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Abstract 

The methodology of life cycle assessment has been applied in order to evaluate the 

environmental performance of the Saskatchewan lignite Integrated Gasification 

Combined Cycle (IGCC) based electricity generation with and without pre-combustion 

carbon dioxide (CO2) capture process from a full life cycle perspective. The emphasis is 

put on environmental performance of the comparison between IGCC systems (with and 

without CO2 capture) and the competing lignite pulverized coal electricity generating 

station in order to reveal which technology offers the most positive environmental effects. 

Moreover, ambient air pollutant modeling, the human health benefit (health outcomes) 

and human health risk assessment are also conducted to determine the impact on human 

health contributed by the level of pollutants emitted from four different electricity 

generating stations. This study assumes that all stations are located in Estevan.  

The results showed a significant reduction of greenhouse gas (GHG) emissions by 

applying both post-combustion and pre-combustion CO2 capture process. The GHG 

emissions were found to be reduced by 27%-86%, IGCC systems were found to compare 

favorably to pulverized coal systems. However, in other environmental impacts 

categories, some of them have multiple environmental trade-offs depending on the 

capture technology. In the case of post-combustion capture, it was observed that the 

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

compartments. IGCC systems, on the other hand, showed the same tendency with the 

conventional coal-fired electricity generation systems, but to a lower degree. This is 

because the IGCC system is a cleaner technology which produces lower pollutant 
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emission levels from the electricity generating station process, thus the benefits of capture 

are reduced on a comparative basis.  

The health benefits assessment indicated that by implementing IGCC and IGCC 

with CO2 capture will result in significant health benefits for people living in the Estevan 

area and the magnitude of the benefit will also increase substantially by 2020. However, 

results indicated the reduction in health benefits when implementing a post combustion 

CO2 capture process to conventional coal-fired electricity generating station. The 

reduction in health benefits on “PC with Capture” scenario was mainly due to the high 

level of PM2.5 air concentration due to implementing post combustion CO2 capture 

process. The frequency of negative health impacts due to air pollution emitted from 

IGCC and IGCC with pre-combustion capture plant was predicted to be reduced by the 

improvement in air quality. 

The results from health risk assessment (HRA) showed no possibility of developing 

either cancer or non-cancer health impacts from IGCC systems. For both conventional 

coal-fired pulverized electricity generating stations with and without post-combustion 

CO2 capture process, the results of carcinogenic health risk showed a potential for adverse 

health effects existing during short-term dispersion of Chromium whereas long-term 

dispersion showed an acceptable level of pollutant concentration. For non-carcinogenic 

health risk on both conventional coal-fired pulverized electricity generating stations, the 

results indicate that the heavy metals dispersions were unlikely to cause health risk to 

population residing within 10 km (area 20 km x 20 km) radius from the studied area. 
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Chapter One 

Introduction 

 

 

1.1 Background 

Global energy demand is rising. Much of the new demand is being met with fossil 

fuels, the primary source of manmade greenhouse gasses (GHGs) and primary driver of 

anthropogenic climate change. Some GHGs occur in nature, such as water vapour, carbon 

dioxide, methane, and ozone, while others are produced by human activities. The primary 

GHGs include carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), water vapour 

(H2O), tropospheric ozone (O3) and chorofluorocarbons (CFC’s). Currently, CO2 

emissions are the primary concern in the electrical generation industry, as carbon dioxide 

emissions from electrical generation systems account for 13% of the total Canada 

emissions in 2013, Figure 1.1 (Environment Canada, 2015). As shown in Figure 1.2, 

coal-fired electrical generation is the predominant source of electricity accounting for 

47% of generation in the Saskatchewan, while natural gas accounts for 28%, hydropower 

19% and renewable and others 6% (Economic Review, 2013). Currently efforts are being 

made by engineers and scientists to overcome anthropogenic climate change by 

researching and developing electrical generation systems, including clean coal 

technology, which produces lower CO2 emissions than conventional plants. One 

promising approach to reduce the emission of CO2 into the atmosphere is carbon capture 

and sequestration (CCS) from an electricity generating station. 
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Figure 1.1- Canada Carbon Dioxide Emissions by Sources 2013 (Environment Canada, 

2015). 

 

Figure 1.2- Saskatchewan Electricity Energy Sources 2013 (2013 Economic Review, 

2015). 
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Coal gasification is a proven technology that is being adopted in commercial 

Integrated Gasification Combined Cycle (IGCC) electricity generating stations. IGCC is 

an advanced electricity generation concept that combines modern coal gasification 

technology with gas turbines (Brayton cycle) and steam turbines (Rankine cycle). The 

IGCC technology has proven to be one of the cleanest coal-based electrical generation 

technologies, emitting the least of several key pollutants of NOx, SOx, COx and PM10 

compared to any other coal-based electrical generation technology (Clean Coal 

Technology, 2001 and Ratafia-Brown et al., 2002).  IGCC electrical generation can be 

combined with the pre-combustion CO2 capture technology for further gas purification, 

which enables efficient separation methods such as pressure-swing absorption and, 

physical solvents chilled methanol (Rectisol®) or a mixture of dimethyl ethers of 

polyethylene glycol (Selexol®) (Wall, 2007 and Burr and Lyddon, 2008). With CO2 

concentration of 15-60% by volume for the pre-combustion process and up to 15% by 

volume for the post combustion process, the CO2 partial pressure can be significantly 

higher in the pre-combustion CO2 capture process than in the post-combustion process. 

These factors help to improve the driving force for the separation process. As a 

consequence, the required equipment for the pre-combustion CO2 capture process can be 

smaller than that for the post-combustion CO2 capture process (Davison and 

Thambimuthu, 2005). Although there are many advantages associated with IGCC 

electrical generating station (i.e. environmental performance, equipment size), the capital 

cost of IGCC is considered high compared to other alternative electricity generation 

designs. Based on the report from International Energy Agency 2012, the capital cost of 

IGCC is estimated to be 57% higher than traditional pulverize Coal-fired electricity 
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generation. Capturing CO2 from IGCC plants would increase capital cost to 200% 

compared to pulverized coal-fired (30% increased compared to IGCC). The higher capital 

cost of IGCC systems is the result of adding to the complexity of the process as well as 

an air separation unit (ASU) that has a high capital cost and energy consumption. Table 

1.1 shows the comparison of capital cost between pre-combustion and other electricity 

production based- CO2 capture technologies. 

 

Table 1.1- Cost Performance of CO2 Capture from Lignite- Based Electricity Generation 

(adapted from IEA, 2011) 

 Pulverized 
Coal-Fired 

Pulverized 
Coal-Fired 
with Post-

Combustion 

IGCC IGCC with 
Pre-

combustion 

Oxy-Fuel 
Combustion 

Net 
Electricity 

Output 
(MW) 

 

600 550 573 482 550 

Net 
Efficiency  
(% LHV) 

 

39.2 28.2 41 32.3 31.2 

Relative Net 
Efficiency 

Penalty (%) 
 

- 28* - 21** 20* 

Capital Cost 
(USD/kW) 
 

2,061 3,439 3,239 4,221 3,114 

Relative 
Capital Cost 
Increase (%) 

 

 66*  30** 51* 

Note : *compared with Pulverized Coal-Fired, ** compared with IGCC 
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Figure 1.3 shows a simplified flow chart of IGCC-with CO2 capture. Coal is first 

gasified with nearly pure oxygen (95% O2) to produce syngas. The amount of O2 

available inside the gasifier is carefully controlled so as to enable a relatively small 

portion of fuel to burn completely, i.e. this is a partial oxidation process. Instead of 

completely burning, the coal is chemically broken apart by heat and pressure in a gasifier 

to produce the syngas mixture of predominantly CO and H2. Meanwhile the ash is 

separated and left at the bottom of the gasifier. Only a small fraction of ash is typically 

entrained with syngas and is removed in the gas cleaning and particulate control process. 

The corrosive components such as sulfide, nitride and dust are removed from syngas in 

the cleaning process. The H2S rich gas from the Acid Gas Removal (AGR) process could 

then be fed into a Claus Plant (sulphur recovery) to produce sulphur or disposed into the 

deep subsurface by means of a disposal well. To capture CO2, the syngas, with added 

steam, is sent to the Water Gas Shift (WGS) unit, which converts CO to CO2 and 

additional H2. The CO2- H2 rich gas is then sent to the CO2 removal process to separate 

CO2 from the syngas. Then, the H2 rich gas or fuel is fed into the combined cycle power 

generation process at the gas turbine and steam turbine where the combustion energy is 

converted into electric energy at high efficiency (albeit at a lower efficiency than the use 

of syngas due to conversion losses). Meanwhile, conventional IGCC without CO2 capture 

process uses syngas after removing ash and hydrogen sulfide for electrical generation by 

burning syngas in the gas turbine. Compared to a conventional PC plant the efficiency of 

IGCC plant is generally higher. According to Ratafia-Brown, et al., 2002; Zhu, 2004; and 

NETL, (2015a), the efficiency of IGCC plant is typically estimated to be 39 – 42% 
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(HHV) meanwhile the efficiency of conventional PC plant is estimated to be 35 - 37.5% 

(HHV). 

 

 

Figure 1.3-Simplified Flow Diagram of IGCC with CO2 Capture Process. 
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Although there are many environmental and performance-enhancing advantages 

associated with the CO2 capture with IGCC technology, it must be recognized that 

application of the CO2 capture technology requires additional energy for its operation. 

