424 kg Arsenic (+V) 

[Heavy metals to 

industrial soil] 

4.46E-05 kg 

 Dust 

(unspecified) 

[Particles to 

air] 

0.371266 kg Barium [Inorganic 

emissions to 

industrial soil] 

1.17E-05 kg 
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 Oxygen 

[Renewable 

resources] 

77.37325 kg Barium [Inorganic 

emissions to air] 

1.30E-06 kg 

 Nitrogen 

dioxide 

[Inorganic 

emissions to 

air] 

0.238508 kg Beryllium 

[Inorganic 

emissions to 

industrial soil] 

1.52E-06 kg 

 Nitrogen 

monoxide 

[Inorganic 

emissions to 

air] 

2.955429 kg Beryllium 

[Inorganic 

emissions to air] 

8.00E-08 kg 

 Vanadium 

(+III) [Heavy 

metals to air] 

8.80E-05 kg Cadmium (+II) 

[Heavy metals to 

industrial soil] 

3.28E-06 kg 

 Selenium 

[Heavy metals 

to air] 

0.00041 kg Cadmium (+II) 

[Heavy metals to 

air] 

8.20E-07 kg 

 Antimony 

[Heavy metals 

to air] 

4.10E-06 kg Carbon dioxide 

[Inorganic 

emissions to air] 

1873.849 kg 

 Lead (+II) 

[Heavy metals 

to air] 

3.00E-05 kg Chromium 

(unspecified) 

[Heavy metals to 

air] 

7.08E-06 kg 

 Nickel (+II) 

[Heavy metals 

to air] 

5.80E-05 kg Chromium 

(unspecified) 

[Heavy metals to 

industrial soil] 

5.19E-05 kg 

 Molybdenum 

[Heavy metals 

to air] 

3.80E-05 kg Cobalt [Heavy 

metals to industrial 

soil] 

6.21E-06 kg 

 Manganese 

(+II) [Heavy 

metals to air] 

4.30E-06 kg Cobalt [Heavy 

metals to air] 

6.90E-07 kg 

 Copper (+II) 

[Heavy metals 

to air] 

2.30E-05 kg Copper (+II) 

[Heavy metals to 

air] 

7.13E-06 kg 

 Chromium 

(unspecified) 

[Heavy metals 

to air] 

5.90E-05 kg Copper (+II) 

[Heavy metals to 

industrial soil] 

1.59E-05 kg 

 Cobalt [Heavy 

metals to air] 

6.90E-06 kg Dust (unspecified) 

[Particles to air] 

0.151407 kg 

 Cadmium (+II) 

[Heavy metals 

to air] 

4.10E-06 kg HCl in slag and 

ashes [Hazardous 

waste] 

0.073508 kg 

 Beryllium 1.60E-06 kg HF in slag and 0.027566 kg 
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[Inorganic 

emissions to 

air] 

ashes [Hazardous 

waste] 

 Barium 

[Inorganic 

emissions to 

air] 

1.30E-05 kg Lead (+II) [Heavy 

metals to industrial 

soil] 

2.70E-05 kg 

 Arsenic (+V) 

[Heavy metals 

to air] 

4.90E-05 kg Lead (+II) [Heavy 

metals to air] 

3.00E-06 kg 

 Mercury (+II) 

[Heavy metals 

to air] 

8.06E-05 kg Manganese (+II) 

[Heavy metals to 

industrial soil] 

4.00E-06 kg 

 HF in slag and 

ashes 

[Hazardous 

waste] 

0.091885 kg Manganese (+II) 

[Heavy metals to 

air] 

3.01E-07 kg 

 HCl in slag and 

ashes 

[Hazardous 

waste] 

0.735083 kg Mercury (+II) 

[Heavy metals to 

air] 

8.06E-06 kg 

 Water Vapour 

[Emissions to 

air] 

287.7851 kg Molybdenum 

[Heavy metals to 

industrial soil] 

3.42E-05 kg 

 Electricity 

[Electric 

power] 

0.038 MWh Molybdenum 

[Heavy metals to 

air] 

3.80E-06 kg 

 Carbon dioxide 

[Inorganic 

emissions to 

air] 

1866.007 kg Nickel (+II) 

[Heavy metals to 

air] 

8.12E-06 kg 

 Limestone 

flour 

[Minerals] 

13.63694 kg Nickel (+II) 

[Heavy metals to 

industrial soil] 

4.99E-05 kg 

    Nitrogen dioxide 

[Inorganic 

emissions to air] 

0.238508 kg 

    Nitrogen monoxide 

[Inorganic 

emissions to air] 

2.955429 kg 

    Oxygen 

[Renewable 

resources] 

73.94526 kg 

    Selenium [Heavy 

metals to air] 

0.000172 kg 

    Selenium [Heavy 

metals to industrial 

soil] 

0.000238 kg 

    Sulphur dioxide 0.158778 kg 
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[Inorganic 

emissions to air] 

    Sulphur trioxide 

[Inorganic 

emissions to air] 

0.062023 kg 

    Vanadium (+III) 

[Heavy metals to 

air] 

7.04E-06 kg 

    Vanadium (+III) 

[Heavy metals to 

industrial soil] 

8.10E-05 kg 

    Waste (solid) 

[Waste for 

disposal] 

24.29422 kg 

    Water Vapour 

[Emissions to air] 

310.0331 kg 

CO2 

purification 

and 

compression 

Sulphur 

trioxide 

[Inorganic 

emissions to 

air] 

0.062023 kg Antimony [Heavy 

metals to fresh 

water] 

3.69E-07 kg 

 Sulphur 

dioxide 

[Inorganic 

emissions to 

air] 

0.158778 kg Antimony [Heavy 

metals to air] 

3.73E-07 kg 

 Dust 

(unspecified) 

[Particles to 

air] 

0.151407 kg Arsenic (+V) 

[Heavy metals to 

air] 

4.41E-07 kg 

 Nitrogen 

dioxide 

[Inorganic 

emissions to 

air] 

0.238508 kg Arsenic (+V) 

[Heavy metals to 

fresh water] 

3.97E-06 kg 

 Nitrogen 

monoxide 

[Inorganic 

emissions to 

air] 

2.955429 kg Barium [Inorganic 

emissions to air] 

1.30E-07 kg 

 Vanadium 

(+III) [Heavy 

metals to air] 

7.04E-06 kg Barium [Inorganic 

emissions to fresh 

water] 

1.17E-06 kg 

 Selenium 

[Heavy metals 

to air] 

0.000172 kg Beryllium 

[Inorganic 

emissions to fresh 

water] 

7.20E-08 kg 

 Antimony 

[Heavy metals 

4.10E-07 kg Beryllium 

[Inorganic 

8.00E-09 kg 
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to air] emissions to air] 

 Lead (+II) 

[Heavy metals 

to air] 

3.00E-06 kg Cadmium (+II) 

[Heavy metals to 

air] 

8.20E-08 kg 

 Nickel (+II) 

[Heavy metals 

to air] 

8.12E-06 kg Cadmium (+II) 

[Heavy metals to 

fresh water] 

7.38E-07 kg 

 Molybdenum 

[Heavy metals 

to air] 

3.80E-06 kg Carbon dioxide 

[Inorganic 

emissions to air] 

93.69244 kg 

 Manganese 

(+II) [Heavy 

metals to air] 

3.01E-07 kg Carbon dioxide 

[Inorganic 

intermediate 

products] 

1780.156 kg 

 Copper (+II) 

[Heavy metals 

to air] 

7.13E-06 kg Chromium 

(unspecified) 

[Heavy metals to 

air] 

7.08E-07 kg 

 Chromium 

(unspecified) 

[Heavy metals 

to air] 

7.08E-06 kg Chromium 

(unspecified) 

[Heavy metals to 

fresh water] 

6.37E-06 kg 

 Cobalt [Heavy 

metals to air] 