Hence, a larger amount of coal is needed to compensate for the capacity loss which 

means increased operational costs. Moreover, resource use and environmental impacts 

that result from construction, operation and decommissioning of a CO2 capture facility 

need to be considered. Therefore, it is necessary to evaluate the environmental 

performance of an Integrated Gasification Combined Cycle (IGCC) electricity generating 

station from a full life cycle perspective to comprehensively understand its environmental 

impacts.  

In the past, many studies have investigated the environmental consequences 

associated with the introduction of the pre-combustion CO2 capture processes in 

electricity generating stations using LCA as a tool. Most of the studies were done in 

Europe and used hard coal as the fuel. An overview of the previous LCA studies on 

electricity generating stations with pre-combustion CO2 capture is presented in Table 1.2. 

As most of the studies focused on the main environmental impact assessment categories 

of global warming, eutrophication, acidification and health impacts, this study will 

investigate in detail the effects of the pre-combustion CO2 capture process on all the 

impact categories. Moreover, this study focuses specifically on the IGCC electricity 

generation systems in the context of western Canada. 
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Table 1.2- Overview and Scope of LCA Studies on Pre-Combustion CO2 Capture 

Process. 

Study/Year Region Assumptions Results 

Fiaschi and 
Lombardi (2002)  

 Italy 
 

• Fuel-Hard coal 
• Chemical 

absorption 
with MDEA 

• 92.3% CO2 
capture 
 

• GHG emissions are reduced by 
39% by applying IGCC 
coupled with pre-combustion 
technology  

• No other environmental 
impacts have been evaluated in 
this study 

 
Viebahn et al. 
(2007)  

Germany • Fuel-Hard coal 
• Physical 

absorption 
with Rectisol® 

• 88% CO2 
capture 
 

• GHG emissions are reduced by 
79% by applying IGCC 
coupled with pre-combustion 
technology  

• GHG emissions are 240 gCO2-
e/kWh for IGCC system 

• Other environmental impacts 
(photo-oxidant formation, 
eutrophication, acidification 
and human toxicity) increased 
by about 40% 
 

Odeh and 
Cockerill (2008)  

UK • Fuel-Hard coal 
• Physical 

absorption 
with Selexol® 

• 90% CO2 
capture 
 

• GHG emissions are reduced by 
79% by applying IGCC 
coupled with pre-combustion 
technology  

• GHG emissions are 167 gCO2-
e/kWh for IGCC system 

• Other environmental impacts 
(eutrophication, acidification 
and human toxicity) 
significantly increased due to 
increase in the concentrations 
of other pollutants 
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Study/Year Region Assumptions Results 

Peht and Henkel 
(2009)  

Germany • Fuel-Lignite 
• Physical 

absorption 
with Selexol® 

• 90% CO2 
capture 
 

• GHG emissions are reduced by 
84% by applying IGCC 
coupled with pre-combustion 
technology  

• The results showed the 
decreased in all impact 
categories compared to the 
reference case (PC without 
CO2 capture) 

 
Singh et al. 
(2011)  

Global • Fuel-Hard coal 
• Physical 

absorption 
with Selexol® 

• 90% CO2 
capture 
 

• The IGCC with pre-
combustion reduced GWP by 
78% 

• There are significant trade-offs 
with substantially higher 
impacts in freshwater 
eutrophication and all toxicity 
impacts categories as 
compared to the system 
without capture process.  
 

Volkart et al. 
(2013)  

Switzerland 
 

• Fuel-
Lignite/Hard 
coal 

• Physical 
absorption 
with Selexol® 

• 90% CO2 
capture 
 

• GHG emissions are reduced by 
87% by applying IGCC 
coupled with pre-combustion 
technology  

• There are significant trade-offs 
with respect to environmental 
and health impacts (human 
toxicity, particulate matter 
formation, photochemical 
oxidant, terrestrial 
acidification, fresh water 
eutrophication, agricultural 
land occupation and urban land 
occupation)  
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The operation of coal based electricity generation emits air pollutants that not only 

contribute to global warming, but also potentially cause adverse health impacts to the 

population living in the operational area. Major air pollution has an effect on human 

health with illness (morbidity) and eventually death (mortality), which includes an 

increase of acute respiratory and circulatory disease, increase of emergency room visits 

and hospital visits as well as an increase of deadly diseases such as cancer and heart 

attacks. Therefore, it is necessary to evaluate the change to air quality that can impact the 

health of the population living in the electrical generating station area.  

According to Statistics Canada, 2015, Saskatchewan is one of the largest consumers 

of coal for the generation of electricity in Canada and the province is recognized as 

Canada’s third largest coal producer. In 2013, 47% of Saskatchewan electricity 

generation was from coal (Statistics Canada, 2015 and 2013 Economic Review, 2015). At 

current consumption rates, Saskatchewan can still rely on coal for thermal electricity 

generation for over 300 years (Saskatchewan Mining Association, 2013). Coal-based 

electricity generation is recognized as one of the cheapest, but dirtiest major source of 

electricity generation in Canada (Pembina, 2012a and b). It is the major contributor to 

greenhouse gases emissions in addition to a large amount of sulphur oxide (SOx), 

nitrogen oxide (NOx) and heavy metal emissions. As shown in Figure 1.4 the heavy 

reliance on coal for electricity generation in Saskatchewan means that the coal fired 

stations account for 85% of SOx emissions and 75% of mercury emissions in the 

province (Pembina, 2012a). These major pollutants are a big concern for the populations 

living downwind of the coal-fired electricity generating station as it contributes to an 

increase in regional air pollution.  
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Figure 1.4- Proportion of total provincial emissions that are from electrical generation 

2010 (Pembina, 2012a). 
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 The main pollutants emitted from coal-fired electricity generating stations include 

nitrogen dioxide (NO2), sulphur dioxide (SO2) and particulate matters (PM2.5, 10). These 

pollutants are significantly associated with damage to respiratory and cardiovascular 

systems. Particulate matter can trigger asthma attacks and cause or worsen chronic 

bronchitis and chest disease in children, and also cause chronic obstructive pulmonary 

disease (COPD), cardiovascular disease, and lung cancer. Ground level ozone can 

exacerbate asthma attacks. Nitrogen dioxide is a precursor to ground level ozone (along 

with VOCs) which is a major component of smog and when in contact with sunlight and 

nitrates increase particulate levels in the atmosphere responsible for respiratory problems 

(Ontario Ministry of Environment and Climate Change, 2010). Sulphur dioxide (SO2) can 

react with other substances in the air to create particulate matter and is a known cause of 

bronchio-constriction and worsened asthma symptoms. Children’s health concerns are 

impacted by air pollutants because their respiratory and immune systems are still 

developing. Young people also tend to spend more time outside and that increases their 

exposure to air pollution. Elevated levels of infant mortality have been linked with high 

levels of particulate matter (Pembina, 2012b).  

This study presents an evaluation of the environmental performance as well as 

adverse potential health impact associated with the operation of the Integrated 

Gasification Combined Cycle (IGCC) electricity generation process with and without 

CO2 capture process. In case of IGCC with CO2 capture process, Selexol® is chosen as 

the physical solvent since Selexol® requires a lower  capital cost for the capture plant due 

to the reduced complexity of the process compared to comparable physical solvents such 

as Rectisol® (Mohammed et al., 2014). Moreover, Selexol®, is the most energy efficient 
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over all other comparable physical solvents such as Estasolvan (tributyl phosphate or 

TBP), Fluor Solvent (propylene carbonate or PC), Purisol (normal methyl pyrrolidone or 

NMP) and Rectisol® (methanol) in all scrubbing applications that remove hydrogen 

sulphide (H2S) and CO2 from hydrocarbon systems (Garrido, 2012 and Bucklin and 

Schendel, 1984). 

In order to evaluate the environmental performance of IGCC electricity generation, 

the Life Cycle Assessment (LCA) methodology is applied, which involves a 

comprehensive study of the entire life cycle of the IGCC pre-combustion CO2 capture 

process, and the process is fueled by Saskatchewan's unique lignite coal. The assessment 

of environmental impacts from the IGCC pre-combustion CO2 capture system is 

conducted using the “cradle-to-gate” approach which includes the life cycle stages of 

open surface lignite coal mining in Saskatchewan, construction, and operations of an 

IGCC electrical generating station equipped with the pre-combustion CO2 capture 

process. The complex system is broken down into elementary flows, which are then 

grouped and categorized based on the effects they have on the environment. For the 

potential health impact assessment, the evaluation of human health outcomes and health 

risk assessment approaches are applied.  

Both the environmental performance and potential health impact assessment 

associated with IGCC electricity generation with and without pre-combustion CO2 

capture process are compared to conventional lignite coal-fired electricity generation with 

and without post-combustion CO2 capture. The following scenarios are studied: 

1. The conventional lignite coal-fired electricity generation without post 

combustion CO2 capture process (hereafter referred as “PC”) 
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2. The conventional lignite coal-fired electricity generation with post combustion 

CO2 capture process (hereafter referred as “PC with Capture”) 

3. The Integrated Gasification Combined Cycle (IGCC) without pre-combustion 

CO2 capture process (hereafter referred as “IGCC”) 

4. The Integrated Gasification Combined Cycle (IGCC) with pre-combustion 

CO2 capture process (hereafter referred as “IGCC with Capture”) 

 

The life cycle assessment study of the conventional lignite coal-fired electricity 

generation of both cases, with and without CO2 capture process, were adopted from the 

previous work of Manuilova, 2011. Since the study of the post combustion process has 

been revealed by Manuilova, 2011, this study is mainly focused on more details of IGCC 

systems. In all case scenarios, Saskatchewan lignite coal was used as the fuel in order to 

obtain consistency on life cycle inventory models and comparable results.  