6.90E-07 kg Cobalt [Heavy 

metals to air] 

6.90E-08 kg 

 Cadmium (+II) 

[Heavy metals 

to air] 

8.20E-07 kg Cobalt [Heavy 

metals to fresh 

water] 

6.21E-07 kg 

 Beryllium 

[Inorganic 

emissions to 

air] 

8.00E-08 kg Copper (+II) 

[Heavy metals to 

fresh water] 

6.42E-06 kg 

 Barium 

[Inorganic 

emissions to 

air] 

1.30E-06 kg Copper (+II) 

[Heavy metals to 

air] 

7.13E-07 kg 

 Arsenic (+V) 

[Heavy metals 

to air] 

4.41E-06 kg Dust (unspecified) 

[Particles to air] 

0.001514 kg 

 Mercury (+II) 

[Heavy metals 

to air] 

8.06E-06 kg HCl [Other 

emissions to fresh 

water] 

0.073508 kg 

 HF in slag and 

ashes 

[Hazardous 

waste] 

0.027566 kg HCl in slag and 

ashes [Hazardous 

waste] 

0 kg 

 HCl in slag and 

ashes 

[Hazardous 

waste] 

0.073508 kg HF [Other 

emissions to fresh 

water] 

0.027566 kg 
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 Electricity 

[Electric 

power] 

0.11016 MWh HF in slag and 

ashes [Hazardous 

waste] 

0 kg 

 Carbon dioxide 

[Inorganic 

emissions to 

air] 

1873.849 kg Lead (+II) [Heavy 

metals to air] 

3.00E-07 kg 

    Lead (+II) [Heavy 

metals to fresh 

water] 

2.70E-06 kg 

    Manganese (+II) 

[Heavy metals to 

fresh water] 

2.71E-07 kg 

    Manganese (+II) 

[Heavy metals to 

air] 

3.01E-08 kg 

    Mercury (+II) 

[Heavy metals to 

fresh water] 

8.06E-06 kg 

    Mercury (+II) 

[Heavy metals to 

air] 

0 kg 

    Molybdenum 

[Heavy metals to 

fresh water] 

3.42E-06 kg 

    Molybdenum 

[Heavy metals to 

air] 

3.80E-07 kg 

    Nickel (+II) 

[Heavy metals to 

fresh water] 

7.31E-06 kg 

    Nickel (+II) 

[Heavy metals to 

air] 

8.12E-07 kg 

    Nitrogen dioxide 

[Inorganic 

emissions to air] 

0.011925 kg 

    Nitrogen monoxide 

[Inorganic 

emissions to air] 

0.147771 kg 

    Selenium [Heavy 

metals to air] 

1.72E-05 kg 

    Selenium [Heavy 

metals to fresh 

water] 

0.000155 kg 

    Sulphur dioxide 

[Inorganic 

emissions to air] 

0 kg 

    Sulphur dioxide 0.158778 kg 
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[Inorganic 

emissions to fresh 

water] 

    Sulphur trioxide 

[Inorganic 

emissions to air] 

0 kg 

    Sulphur trioxide 

[Inorganic 

emissions to fresh 

water] 

0.062023 kg 

    Vanadium (+III) 

[Heavy metals to 

air] 

7.04E-07 kg 

    Vanadium (+III) 

[Heavy metals to 

fresh water] 

6.34E-06 kg 

    Waste for disposal 

(unspecified) 

[Waste for 

disposal] 

3.184133 kg 
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Appendix D 

AERMOD and AQBAT modeling  

in the oxy-fuel combustion CO2 capture technology 

 

D.1 AERMOD modeling 

The research conducts examined the air dispersion modeling of the oxy-fuel combustion 

CO2 capture technology. PM2.5 of the oxy-fuel combustion CO2 capture technology is 

chosen as an example. The steps of the modeling are shown as follows: 

D.1.1 The main data requirements for AERMOD are collected which include 

AERMET or meteorological data in Estevan, emission rates emitted from the selected 

stack, stack height, exit temperature and velocity of the selected emission, and inside 

stack diameter. After that, all input data is put into the AERMOD input file named 

“aermod.inp” as follows: 

 

** To run the example, copy the AERTEST.INP file to AERMOD.INP and type:                                                                                                         

**                                                                                                                                   

**    AERMOD 

**                                                                                                                                   

** The results for this example problem are provided in file AERMOD.OUT. 

                                                                                                                                     

CO STARTING                                                                                                                          

   TITLEONE A Simple Example Problem for the AERMOD Model with PRIME 

   MODELOPT  CONC   FLAT 

   AVERTIME  24 MONTH ANNUAL                                                                                                            

   POLLUTID  PM2.5                                                                                                                     

   RUNORNOT  RUN 

   ERRORFIL  ERRORS.OUT 
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CO FINISHED                                                                                                                          

                                                                                                                                     

SO STARTING 

   ELEVUNIT  METERS 

   LOCATION  STACK1  POINT  0.0   0.0   0.0 

                                                                                                                                     

** Point Source                           QS       HS     TS     VS      DS 

** Parameters:                           -----      -----    -----   -----    ----- 

   SRCPARAM  STACK1  0.026544444   91.44  310.93  15.09   4.27                                                                                                                                    

    

   SRCGROUP  ALL                                                                                                                                                                                                                                            

SO FINISHED                                                                                                                          

                                                                                                                                     

RE STARTING 

RE GRIDPOLR POL1 STA 

                 ORIG STACK1 

                 DIST 100. 200. 300. 400. 500. 600. 700. 800. 900. 1000. 1100. 1200. 

1300. 1400. 1500. 1600. 1700. 1800. 1900. 2000. 2100. 2200. 2300. 2400. 2500.                 

GDIR 36 10 10 

RE GRIDPOLR POL1 END 

RE FINISHED                                                                                                                          

                                                                                                                                     

ME STARTING                                                                                                                          

   SURFFILE  aermet2.sfc 

   PROFFILE  aermet2.pfl 

   SURFDATA  12400  2003  ESTEVAN,SK 

   UAIRDATA  00094008  2003  ESTEVAN,SK                                                                                                  

   PROFBASE  0.0  METERS 

ME FINISHED                                                                                                                          

                                                                                                                                     

OU STARTING         

   RECTABLE  ALLAVE FIRST       

   MAXTABLE ALLAVE  50                                                                                                         

   SUMMFILE  AERTEST.SUM                                                                                          

OU FINISHED 
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D.1.2 Users start running the AERMOD program and then the AERMOD results 

will be shown in the AERMOD output file named “aermod.out”. The 24-hr average 

concentration values of PM2.5 generated from AERMOD are shown as follows: 
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Table D.1 The maximum 24-hour average concentration values for source group: all 