The processes within the system boundaries were modeled in the LCA software of 

GaBi5™ (PE International, Germany). All unit processes at the electrical generating plant 

are modeled so that emissions associated with each unit process of the plant can be 

tracked at the plant. The model was carefully created using a spreadsheet and the 

AspenPlus® (AspenPlus®, 1996) simulation software.  

The environmental effects associated with coal mining, construction, operation and 

decommissioning of the plant are considered in the assessment and TRACI (the Tool for 

the Reduction and Assessment of Chemical and Other Environmental Impacts) developed 

by the U.S. Environmental Protection Agency, life cycle impact assessment (LCIA) 

method has been adopted for the analysis. The environmental impact assessment 
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categories of Global warming potential, Acidification air, Ecotoxicity air, Ecotoxicity 

ground-surface soil, Ecotoxicity water, Eutrophication, Human health cancer air, Human 

health cancer ground-surface soil, Human health cancer water, Human health criteria air-

point source, Human health non cancer air, Human health non cancer ground-surface soil, 

Human health non cancer water, Ozone depletion air and Smog air, are focused. 

For the potential health impacts assessment, the emission and air quality modeling 

is first conducted by using American Meteorological Society/Environmental Protection 

Agency Regulatory Model (AERMOD) modelling to predict the ambient air 

concentration of the pollutants. Then health risk assessment is carried out by using the 

application of Health Canada’s Air Quality Benefit Assessment Tool (AQBAT) to 

estimate the human health outcomes or damages associated with the pollution emitted 

from electrical generation stations. Moreover, human health risk assessment approach is 

also applied by using risk characterization to evaluate the potential human health risk 

associated with pollutants concentrations. 

Air dispersion modelling is conducted to evaluate the concentration of sixteen air 

contaminant components including sulphur dioxide (SO2), nitrous oxide (N2O), 

particulate matter (PM2.5), arsenic (As), cadmium (Cd), chromium (Cr), mercury (Hg), 

manganese (Mn), lead (Pb), antimony (Sb), cobalt (Co), copper (Cu), molybdenum (Mo), 

selenium (Se), vanadium (V) and nickel (Ni). Then the potential impacts on human health 

of the air pollutants that are generated from IGCC and conventional coal fired electrical 

generating stations are assessed.  
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1.2 Nature of the Problem and Research Motivations 

CO2 capture technology has proved to be a promising approach for mitigating CO2 

and other greenhouse gas emissions into the atmosphere. However, it must be recognized 

that CO2 capture is an energy-intensive process which significantly decreases the overall 

efficiency of the electrical operating station and, hence, a larger amount of coal is needed 

to compensate for the efficiency loss. This will lead to further emissions associated with 

the additional coal needed for the lost capacity. Moreover, the upstream emissions from 

fuel/and material acquisition and the downstream emissions from waste disposal cannot 

be readily captured. There is, however, potential for well-designed landfills to store the 

waste safely from the conversion of uncontrolled emissions release to atmosphere to solid 

or liquid waste, only CO2 emissions produced at the plant can be captured for 

underground storage. In a traditional plant, the emissions from upstream and downstream 

processes are small when compared with the emissions from the combustion process 

(Oden and Cockerill, 2008). However, the upstream and downstream emissions become 

more relevant when the CO2 capture process is applied. Therefore, it is very important to 

conduct a life cycle assessment of an electricity generation station with CO2 capture and 

evaluate its overall environmental performance. It is also important to understand the full 

ramification of the process when comparisons are made to other alternative technologies 

for greenhouse gas emissions reduction. 

Integrated Gasification Combined Cycle (IGCC) is considered to be a clean coal 

electrical production technology which offers the most efficient and cleanest of available 

electrical generation technologies (Clean Coal Technology, 2001). Although coal-based 

IGCC technology provides many advantages in term of environmental and performance 
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benefits such as high thermal efficiency, low environmental impact and can produce 

electricity as well as synthetic fuels, chemicals and marketable by-products (Mondal et 

al., 2009), it is necessary to understand the trade-offs in all the environmental impacts 

associated with IGCC system. At present there are only fourteen IGCC plants operating 

worldwide with a capacity size ranging from 40MWe to 582 MWe, most of them are in 

United States and Europe (EIA GHG, 2012). None of these plants currently capture CO2. 

However, Kemper County IGCC is nearing commercial operations and will be operating 

in 2016. This plant will capture and sequester 65% of the CO2 and send to oil companies 

for enhanced oil recovery. According to Hoffmann and Szklo, 2011, there are ten IGCC 

plants (exclude Nuon IGCC, Buggenum, which was closed down in April, 2013) in 

operation or advanced construction in Europe. Four of them use coal (accounts for over 

1500MWe or over 47% of total electricity generated from IGCC in Europe). The other 

six plants are fueled by using gasified refinery by products. In the United States there are 

currently four IGCC coal-based plants in operation including Tampa Electric, Polk 

County (250 MWe), Wabash, West Terre Haute (265 MWe), Edwardsport IGCC Station, 

Indiana (618 MWe) and  Kemper County IGCC, Mississippi (582 MWe). In addition, 

there are about eighteen plants that are being planned, six plants that are in the initial 

stage will be located in Europe, twelve plants will be located in North America; ten plants 

will be located in the United States and two in Canada (IEA, 2008; Hoffmann  and Szklo, 

2011;  MIT, 2011, and NETL, 2015b). Based on the database of operating plants, the 

IGCC electrical generating station is still in the early phase which makes for a significant 

limitation on actual technical data and experiences. 

 

http://www.netl.doe.gov/research/Coal/energy-systems/gasification/gasifipedia/project-examples#kemper
http://www.netl.doe.gov/research/coal/energy-systems/gasification/gasifipedia/nuon
http://www.netl.doe.gov/research/coal/energy-systems/gasification/gasifipedia/tampa
http://www.netl.doe.gov/research/coal/energy-systems/gasification/gasifipedia/tampa
http://www.netl.doe.gov/research/coal/energy-systems/gasification/gasifipedia/wabash
http://www.netl.doe.gov/research/Coal/energy-systems/gasification/gasifipedia/project-examples#duke
http://www.netl.doe.gov/research/Coal/energy-systems/gasification/gasifipedia/project-examples#duke
http://www.netl.doe.gov/research/Coal/energy-systems/gasification/gasifipedia/project-examples#kemper
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The database resulting from this research will benefit future LCA-IGCC 

Saskatchewan lignite based projects. Therefore the key motivating questions that will be 

answered in this study are: 

1. What are the environmental implications of an IGCC electrical generating 

station when using Saskatchewan lignite coal? 

2. What are the environmental benefits and drawbacks of the IGCC technology? 

3. What are the environmental implications of introducing pre-combustion CO2 

capture technology into IGCC electrical generating station? 

4. What are the health benefits and adverse health impacts of IGCC technology 

with and without introducing a pre-combustion capture process compared to a 

conventional pulverized coal fired electricity generating station? 

 

1.3 Research Objectives 

The objective of this research is divided into two parts. The first objective is to 

identify and evaluate the environmental performance of an IGCC electrical generating 

station with and without pre-combustion CO2 capture processes from the full life cycle 

perspective to comprehensively understand its environmental impacts. The second 

objective is to evaluate health risks and health benefits associated with IGCC systems for 

the population living in the vicinity of the operational area. Thus, the main tasks of this 

research are to: 

1. Using the “cradle-to-gate” approach, develop the life cycle inventories associated 

with pre-combustion CO2 capture for Saskatchewan lignite coal IGCC based 

electrical generating station. 
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2. Evaluate the environmental performance of a Saskatchewan lignite IGCC based 

electrical generating station with and without a CO2 capture process.  

3. Create life cycle inventory database which is customized to Canadian technical 

and geographical conditions of IGCC-CO2 capture based electrical generation 

systems. The database will contain a high level of detailed data on all unit 

processes, including open surface lignite coal mining in Saskatchewan, 

construction and operations of an IGCC electrical generating station equipped 

with the pre-combustion CO2 capture process.  

4. Since the previous work of Manuilova, 2011 did not include the evaluation of 

human health associated with conventional pulverized coal-fired electricity 

generating station with and without post-combustion CO2 capture process. One of 

the main tasks of this research is to evaluate and identify the human health 

benefit and adverse health from a conventional coal-fired plant. 

5. Provide intensive evaluation and identify the health benefits and adverse health 

that associated with IGCC systems and then compare with the results from 

conventional coal-fired plant. 

 

1.4 Systems Under Study 

This study compares life cycle impact assessment, air pollution dispersion 

assessment and human health impact assessment (health outcomes and health risk 

assessment) of four scenarios which include: i) Conventional lignite coal-fired electricity 

generation without post combustion CO2 capture process, ii) Conventional lignite coal-

fired electricity generation with post combustion CO2 capture process, iii) Integrated 
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Gasification Combined Cycle (IGCC) without pre-combustion CO2 capture process, and 

iv) Integrated Gasification Combined Cycle (IGCC) with pre-combustion CO2 capture 

process. All electricity generators are assumed to be operated at SaskPower Boundary 

Dam facility in Estevan, Saskatchewan, Canada. The description of each technology 

scenario is described as follows: 

The conventional lignite coal-fired electricity generation without post combustion 

CO2 capture process is referred as a reference case or “PC” scenario. It is lignite coal-

fired electricity generation which generates 820 MW net and is a tangentially fired sub-

critical boiler. In this case scenario a dry electrostatic precipitator (ESP) unit is installed 

for particulate and mercury removal. 

The conventional lignite coal-fired electrical generation with post combustion CO2 

capture process is referred as “PC with Capture”. It is lignite coal-fired electricity 

generation equipped with post-combustion capture facility based on chemical absorption 

of CO2 with monoethanolamine (MEA). This plant generates 552 MW net and is a 

tangentially fired sub-critical boiler. Hypothetically 90% of CO2 is being captured. Dry 

ESP unit and wet flue gas desulfurization (FGD) are installed.  

The Integrated Gasification Combined Cycle (IGCC) without pre-combustion CO2 

capture process is referred as “IGCC” scenario. The main components of “IGCC” 

scenario are (i) air separation unit (ASU), gasification, acid gas removal and sulfur 

recovery unit and combine cycle generation electricity generation unit. Lignite is supplied 

as a fuel for gasification process and 342MW net electricity is generated. 

The Integrated Gasification Combined Cycle (IGCC) with pre-combustion CO2 

capture process is referred as “IGCC with Capture” scenario. The main components of 
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“IGCC” scenario are air separation unit (ASU), gasification, acid gas removal and sulfur 

recovery unit, water gas shift (WGS), CO2 removal unit and combine cycle generation 

unit. 95% CO2 is assumed to be captured by using selexol® (physical absorption). Lignite 

is supplied as a fuel for gasification process and 261MW net electricity is generated. 

 

1.5 Previous Work in Saskatchewan 

The life cycle assessment evaluation on electrical generation had never been applied 

and studied in detail, in Saskatchewan, until the year 2005 when Suebsiri conducted the 

CO2 emission accounting study of the Weyburn project in Saskatchewan. So far, there 

have only been three studies on LCA-CCS electrical generating stations based in 

Saskatchewan- Suebsiri, 2010, Manuilova, 2011 and Koiwanit 2015. The scope of 

previous studies is shown in Table 1.3.  Suebsiri conducted the study of an environmental 

model of carbon capture and storage for SaskPower's Boundary Dam. Coal-fired 

electrical generation coupled with post combustion CO2 capture and storage including 

CO2-EOR and deep saline aquifer were analyzed as a case studies. The study used life 

cycle assessment technique as a tool for environmental evaluation. The results showed 

the reduction in global warming potential impact by applying post combustion CO2 

capture process on both CO2-EOR and deep saline aquifer compared to the reference case 

(non capture scenario). The study also showed the increasing of the impact of fossil fuel 

resource used by implementing CO2-EOR and deep saline aquifer.
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Table 1.3- Scope of Previous LCA studies in Saskatchewan 

study Environmental Impacts CO2 Capture 
Technology 

CO2-
EOR 

Deep Saline 
Aquifer 

Air Dispersion 
Modeling 

Health Risk 
Assessment 

 Air Soil Water Human 
Health 

Post Pre Oxy-
fuel 
 

    

Suebsiri, 2010                

Manuilova, 2011                  

Koiwanit, 2015                   
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In 2011 the full life cycle assessment of SaskPower's Boundary Dam power 

generation station was studied in detailed by Manuilova, 2011. This study conducted a 

life cycle assessment to evaluate the full remediation of CO2 post-combustion capture 

with coal fired electrical generating stations and CO2-EOR. 15 environmental impacts 

associated to air, water, soil and human health were assessed. The results of LCA analysis 

on electrical generating station with CO2 capture showed substantial reduction in global 

warming potential impact category. However, the increasing in the eutrophication, 

ecotoxicity, human health and ozone depletion air categories were observed due to the 

additional energy requirement for CO2 capture process operation. The results also showed 

that the environmental impacts were shifted from air to water and water compartments in 

capture scenarios. 

Koiwanit (2015) evaluated the environmental performance of the complete life 

cycle of oxy-fuel combustion CO2 capture process. The health impacts on population 

living in the vicinity of operational area and economic analysis associated with the 

operational of oxy-fuel combustion CO2 capture process were also conducted.  The 

research was a hypothetical oxy-fuel combustion CO2 capture study in Saskatchewan, 

Canada. The reduction of CO2 and other environmental impacts associated with air were 

observed. However, the result showed increases in the environmental impacts of ozone 

depletion air as additional energy and material were required for the processes and 

operations in CO2 capture process. The results also revealed that the oxy-fuel combustion 

CO2 capture process performed better with the regard to human health risk compared to 

post combustion CO2 capture process. In terms of analysis, the oxy-fuel combustion 

showed higher capital cost than post-combustion CO2 capture system due to the excessive 
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energy requirement from air separation unit in oxy-fuel process which requires greater 

investment. 

Both studies of Manuilova and Suebsiri focused on the post-combustion technology 

coupled with the existing electrical generating station in Saskatchewan and Koiwanit 

focused on oxy-fuel combustion technology. Up to this point, there has been no research 

on LCA-IGCC coal based generation coupled with pre-combustion technology in 

Saskatchewan. This research is the starting point for evaluation of LCA of IGCC systems 

when fueled by Saskatchewan's unique lignite coal. This research also focuses on air 

dispersion modeling and human health risk assessment associated with an IGCC 

electrical generating station. This will shed light on effects on both human health and 

ecosystems from implementation of the project.  

 

This thesis is divided into seven chapters: Chapter Two provides the technical 

background information on Carbon Dioxide Capture and Storage (CCS) technologies and 

IGCC systems. Chapter Three provides the fundamental knowledge of LCA analysis, air 

dispersion modeling and human health assessment. Chapter Four describes details of the 

methodologies used in this research. Chapter Five provides detailed description and 

inventories of the IGCC systems with and without a CO2 capture process. Chapter Six 

presents the results and discussion of the life cycle impact assessment, air dispersion 

modeling and human health risk assessment of IGCC technology compared to 

conventional pulverized coal-fired technology. Finally, Chapter Seven consists of 

conclusions and recommendations for future work. 
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Chapter Two 

Background Information 
 

 

2.1 Carbon Dioxide Capture Technologies 

Greenhouse gases (GHGs) affect the climate system by absorbing the infrared 

radiation and trapping the heat to the Earth’s surface which leads to a warming of the 

climate system. As a consequence, the average global surface temperature is expected to 

increase by 1.1 to 6.4 °C during the 21st century, which has environmental impacts such 

as a change in growing seasons (summer or winter), extreme weather patterns                   

( hurricanes, floods, droughts, heat waves, winter storms, and tornados), and a rise in sea 

level (Intergovernmental Panel on Climate Change, 2007). As mentioned earlier in the 

previous chapter, carbon dioxide (CO2) is a major greenhouse gas that contributes to 

global warming effects due to the very large quantities emitted. One of the predominant 

sources of anthropogenic CO2 emissions comes from coal-fired electrical generating 

stations. Thus, efforts to overcome climate change should focus on strategies for the 

reduction of CO2 emissions from coal-fired electrical generating stations among others.  

According to the World Energy Outlook 2014, the world primary energy demand 

will increase about 36% between year 2008 to 2035 and fossil fuels will remain the 

dominant energy source through 2035 (IEA, 2014). As shown in Figure 2.1, coal is the 

second dominant energy source, exceeded by petroleum oil, and it is expected to see an 

annual increase in demand of 0.6% through 2035. Coal has higher carbon content and 
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releases more pollutants into the atmosphere compared to oil and natural gas as shown in 

Table 2.1, however, globally coal is the largest source of fuel for electricity generation, 

and the demand of coal is expected to increase significantly due to the fact that the price 

of coal is more stable and the lower cost per unit of electricity output compared to other 

fuel types as shown in Figure 2.2 (Suebsiri, 2010).  
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Figure 2.1- World Primary Energy Demand by Fuel (IEA, 2014) 

 

Table 2.1- Fossil Fuel Emission Levels (pounds/billion BTU of energy input) (Olajire, 

2010) 

Pollutant Natural gas  Oil Coal 
Carbon dioxide  
Carbon monoxide 
Nitrogen oxide 
Sulphur dioxide 
Particulates 
Mercury 
Total 

117,000 
40 
92 
1 
7 
0 

117,140 

164,000 
33 
448 
1122 
84 

0.007 
165,687.007 

208,000 
208 
457 
2591 
2744 
0.016 

214,000.016 
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Figure 2.2- World Electricity by Type of Fuel (IEA, 2010) 
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In Canada, 77% of greenhouse gas (GHG) emissions from electricity generation are 

from coal-fired electrical generating units (Environment Canada, 2013). A new federal 

regulation for New Source Performance Standards came into effect on July 1, 2015. The 

electrical generating stations that are new or older than 50 years must meet the intensity 

emission requirement of 420 kg/MWh limit. Old stations will close or be rebuilt and 

retrofitted with CCS process like SaskPower Boundary Dam unit 3. There are several 

technological methods to reduce CO2 emissions and thus mitigating climate change i.e. 

improving the efficiency of energy conversion, switching to less carbon-intensive fossil 

fuels, CO2 capture and storage, increasing the use of low-and near-zero-carbon energy 

sources (IPCC, 2005). CO2 capture and storage (CCS) is a promising approach to reduce 

the emission of CO2 into the atmosphere. CCS is the process of capturing CO2 from a 

large scale source, such as an electrical generating station, and transporting it via a 

network of pipelines to a storage site. Then CO2 is deposited where it will not be able to 

enter the atmosphere, normally into deep geologic formations; such as depleted oil and 

gas fields, saline formations, or in sediments under deep ocean as shown in Figure 2.3. 