concentration of PM2.5 in micrograms/m
3
 

Rank Conc. YYMMDDHH Receptor Rank Conc. YYMMDDHH Receptor 

1. 0.00954   04071424 -383.02,     

321.39 

26. 0.00625  06062724 321.39,     

383.02 

2. 0.00896  06081024 -383.02,     

321.39 

27. 0.00623  04071724 -171.01,     

469.85 

3. 0.00859 04071424 -433.01,     

250.00 

28. 0.00620  04080224 -492.40,     

-86.82 

4. 0.00851  04071424   -321.39,     

383.02 

29. 0.00620  06072424 -321.39,     

383.02 

5. 0.00833 06081024 -321.39,     

383.02 

30.   0.00620  06072124 433.01,    

-250.00 

6.  0.00755  04071324 250.00,    -

433.01 

31.   0.00619  05072824 -492.40,      

86.82 

7.  0.00729  06072424 -433.01,     

250.00 

32.   0.00615  04081224 200.00,     

346.41 

8. 0.00727  04071424 -306.42,     

257.12 

33.   0.00614  04071624 -469.85,     

171.01 

9. 0.00712  04071424 -250.00,     

433.01 

34.   0.00613  04081224 86.82,     

492.40 

10. 0.00711  06072424 -383.02,     

321.39 

35.   0.00612  03081524 -433.01,     

250.00 

11. 0.00711  06081024 -433.01,     

250.00 

36.   0.00612     04071024 171.01,    

-469.85 

12. 0.00706  04081224 171.01,     

469.85 

37.   0.00609  05071224 383.02,     

321.39 

13. 0.00695  04071324 321.39,    -

383.02 

38.   0.00608  03081424 86.82,    

-492.40 

14. 0.00691  04080224 -500.00,       39. 0.00608  04071624 -433.01,     
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0.00 250.00 

15. 0.00684  06072424 -469.85,     

171.01 

40.   0.00607  05072824 -469.85,     

171.01 

16. 0.00683  04081224 250.00,     

433.01 

41.   0.00606  04071324 171.01,    

-469.85 

17. 0.00672  06072324 383.02,    -

321.39 

42.   0.00605  04071424 -171.01,     

469.85 

18. 0.00670  06081024 -306.42,     

257.12 

43.   0.00605  06072124 383.02,    

-321.39 

19. 0.00652  04071424 -346.41,     

200.00 

44.   0.00603  06072424 -346.41,     

200.00 

20. 0.00648  04071424 -257.12,     

306.42 

45.   0.00603  04073024 -86.82,     

492.40 

21. 0.00643  04081224 136.81,     

375.88 

46.   0.00602  07070524 383.02,    

-321.39 

22. 0.00637  06062724 383.02,     

321.39 

47.   0.00599  05080624 171.01,    

-469.85 

23. 0.00637  06072324 433.01,    -

250.00 

48. 0.00598   03071824 -383.02,     

321.39 

24. 0.00631  03081924 -500.00,       

0.00 

49. 0.00597  03080124 -250.00,    

-433.01 

25. 0.00625  06081024 -257.12,     

306.42 

50. 0.00596  03081924 -492.40,     

-86.82 
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The maximum concentration value of each year is chosen as an input of the AQBAT 

model. As this is the example of PM2.5 of the oxy-fuel combustion CO2 capture 

technology, the selected maximum values include 0.00954, 0.00619, 0.00896, 0.00602 

µg/m
3
 from 2004 to 2007, respectively. For year 2003, the input concentration value for 

the AQBAT model is chosen from the conventional coal-fired power plant. This is 

because this research aims to compare the pollutant concentration change of the “capture” 

scenario to the “no capture” scenario. 

D.2 AQBAT modeling 

The research conducts risk assessment modeling of the oxy-fuel combustion CO2 capture 

technology using the AQBAT software. The steps (page-by-page) of the modeling have 

been shown as follows: 

D.2.1 The first screen of AQBAT software is shown in Figure D.1. This page 

inclues general information on the AQBAT software. For the “General topic” drop-down 

list box, the box is currently disabled. 
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Figure D.1 The first screen of the AQBAT software 

 

Figure D.2 Selection of the scenario component in the “Scenario So Far” screen 
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D.2.2 As this research aims to evaluate human health by endpoint rates of or annual 

events per million specified population, the endpoint rate item is selected for the 

“Scenario So Far” screen as shown in Figure D.2. 

D.2.3 On the “Baseline” screen as shown in Figure D.3, a set of baseline 

concentration distribution is required in the AQBAT model as a reference to define the 

pollutant concentration changes. Hypothetic baseline concentration distributions are 

selected since the distributions are available for all geographic areas including Estevan, 

SK, while historical baseline concentration distributions are not. 

D.2.4 After that, the range of years for the scenario and the population growth type 

are selected in the “Scenario Years” screen. 2002 is the last historical scenario year which 

AQBAT considers to have historical concentration data. The start and end years in this 

research are 2003 and 2007. Low-growth scenario is selected as a population growth type 

as shown in Figure D.4. 
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Figure D.3 Choice of concentrations in the “Baseline” screen 

 

 
Figure D.4 Inputs in the “Scenario Years” screen 
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D.2.5 For the “Check Concentration Data” screen, this screen allows users to select 

a pollutant, averaging period of the selected pollutant, and view which geographic areas 

have concentration data for the selected pollutant. PM2.5 and a 24-hour period are selected 

as a pollutant and averaging period for this example. There are 446 geographic areas 

which have 24-hour concentration data for PM2.5 (Figure D.5).  