There are numbers of available technologies of carbon capture; however, selecting the 

right technology is exceptionally difficult. The selected technology must provide 

reasonable capture efficiency while reducing overall cost, which is critical to feasible 

greenhouse gas control implementation (Piewkhaow, 2011). 
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Figure 2.3- Carbon Capture and Sequestration (CCS) Concept (IPCC, 2005). 
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The main intent of a CO2 capture process is to produce CO2 from a large point 

source in high concentrations which makes it easy to transport and store (Nie, 2009). 

There are several separation techniques and common purification methods that appear to 

be promising for the removal of CO2 in industrial applications such as gas absorption into 

liquid solvent, absorption onto a solid, membrane separation, and cryogenics. The 

removal of CO2 from the electrical generating stations is generally categorized into three 

groups: post-combustion CO2 capture, pre-combustion CO2 capture, and oxy-fuel power 

cycle. Figure 2.4 presents the three approaches of CO2 capture technologies that can be 

integrated with electrical generating systems. The choice of capture technology depends 

on type of fuel used and the electrical generating station characteristics. Each capture 

process has some advantages and disadvantages in terms of efficiency and cost as shown 

in Table 2.2. 
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Figure 2.4- CO2 Capture Technologies in Electrical Generation (Nie, 2009). 
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Table 2.2- Advantages and Disadvantages of Different CO2 Capture Approaches  

(adapted from Figueroa et al., 2008). 

 Advantages Disadvantages 

Post-combustion • Applicable to the majority of 
existing coal-fired power 
plants 

• Retrofit technology option 

• Low CO2 concentration 
      (4-14%) 

• Low CO2 partial pressure 
• Required large equipment sizes 

and high capital cost 
• Consume an excessive amount of 

energy for solvent regeneration 
 

Pre-combustion • High CO2 concentration 
• High CO2 partial pressure 

which increases the driving 
force for the separation 

• More technologies available 
for the separation 

• Require small size of 
equipment 

• Applicable mainly to new plants, 
as few gasification plants are 
currently in operation 

• Barriers to commercial application 
of gasification such as: 
availability, cost of equipment and 
extensive support required 
 

Oxyfuel-combustion • Very high CO2 concentration 
in flue gas 

• Retrofit and repowering 
technology option 

• Large cryogenic O2 production 
requirement maybe cost 
prohibitive 

• Cooled CO2 recycle required to 
maintain temperature within limits 
of combustor material which can 
decrease the process efficiency 
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2.1.1 Post-Combustion CO2 capture 

The principle of a post-combustion process is to remove CO2 from the flue gas 

stream which is produced by combustion of fuel (i.e. coal, biomass, natural gas or oil) in 

air. The post-combustion capture is usually applied to coal and gas fired electrical 

generating stations (Manuilova, 2011). At present, the most proven technique for 

capturing carbon dioxide post-combustion is amine scrubbing. Chemical absorption using 

monoethanolamine (MEA) is considered to be a promising technology to remove CO2 

from the gas stream because MEA has advantages over other alkanolamine species such 

as being the least expensive of alkanolamine, and lowest molecular weight which has the 

highest CO2 absorption capacity (Abu-Zahra et al., 2007; Rubin, E. S. and Rao, A. B., 

2002; Sakwattanapong, 2005; Yan et al., 2009; Wong and Bioletti, 1998). 

Since coal-fired electrical generating stations generate flue gas streams that contain a 

low content of CO2 (less than 15%) and partial pressure of less than 0.15 atm (15 kPa), 

the thermodynamic driving force for capturing CO2 from the flue gas is problematic. Also 

the large volumes of gas that need to be treated require large expensive equipment 

(Blomen et al., 2009). This is exacerbated in natural gas systems where CO2 flue gas 

concentrations are in the range of 4%, increasing capital size and reducing the partial 

pressure (driving force). Moreover, the concern with chemical absorption technology is 

chemical degradation and oxidation and the corrosive by-products that lead to the 

reduction of CO2 absorption efficiency and cause component weakening and operational 

problems such as foaming, corrosion, and fouling. Despite these barriers, a post-

combustion process is an effective, retrofitable technology for existing electrical 

generating stations. In general, post-combustion capture technology offers the largest 
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amount of available public information and the technology has reached the level of 

readiness to be widely implemented as a reliable CO2 capture method. Its system 

boundary is simple and demonstrates the ability to be applicable to different industries to 

accommodate various CO2 containing gases. In addition, amine based systems have been 

used for decades to clean natural gas streams of CO2 and H2S. Hence substantial volumes 

of relevant literature can be found. 

 

2.1.2  Pre- Combustion CO2 capture 

In a pre-combustion CO2 capture process, CO2 is being separated from the syngas 

stream before combustion occurs. Pre-combustion CO2 capture is usually incorporated 

into an integrated gasification combined cycle (IGCC) process. It can also be applied in 

natural gas-based plants. In a pre-combustion process, coal is first reacted with oxygen 

(O2), air or, in some cases, steam in a gasifier to chemically convert the fuel and produce 

synthesis gas: mainly carbon monoxide (CO) and hydrogen (H2); this process is known as 

gasification, partial oxidation, or reforming (Davison & Thambimuthu, 2005). Then, the 

gas mixture, which contains mainly CO and H2, is passed through a catalytic reactor - CO 

conversion unit, which is called a shift gas converter, in order to produce more CO2 and 

H2  approximately 40% and 55% by volume, respectively. The reaction takes place in the 

presence of various catalysts. Two types of water- gas shift catalysts are widely applied 

(Byron et al., 2010):  

• High-temperature shift (HTS) catalyst, which are chromium or copper promoted 

iron-oxide catalysts operating at relatively high temperature of 350–500 ºC; and 



 

36 
 

• Low-temperature shift (LTS) catalysts, which are copper-zinc-aluminum catalyst 

operating at relatively low temperature of 185– 275 ºC. 

After that, carbon dioxide will be separated, transported, and ultimately 

sequestered, and hydrogen rich syngas can be used as fuel in an adapted combustion 

turbine. The CO2 rich syngas, after the water gas shift reaction, contains high CO2 

concentrations of between 15-60% and high total pressure of 2-7 MPa (Klara and 

Srivastava, 2002; Davison and Thimbimuthu, 2004).  Due to the high CO2 concentration 

and the relatively high partial pressure of CO2 in the syngas exiting the shift converter, it 

is preferable to use physical absorption solvents (they selectivity absorb CO2 without a 

chemical reaction), with lower energy penalties for solvent regeneration, such as Selexol® 

or Rectisol®, which are used widely in natural gas and synthesis gas applications.   

In a CO2 capture process, the physical absorbents (i.e. Selexol® and Rectisol®) 

dissolve acid gases with increasing pressure. Then the absorbed acid gases are released 

from the solvent when pressure is decreased and temperature is increased. Therefore, less 

steam-heat is required for solvent regeneration compared to chemical solvents (Global 

CCS Institute, 2012). 

In a pre-combustion process, CO2 concentration and CO2 partial pressure are both 

higher than in post-combustion processes, which can improve the driving force for the 

separation process. As the result they require less energy for solvent regeneration as 

noted above and the equipment for the capture process can then be smaller than the 

equipment for the post-combustion capture process. However, pre-combustion capture 

has two main disadvantages: 1) it requires the construction of a new IGCC plant and 2) 
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the shift reaction consumes a large amount of steam which causes an efficiency loss 

(Olajire, 2010). 

 

2.1.3 Oxy-Fuel Power Cycle  

In an oxy-fuel combustion process, the fuel is burned with nearly pure oxygen 

(greater than 95% by volume) this results in high CO2 concentrations in the flue gas. A 

portion of the flue gas is then recycled to the boiler and mixed with the oxygen for 

combustion. This is because pure oxygen causes combustion at an excessively high 

temperature. Some of flue gas will be recycled back into the combustor in order to bring 

down the flame temperature to normal air-blown combustor levels as well as allowing for 

more effective heat transfer to the boiler tubes (Olajire, 2010). This flue gas recycling 

process is necessary because the current available material of construction cannot 

accommodate the high temperature resulting from coal combustion in pure oxygen 

(Figueroa et al., 2008). When oxy-fuel combustion takes place in an O2/CO2 rich 

environment, it is also called O2/CO2 recycle combustion. The resulting mix of carbon 

dioxide and water vapour can be separated by condensation of the water vapour. A high 

concentration of oxygen can be produced using cryogenic air separation, which is already 

used on a large scale globally (Davison and Thambimuthu, 2005). The main advantage of 

oxy-fuel combustion is that it produces a flue gas which is predominantly CO2 and water. 