D.2.6 After the pollutant and the averaging periods have been selected, the 

concentration changes of the selected pollutant have to be defined. The “Define 

Concentration Change” screen allows users to select pollutant, concentration change type 

from the baseline distribution, the geographic areas, averaging period, concentration 

distribution (baseline concentration distribution), reduction type, static (reference 

baseline distribution statistic for reduction), reduce (reduction for the whole distribution 

or the upper end of distribution), annual changes relative to baseline years, and last status 

quo year for change. All input parameters in this example are shown in Figure D.6.  
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Figure D.5 Options in the “Check Concentration Data” screen 

 

Figure D.6 Inputs in the “Define Concentration Change” screen  
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D.2.7 By clicking on the “Edit Changes” button in the “Define Concentration 

Changes” screen, the “Concentration Change Entries” sheet will be opened up as shown 

in Figure D.7. This sheet allows users to enter the concentration change inputs for each 

year of the selected geo area. For example, there is a 98.58% concentration change of 

PM2.5 of the oxy-fuel combustion CO2 capture technology from 2003 to 2004.  

D.2.8 For the “CRF” screen, this screen is the access to view or edit CRFs for each 

selected pollution and health endpoint. Also, AQBAT allows users to select a set of 

Health Canada endorsed Concentration Response Function (CRF) record as shown in 

Figure D.8. AQBAT allows users to modify, add or remove CRFs records by clicking 

“Edit/view” button, then the “Concentration Response Function” screen will be opened 

up as shown in Figure D.9. 
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Figure D.7 Concentration changes fed into the “Concentration Change Entries” 

sheet 

(original in colour) 

 

Figure D.8 Input data in the “CRF” screen  
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Figure D.9 Inputs in the “Concentration Response Function” screen 
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D.2.9 The last screen for AQBAT is the “Output and Summarizing” screen. This 

screen shown in Figure D.10 allows users to manage the types of outputs and summarize 

levels that users want to track in the simulation (including geographic levels, pollutant 

accumulation, cumulate years, and similar endpoints). In addition, AQBAT allows users 

to choose the number of @Risk iterations for the simulation.  
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Figure D.10 Output types for AQBAT in the “Output and Summarizing” screen 
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Appendix E 

Cost modeling using the equations from Peter et al., (2004) 

 

In this research, the cost is estimated as a preliminary design which is ordinarily used as a 

basis to estimate approximate cost. This cost analysis can be used to determine whether 

to proceed with the project (Peter et al., 2004). 

The cost analysis is used to define capital cost and operating cost. The equations in this 

analysis are taken from (Peter et al., 2004) and have been described as follows. 

E.1 Capital cost 

The capital cost equation is as follows: 

           
 
   , [E.1] 

where,  

TCI  is the total capital cost ($) 

TCIi  is the total capital cost of equipment i ($) 

 n is a number of equipment 

The total capital cost (TCIi) is the sum of the fixed capital cost and working capital cost 

as shown in the equation below: 

             , [E.2] 

where,  

FCIi is the fixed capital cost of equipment i ($) 

WCi is the working capital for equipment i ($) 
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For the fixed capital investment, this cost is the sum of the direct capital cost and indirect 

capital cost. The direct cost includes the capital that are necessary for process equipment 

installation, while indirect cost is related to the indirect capital investment that are not 

directly related to the process operation (Peter et al., 2004). According to Peter et al., 

(2004), the direct cost is the expense for site preparation instruments, insulations, 

foundations and auxiliary facilities, while indirect cost is for processing building, 

administrative and other offices, laboratories, warehouses, transportation, utility and 

waste disposal, etc. The equation of fixed-capital investment is shown as follows: 

              [E.4] 

where,  

DCi = Direct cost of equipment I ($) 

ICi  = Indirect cost of equipment I ($) 

The DCi is shown in the equation below.  