The water can be separated by condensation resulting in a high CO2 concentrations (over 

80% by volume) in the flue gas, which then requires a simple and relatively inexpensive 

CO2 purification process by using physical separation techniques such as a low-
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temperature separation and distillation processes (Natural Resources Canada, 2013), in 

comparison to conventional pulverized coal combustion, which produces CO2 diluted 

with N2, NOx, SOx, and other impurities requiring expensive flue gas processing and 

chemicals for CO2 absorption. With the fact that oxy-fuel combustion only requires a 

physical separation process for CO2 removal, this capture technology thereby can not 

only avoid  the use of chemical solvents that contribute to high operating costs but also 

contributes less environmental disposal of any related solid or liquid waste (Davison and 

Thambimuthu, 2005). Another advantage associated with the oxy-fuel combustion 

process is NOx emission from the oxy-fuel combustion can be reduced to less than one-

third of that in air-fired combustion because the low concentration of nitrogen in the feed 

gas suppresses the formation of NOx (Davison and Thambimuthu, 2005). However, the 

main concern of oxy-fuel combustion process is the high energy cost of producing the 

pure oxygen including some excess oxygen to ensure complete fuel burn-out. 

 

2.2 Current Commercial Scale CCS Projects 

According to the report from Global CCS Institute 2014 and Carbon Capture & 

Sequestration Technologies @ MIT, 55 large-scale CCS projects have been identified 

globally as shown in Figure 2.5. The large-scale integrated CCS projects are defined by 

Global CCS Institute as projects involving the capture, transport, and storage of CO2 at a 

scale of at least 800,000 tonnes of CO2 annually for a coal-based power plant, or at least 

400,000 tonnes of CO2 annually for other emissions - intensive industrial facilities. Of 

these, thirteen commercial-scale projects are in operation worldwide; six plants are 
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operating in USA, three plants are in Canada, three plants are in Europe and another two 

plants are located in other regions. The brief explanation of each project that are in 

operation are presented on Table 2.3 and all 55 projects are presented in Appendix A. 

Each of the operational projects is also briefly described based on region in Appendix A. 

It has to be noted that although the natural gas processing plants are defined as being pre-

combustion CO2 capture processes, this may be a convenience only since most systems 

rely on amines (similar to post-combustion) and only in some instances is the methane 

shift converted to H2 and CO2 (such as in fertilizer plants and refineries/upgraders). 

Therefore, this review will be using post-combustion as the CO2 capture process for the 

natural gas plants that are not converting methane to hydrogen. 
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Figure 2.5- Large Scale CCS Projects Around the World (Global CCS Institute 2014, 

2014). 
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Table 2.3- Large Scale CCS Projects that are Operating World Wide (Global CCS Institute 2014, 2014) 

Project Name Project 
Lifecycle 
Stage 

Year of 
Operation 

Location Industry Capture Type Capture 
Capacity 
(Mt) 

Transport 
Type 

Primary Storage Option 

In Salah CO2 Storage 
 

Operate 2004 Wilaya De 
Ouargla, Algeria 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

0 (Injection 
Suspended) 

Pipeline, 14 km Dedicated Geological Storage, 
Offshore Deep Saline 
Formations 

Val Verde Natural 
Gas Plants 

Operate 1972 Texas, United 
States 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

1.3 Pipeline, 356 
km 

Enhanced Oil Recovery 

Enid Fertilizer CO2-
Eor Project 

Operate 1982 Oklahoma, United 
States 

Fertilizer 
Production 

Industrial Separation 0.7 Pipeline, 225 
km 

Enhanced Oil Recovery 

Shute Creek Gas 
Processing  Facility 

Operate 1986 Wyoming, United 
States 

Natural Gas 
Processing 

Post-Combustion 
Capture amine based 
system (Natural Gas 
Processing) 

7.0 Multiple 
Pipelines, 
Maximum Of 
460 Km 

Enhanced Oil Recovery 

Sleipner CO2 Storage 
Project 

Operate 1996 North Sea, 
Norway 

Natural Gas 
Processing 

MDEA-Pressure 
Swing absorption 
(Natural Gas 
Processing) 

0.9 No Transport 
Required 
(I.E. Direct 
Injection) 

Dedicated Geological Storage, 
Offshore Deep Saline 
Formations 

Great Plains Synfuel 
Plant and Weyburn- 
Midale Project 

Operate 2000 North Dakota, 
United States 

Synthetic 
Natural Gas 

Post-Combustion 
Capture using 
Rectisol® process as 
methane is separated 
from CO2 
(Gasification) 

3.0 Pipeline, 329 
Km 

Enhanced Oil Recovery 

Snøhvit CO2 Storage 
Project 

Operate 2008 Barents Sea, 
Norway 

Natural Gas 
Processing 

Post-Combustion 
Capture amine based 
system (Natural Gas 
Processing) 

0.7 Pipeline, 153 
Km 

Dedicated Geological Storage, 
Offshore Deep Saline 
Formations 

Century Plant Operate 2010 Texas, United 
States 

Natural Gas 
Processing 

Post-Combustion 
Capture (Natural Gas 
Processing) 

5 Pipeline, 
>255 Km 

Enhanced Oil Recovery 
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Project Name Project 
Lifecycle 
Stage 

Year Of 
Operation 

Location Industry Capture Type Capture 
Capacity 
(Mt) 

Transport 
Type 

Primary Storage Option 

Air Products Steam 
Methane Reformer 
EOR Project 

Operate 2013 Texas, United 
States 

Hydrogen 
Production 

Pre-Combustion 
Capture 

1.0 Pipeline, 158 
Km 

Enhanced Oil Recovery 

Coffeyville 
Gasification 
Plant 

Operate 2013 Kansas, United 
States 

Fertilizer 
Production 

Industrial Separation 1.0 Pipeline, 110 
Km 

Enhanced Oil Recovery 

Lost Cabin Gas Plant Operate 2013 Wyoming, United 
States 

Natural Gas 
Processing 

Post-Combustion 
Capture (Natural Gas 
Processing) 

0.9 Pipeline, 374 
Km 

Enhanced Oil Recovery 

Petrobras Lula Oil 
Field CCS Project 

Operate 2013 Santos Basin, 
Brazil 

Natural Gas 
Processing 

Post-Combustion 
Capture (Natural Gas 
Processing) 

0.7 No Transport 
Required 
(I.E. Direct 
Injection) 

Enhanced Oil Recovery 

Boundary Dam 
Integrated Carbon 
Capture And 
Sequestration 
Demonstration 
Project 

Operate 2014 Saskatchewan, 
Canada 

Power 
Generation 

Post-Combustion 
Capture 

1.0 Pipeline, 66 Km Enhanced Oil Recovery 
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2.3 Background Information for Integrated Gasification Combined Cycle (IGCC) 

system 

Although carbon capture and storage (CCS) seems to be a promising technology for 

mitigating the emissions from coal fired electrical generating stations, the additional 

energy requirement reduces the overall efficiency of the electrical generation systems. 

The size of the reduction depends mainly upon the process of converting fuel into energy 

(Hoffmann and Szklo, 2011). Integrated gasification combined cycle (IGCC) is a 

conversion process that requires less energy for CO2 removal than the conventional 

electrical generation systems. However, it should be noted that efficiency is just one 

measure and other factors will be included in determining the cost of the different 

technologies and the level of operational risk. 

IGCC is the gasification based electrical generation system that combines two main 

technologies: gasification and combined cycle electricity generation. In the gasification 

process, coal is first fed into the gasifier where it is partially oxidized, usually with 

oxygen, in a reducing environment to produce synthesis gas or “syngas”, a mixture of 

predominantly CO and H2. The high purity oxygen is produced in an air separation unit 

(ASU). The operational temperature in the gasifier, which is off the entrained flow type, 

is usually over 1500 ºC in order to ensure that the ash will become a liquid slag with low 

viscosity allowing it to easily flow out from the base of the gasifier. Only a small portion 

of ash is entrained with the syngas and is removed in the particulate removal process. 

After the cooling and cleaning process, the syngas is then converted to electricity in a 

combined cycle electricity generation unit. In case of IGCC with CO2 capture process, in 

essence, the addition of an in-line shift converter is added to produce hydrogen and CO2. 
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Then the CO2 and H2 rich syngas is fed to CO2 removal process to remove CO2. After 

that, the H2 rich syngas is sent to the combined cycle electricity generation unit to 

produce electricity. 

A typical IGCC electrical generation station generally consists of four main 

operating components, as shown in Figure 2.6: air separation unit, gasification, cooling 

and cleaning (purification), and gas turbine combined cycle.  The following section 

provides details description of each unit process. 

 

 

Figure 2.6- IGCC Process Diagram (Adapted from Clean Coal Technology, 2001) 
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2.3.1 Air Separation Unit (ASU) 

The air separation unit is responsible for the separation of air into its constituents 

(Oxygen, Nitrogen and Argon) and supplying the pure oxygen to the gasifier. Currently, 

there are three commercially used air separation methods: pressure swing absorption 

(PSA), polymeric membranes and cryogenic separation (Bolland and Mathieu, 1998). 

The most common method and widely used for medium and large scale oxygen 

production with a high purity requirement for the produced oxygen is cryogenic 

separation (Zhu, 2004). Cryogenic plants are capable of producing more than 99.5% pure 

oxygen, large plants typically produce between 600 to 8,000 tons per day (Rubin et al., 

2007 and Zhu, 2004). The oxygen production capacity and purity of a pressure swing 

absorption (PSA) process is much lower than a cryogenic process, less than 40 tonnes per 

day with the maximum purity of 90% (Bolland and Mathieu, 1998). The polymeric 

membrane separation process is also not suitable for providing oxygen to a large scale 

IGCC plant because purity does not exceed 50% (Prasad et al., 2002). Therefore, between 

the three processes, cryogenic separation is the best because it is the only method that can 

produce the purity needed (minimum of 95% purity).  
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2.3.2 Gasification Technology 

Gasification is the process that converts fossil or organic based carbonaceous 

feedstock into syngas, a mixture of carbon monoxide and hydrogen.  The fuel is 

converted to syngas in reactor with high purity of oxidant (95% O2) and either steam or 

water. The oxidant is sent to the gasifier (reactor) to partially oxidize the fuel. The 

exothermic oxidation provides heat for endothermic reaction in gasification process 

(Rubin et al., 2007). The reaction takes place at a high temperature. Water or steam is 

applied for the source of hydrolysis in the gasification reactions to avoid excessively high 

temperature. There are currently three types of gasification technologies that are applied 

in IGCC systems: moving-bed or counter-current reactors, fluidized-bed gasifier or 

entrained-flow gasifier. The characteristic of each gasifier types are shown on Table 2.4. 

Counter-Current Gasifier: 

In a counter-current gasifier, fuel (coal or biomass) flows counter-current with 

steam and oxygen. Typically, fuel is introduced at the top of the reactor and flows 

downward, while steam and oxygen are introduced at the bottom of the reactor and flow 

vertically upward. A combustion zone at the bottom of the reactor produces thermal 

energy as the fuel that reaches the bottom of gasifier is combusted to heat up the syngas, 

which flows upward through the reactor. The hot syngas then comes into contact with the 

fuel introduced at the top of the reactor. The result is that heated fuel at the top of the 

reactor is devolatilized; lighter hydrocarbons are driven off and exit as part of the syngas.  
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Table 2.4-Characteristics of Different Gasifier Types (Maurstad, 2005). 

 
Gasifier type 

 
Counter-Current 

 
Fluidized bed 

 
Entrained flow 

Outlet temperature Low 
(425-600 °C) 

Moderate 
(900-1050 °C) 

High 
(1250-1600 °C) 

Oxidant demand Low Moderate High 
Ash conditions Dry ash or slagging Dry ash or 

agglomerating 
slagging 

Size of coal feed 4-530 mm 6-10mm <100 µm 
Acceptability of 
fines 

Limited Good Unlimited 

Other characteristics Methane, tars and 
oils present in 
syngas 

Low carbon 
conversion 

Pure syngas, high 
carbon conversion 
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The heat from the combustion zone produces endothermic gasification reactions 

that occur primarily in the middle portion (central zone) of the reactor (Rubin et al., 2007 

and Zhu, 2004). The exit temperature of syngas of a counter-current gasifier is relatively 

low compared to other two kinds of gasifiers, because the syngas that leaves the gasifier 

contacts the cool fuel entering the gasifier. 

A typical outlet temperature for a counter-current gasifier is about 593 ºC. At this 

temperature, the heavier volatilized hydrocarbon components such as tars will not be 

broken down and can be condensed in the syngas cooling process. Ash is removed from 

the bottom of the gasifier. Furthermore, counter-current gasifiers are capable of handling 

large fuel particles normally around 4 mm to 30 mm. The counter-current gasifier is not 

suitable for handling fine particles because this gasifier introduces the fuel at the top, 

small particles would be caught in the up draft and be sucked out prior to being able to 

react. Examples of counter-current gasifiers are Lurgi dry bottom gasifiers and the British 

Gas/Lurgi slagging gasifiers, which are suitable for handling large particles such as solid 

waste (Zhu, 2004). 

Fluidized-Bed Gasifier: 

In a fluidized-bed gasifier the feedstock fuel, oxygen and steam, are introduced at 

the bottom of the reactor. The coal reaction bed is fluidized as the fuel gas flow rate 

increases and the flow becomes turbulent as the minimum fluidizing velocity is exceeded. 

The gasification takes place in the central zone of the gasifier. The operational 

temperature of the fluidized-bed gasifier is maintained at a nearly constant temperature 

range of 983 ºC to 1038 ºC.  As the operation temperature of the fluidized-bed gasifier is 
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higher than that of Counter-Current Gasifier, the formation of tar can be avoided in the 

fluidized-bed gasifier (Zhu, 2004). Char is the unconverted of coal which entrained with 

the hot raw syngas from the reactor bed and will be separated from the raw syngas in 

cyclones. After char is separated from the hot raw syngas, it is recycled to the hot ash 

agglomerating zone at the bottom of the reactor bed. The temperature in that zone is high 

enough to gasify the char and reach the softening temperature for some of eutectics in the 

ash (Rubin et al., 2007). The ash particles stick together and become dense until they are 

separated from the char particles. The agglomerated ash then falls to the bottom of the 

gasifier and is removed from the reactor (Rubin et al., 2007). 

The main feature of fluidized-bed gasifiers is the rapid mixing of fuel particles in a 

size range of 0.1 mm to 10 mm. This reactor is restricted to reactive, non-caking fuels 

(coal) for uniform back-mixing of coal and fuel gas, also to simply facilitate gasification 

of the unconverted char to enter the hot ash zone. A typical example of a fluidized-bed 

gasifier is the Kellogg Rust Westinghouse (KRW) gasifier used in the Pinon Pine IGCC 

project (Zhu, 2004). 

Entrained-Flow Gasifier: 

The entrained flow gasifier is considered to be the most suitable gasifier for IGCC 

systems (Christou et al., 2007). The entrained-flow gasifier is a plug type reactor. This 

reactor is suitable for fine feedstock fuel which has a particle diameter less than 0.1 mm. 

The fuel flows co-current and reacts with oxygen and/or steam (depending on whether the 

coal is added as dry feed or water based slurry). The feedstock (fuel, oxygen and/or 

steam) is introduced at the top of the reactor and is operated at a temperature in excess of 
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1260 ºC. The high temperature helps assure carbon conversion and provides a mechanism 

for ash removal as the operating temperature is well above the ash slag condition and the 

ash slag is removed from the bottom of the reactor (Simbeck et al., 1983 and Zhu, 2004). 

An additional advantage of the high operating temperature is that very little methane is 

produced and no other hydrocarbons are found in the syngas. Another advantage of the 

entrained-flow gasifiers are that they can gasify almost all types of coal regardless of coal 

rank, amount of coal fines or caking characteristics. This is because the high gasification 

temperatures makes it easy to gasify even the relatively unreactive feedstocks that 

might not be efficiently gasified in lower temperature fluidized bed or moving bed 

reactors. However, this type of gasifier consumes more oxygen during partial combustion 

than others due to its high operating temperature. Some examples of typical entrained 

flow reactors are the GE gasifier, E-Gas gasifiers and Texaco Gasification Process.  

 

2.3.3 Cooling and Cleaning Process (Purification Process) 

The raw syngas usually leaves the gasifier at a high temperature and before being 

fed it to the combustor the syngas needs to be cool and purified. Normally, the raw 

syngas produced from the gasification process contains mainly carbon monoxide (CO), 

hydrogen (H2), a small amount of carbon dioxide (CO2), water (H2O), sulfur compounds 

(H2S, COS), nitrogen compounds (NH3, HCN), chlorine compounds (HCl, NH4Cl), 

particulate matter (unconverted carbon and ash), methane (CH4), and mercury (Hg). 

Before injecting the syngas (for IGCC without capture process) or H2 (for IGCC with 

capture process) in the combustor of the gas turbine the raw syngas has to be cleaned and 
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due to the fact that the syngas leaves the gasifier at high temperatures, it also has to be 

cooled down to approximately 100 °C to utilize the acid gas removal process. 

The cooling process can be accomplished by using waste (low temperature) heat 

from the boiler or a direct quench process which directly injects water into the raw syngas 

(Christou et al., 2007). The cooled syngas is fed into the gas cleaning process, where 

particles, sulfur and other impurities are removed. Next, the syngas is treated in an acid 

gas removal process to remove the sulfur and nitrogen compounds. This process can be 

either a chemical or physical solvent-based process. COS and H2S can be removed during 

the COS hydrolysis water-gas reaction process and converted to valuable by-products 

such as elemental sulphur and sulfuric acid. Other particulate impurity compounds such 

as HCl and NH3 are removed using water scrubbing (Christou et al., 2007). Up to 99.99% 

of mercury can be removed from syngas using a sulfur-impregnated activated carbon bed 

(Christou et al., 2007 and Maurstad, 2005). At this point, CO2 may also be captured by 

applying the water gas shift process followed by either a physical or chemical solvent 

based CO2 capture process.  

The fuel gas clean-up process in IGCC system is efficient and low cost compared to 

the traditional cleaning process (post-combustion/flue gas clean-up) due to the lower 

volumes of syngas and the high partial pressure and concentration of CO2. The 

environmental performance of IGCC can be shown in Table 2.5.  The clean syngas is 

then use as fuel in the combustion turbine. Meanwhile, the conventional IGCC, without 

CO2 capture process, uses the syngas after removing ash and hydrogen sulfide for 

electricity generation by burning syngas in the gas turbine. 
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Table 2.5- IGCC Environmental Performance (Maurstad, 2005). 