       

′
           [E.5] 

where, 

   

′
        urchase cost of equipment i at year k ($) 

X is delivery fraction  

Y is total direct cost fraction = 2.69 for solid-processing plant, 3.02 for solid– fluid 

processing plant, and 3.6 for fluid processing plant 

For the ICi, the equation is shown as follows: 

         

′
      [E.6] 

where, 
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′
        urchase cost of equipment i at year k ($) 

X is the delivery fraction 

         indirect cost fraction (1.28 for solid-processing plant, 1.26 for solid-fluid 

processing plant, and 1.44 for fluid processing plant) 

For working capital cost, the cost is for the raw materials and supplies carried in stock, 

accounts receivable, finished products in stock and semi-finished products in the process 

of being manufactured, cash kept on hand for monthly payment of operating expenses, 

etc. (Peters et al., 2004). The equation is shown as follows: 

        

′
       [E.7] 

where, 

   

′
        urchase cost of equipment i at year k ($) 

          working capital fraction  (0.7 for solid-processing plant, 0.75 for solid-fluid 

processing plant, and 0.89 for fluid processing plant) 

 X is the delivery fraction = 0.1  

For   

′
, the cost is calculated by multiplying the purchase cost of equipment and the 

update fator as shown in the equation below: 

   

′
        [E.8] 

where, 

           urchase cost of equipment i ($) 

          update factor 

Ei equation is shown as follows: 
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              [E.9] 

where, 

 Costi is the base cost of equipment i 

 AF is the adjustment factor  

In this research, the base cost of all equipment is taken from the IECM results and the AF 

is taken from published values as shown in Table E.1. 
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Table E.1 Base cost of equipment, material used, % of material used, and 

adjustment factor of each unit 

Cost 

component 

Base cost of 

equipment 

taken from 

IECM (M$) 

Material 

used 

% of 

material 

used 

AF Reference 

Cost of 

ASU 

140 Steel, high 

alloyed 

(Alloy 

625) 

23.47 5.3 Pehnt and Henkel, 

2009; Pei associate 

Inc., 1987; The 

institute of materials, 

minerals and mining, 

2008 

Steel, 

unalloyed 

39.89 1.4 Pehnt and Henkel, 

2009; Pei associate 

Inc., 1987 

Aluminium 10.47 1 Pehnt and Henkel, 

2009 

Concrete 26.15 1 Pehnt and Henkel, 

2009 
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Cost of 

FGR fan, 

CO2 

purification 

and 

compression 

32.18 Stainless 

steel 

100 2.5 Peter et al., 2004; 

Pham et al., 2012 

Cost of 

FGD 

31.29 Alloy 625 30 5.3 Bonnin-Nartker et 

al., 2012; Gansley, 

2008 

 

Stainless 

steel AISI 

type317L

M 

70 1.4  Bonnin-Nartker et 

al., 2012; 

Gansley, 2008 

 

  

http://www.babcock.com/library/documents/br-1876.pdf
http://www.babcock.com/library/documents/br-1876.pdf
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UF is a ratio of a chemical engineering plant cost index (CPI) at year k and CPI at year 

2002. The equation is shown below: 

 UF = 
             

                
  [E.10] 

E.2 Operating cost model 

E.2.1 Total product cost 

The total product cost equation is shown below: 

            [E.11] 

where,  

TPC is the total product cost ($) 

MC is the manufacturing cost ($) 

GE is the general expense ($) 

E.2.2 Manufacturing cost  

For MC, or manufacturing expense, this is the cost of making products which consists of 

direct labour, direct materials, and factory overhead. MC can be divided in to three 

different types which include variable cost, fixed charge, and plant overhead cost. The 

equation is shown below: 

                [E.12] 

where,  

VAR is the variable cost ($) 

FIX is the fixed charge ($) 

PO is the plant overhead ($) 
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   E.2.2.1 Variable cost 

For VAR, this cost is related to the manufacturing operation. This is the sum of raw 

material cost, utility cost, labour cost, and general variable costs. The general variable 

costs include operating supervision cost, maintenance and repair cost, operating supplies, 

laboratory charge, and royalties (Peter et al., 2004). The equations are shown below. 

                                 [E.13] 

where,  

RAW is the raw material cost ($) 

UC is the utilities cost ($) 

LC is the labour cost ($) 

OS is the operating supervision cost ($) 

MR is the maintenance and repair cost ($) 

OSP is the operating supplies ($) 

LAB is the laboratory charge ($) 

ROY is the royalties ($) 

 Raw material cost  

The equations for raw material cost are shown below. 

          
 
     [E.14] 

              [E.15] 

where, 

     is the cost of raw material   ($) 

m is the number of raw material 

   is the quantity of raw material   ($) 
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     is the price of raw material   ($) 

 Utility cost  

In terms of the utility cost, the cost is calculated as follows. 

         
 
      [E.16] 

             [E.17] 

where, 

    is the cost of utility   ($) 

    is the quantities of utilities   

    is the price of utilities   ($) 

 Labour cost  

The labour cost equation is shown below: 

                       [E.18] 

where,  

time is the hour per year, 

SLC is the skilled labour cost ($/hr) 

step is the number of process step  

  and   are labour cost parameters that are shown in Table E.2 
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Table E.2 Labour cost parameters (Peter et al., 2004) 

Process u v 

Batch Process 4.1145 0.2617 

Continuous 3.3226 0.2353 

Average condition 2.2718 0.2369 
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For the operating supervision cost, maintenance and repair cost, operating supplies, 

laboratory charge, and royalties, the costs are calculated as follows: 

 Operating supervision cost 

           [E.19] 

where, 

         operating supervision factor = 0.15  

 Maintenance and repair cost 

             [E.20] 

where, 

  is the maintenance and repair factor = 0.06  

FCI is the fixed capital cost of equipment  

 Operating supplies 

           [E.21] 

where, 

  is the operating suplies factor = 0.15  

 Laboratory charge 

           [E.22] 

where, 

  is the laboratory factor = 0.15  

 Royalties 

            [E.23] 

where, 

  is the royalties factor = 0.01  
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TPC is the total product cost 

E.2.2.2 Fix charge cost model 

Fixed charges are expenses that are practically independent of production rate. These 

charges usually include property taxes, expenditure for depreciation, insurances, 

financing, and rent. This cost equation is shown below: 

              [E.24] 

where, 

TAX  is taxes ($) 

INS  is insurance ($) 

 Taxes 

Taxes equation is shown as follows: 

            [E.25] 

where, 

  is the taxes factor = 0.02  

 Insurance 

The insurance equation is shown below. 

            [E.26] 

where, 

  is the insurance factor = 0.01  

E.2.2.3 Plant Overhead Cost  

Plant overhead cost is related to general plant maintenance and overhead, hospital and 

medical services, safety services, social security and other retirement plans, medical and 
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life insurance, vacation allowances, packaging, control laboratories, warehouse, special 

employee benefits, etc. (Peters et al., 2004). The equation is shown as follows: 

              [E.27] 

where, 

  is the plant overhead factor = 0.6  

E.2.3 General Expense  

General expense is the sum of administration, distribution and selling, and research and 

development as shown in the equation below: 

              [E.28] 

where, 

    is the administration ($)  

    is the distribution and selling ($) 

    is the research and development ($) 

 Administration 

The admintrative cost is shown as follows: 

               [E.29] 

where, 

  is the administrative factor = 0.2  

 Distribution and selling 

The equation of the distribution and selling is shown as follows: 

            [E.30] 

where, 

  is the distribution and selling factor = 0.05  
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 Research and development 

The research and development cost calculation is shown as follows: 

            [E.31] 

where, 

  is the research and development factor = 0.04 
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