Pollutant/Environmental Issue Performance 

SO2 Commercial process such as MDEA and Selexol®can 
remove more than 97% of the sulfur so that the clean 
syngas has a concentration of sulfur compounds < 20 
ppmv. The more expensive Rectisol® process can similarly 
achieve a concentration of <0.1 ppmv. SO2 emissions of 
0.15 kg/MWh has been demonstrated at ELCOGAS plant 
in Puertillano, Spain 
 

NOx The emissions are similar to those of a natural gas fired 
combined cycle plant. Dilution of syngas with nitrogen and 
water are used to reduce flame temperatures and lower 
thermal NOx formation to levels < 15 ppm. Further 
reduction to single digit levels are possible with selective 
catalytic reduction (SRC) but have some disadvantages 
such as ammonia slip, increased requirement for sulfur 
removal and reduce electricity generation outlet 
 

Mercury Commercial technology for mercury removal is available. 
99.9% removal from syngas has been demonstrated. The 
cost of mercury removal has been estimated to $7,522/kg 
for IGCC vs. $17,145/kg for PC plant. 
 

Other emissions Emission of CO is caused mainly by incomplete 
combustion in the gas turbine. Permit levels are typically 
15 ppm. 
VOC emissions also result from incomplete combustion, 
and compliance with permit levels is normally done by 
calibrating VOC emissions to CO emissions. PM includes 
solid charcoal and slag particles and liquid drops from 
cooling tower operation. 
 

Trace elements A large number of the periodic table is present in coals in 
trace amounts, and currently there is an incomplete 
understanding of how these trace elements partition 
between the slag, fly ash, syngas and gas clean up streams. 
 

Solid waste IGCC produces about half the amount compared to 
conventional PC plants. The solid waste is also less likely 
to leach toxic metals which are encased in the solidified 
slag. The slag is a useful by-product with a value. 
 

Water use IGCC uses 20%-50% less cooling water than conventional 
coal plants. The reason is that the steam cycle represents a 
smaller part of electricity generated. 
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2.3.4 Combined Cycle Electricity Generation 

After the CO2 scrubbing process, the hydrogen rich syngas is fed into a combined 

cycle generator to produce electricity. The combined cycle generation consists of two 

main components; gas turbine system and steam turbine system as shown in Figure 2.7. 

After the acid gas cleaning process resulting in clean syngas (in the case of IGCC without 

CO2 capture process) or H2 (in the case of IGCC with CO2 capture process) the syngas or 

H2 will be sent to the gas turbine unit. The gas turbine converts the chemical energy in 

the supplied fuel gas (syngas or H2) into shaft work which turns a generator and produces 

electricity. The hot flue gas from the gas turbine flows through a heat recovery steam 

generator (HRSG) where single pressure or multi pressure (double or triple pressure) 

steam drums are employed.  As such, a triple pressure steam cycle generates high 

pressure (HP), intermediate pressure (IP), and low pressure (LP) steam. 
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Figure 2.7- Simplified Schematic Diagram of Combine Cycle Process (Zhu, 2007). 
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A Gas turbine system consists of three main components; the compressor, the 

combustor and the turbine. Air at ambient conditions enters the compressor. The 

compressed air then enters the combustion chamber, where the air is mixed with the high 

pressure fuel (clean syngas). In the combustion unit, the air and fuel are burned at a 

constant pressure (Zhu, 2007). The high pressure gases from combustor are sent to the 

turbine (expander) where the pressure and temperature of the gas is reduced. The 

difference between the work output of the expander and the work input to the compressor 

is the net electricity produced from the generator. The high temperature exhaust gas is 

then passed to the steam turbine cycle process. 

The steam turbine cycle consists of a heat recovery steam generator (HRSG), a 

steam turbine and other auxiliary parts. The gas turbine exhaust flows through the heat 

recovery steam regenerator to provide superheated steam, saturated steam and boiler feed 

water (Zhu and Frey, 2007). The steam is then sent to the high pressure steam turbine and 

low pressure steam turbine. Then the generator converts shaft work into electricity. The 

cooled flue gas from the HRSG is exhausted from a flue stack.  

 

2.4 Commercial Scale Coal-fired IGCC Electrical Generating Stations 

Six commercial scale coal based IGCC plants have been successfully demonstrated 

in North America and Europe. The first three plants (Wabash River Generating Station, 

Polk Power Station and ELCOGAS Puertollano) are in operation. Wabash River 

Generating Station and Polk Power Station were recently supported by DOE’s Clean 

Coal Technology Demonstration Program; while the ELCOGAS is operated in Europe 

and funded by European Union, Nuon Power Buggenum is no longer in operation. The 
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Louisiana Gasification Technology Inc (LGTI) and Cool Water projects were partially 

funded by DOE programme. However, they are also no longer in operation (Ratafia-

Brown et al., 2002). The design features of each plant come from Ratafia-Brown et al., 

2002, Maurstad, 2005 and NETL, 2015b, the details are given in Table 2.6. 
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Table 2.6- Overview of Example Commercial IGCC Facilities (Adadpted from Ratafia-

Brown et al., 2002, Maurstad, 2005 and NETL, 2015b). 

Project 
participant/ Plant 
name  
 

Tempa, Polk 
Country 
Power 
Station 

Wabash 
River 

Generating 
Station 

Elcogas/ 
Puertollano 

 

Nuon Power 
Buggenum 

 

Cool Water 
Gasification 

Plant 

LGTI 
 

Location 
 

Mulberry, 
Florida  

 

West Terre 
Haute, 

Illinnois  
 

Puertollano, 
Spain  

 

Buggenum 
Netherland 

 

Barstow, 
California  

 

Plaquemine, 
LA  

 

Net Power    
(MWe net) 

250 265 298 253 96 160 

Coal Type 
 

High Sulfur 
Bituminous 

High Sulfur 
Bituminous 

High-ash 
coal/petroleum 
coke 

Wide range of 
imported coals 
with up to30%  
biomass  

Low Sulfur 
Subbituminous 

Low Sulfur 
Subbituminous 

Gasification 
Process 

Type/Fuel Feed 

Texaco 
Single-Stage 
Entrained-
Bed/ 
Slurry Fed 

E-Gas Two -
Stage 
Entrained-
Bed/ 
Slurry Fed 

Pressurized 
entrained flow-
single stage/ dry 
coal 

Single  
Shell SCGP 
unit / dry feed 
coal 

Texaco Single-
Stage 
Entrained-
Bed/slurry feed 

E-Gas Two -
Stage 
Entrained-Bed/ 
Slurry Fed 

Oxidant 
 

95% Pure 
Oxygen 

95% Pure 
Oxygen 

85% Pure 
Oxygen 

95% Pure 
Oxygen 

95% Pure 
Oxygen 

95% Pure 
Oxygen 

Gas Cleanup 
 

Low-
Temperature 

Low-
Temperature 

Low-
Temperature 

Low-
Temperature 

Low-
Temperature 

Low-
Temperature 

Particulate 
Control 

Water 
Scrubber 

Metallic 
Candle Filter 
System and 
Water 
Scrubber 

Ceramic candle 
filter System 
and water 
scrubber 

Ceramic candle 
filter System 
and water 
scrubber 

Water Scrubber Water Scrubber 

Acid Gas 
Cleanup/ Sulfur 

by Product 

Amine 
Scrubber and 
H2SO4 

Plant/Sulfuric 
Acid 

Select amine 

Scrubber and 
Claus 
Plant/ Sulfur 

 COS 
hydrolysis   
and MDEA and 
Claus 
Plant/ Sulfur 

HCN/COS 
Hydrolysis and 
a Sulfinol M 
Wash, Claus 
Plant/ Sulfur 

SelectamineTM 

Scrubber and 
SelectoxTM 

Plant/ 
Sulfur 

SelectamineTM 

Scrubber and 
SelectoxTM 

Plant/ 
Sulfur 

Sulfur Recovery 
Capability 

98% Design 99%Design 99% Design 99% Design 85% Design 85% Design 

NOx control 
 

Nitrogen and 
Steam 
Dilution to 
Combustion 
Turbine 

Steam 
Dilution to 
Combustion 
Turbine 

Nitrogen and 
Steam 
Dilution to 
Combustion 
Turbine 

Nitrogen and 
Steam 
Dilution to 
Combustion 
Turbine 

Steam Dilution 
to 
Combustion 
Turbine 

Steam Dilution 
to 
Combustion 
Turbine 

Ammonia 
Control 

Water 
Scrubber 

Water 
Scrubber 

Water Scrubber Water Scrubber Water Scrubber Water Scrubber 

Chloride/Fluoride 
control 

Water 
Scrubber 

Water 
Scrubber 

Water Scrubber Water Scrubber Water Scrubber Water Scrubber 

 

 

http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/coal.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/coal.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/biomass-msw.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/entrainedflow.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/entrainedflow.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/shell.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/shell.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/particulate-removal.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/particulate-removal.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/particulate-removal.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/particulate-removal.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/water-gas-shift.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/water-gas-shift.html
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/sulfinol.html
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Chapter Three 

Technical Background of Life Cycle Assessment, Air 

Pollutant Dispersion and Human Health impacts 

Assessment 
 

 

3.1 Life Cycle Assessment (LCA) 

According to ISO 14040, Life Cycle Assessment (LCA) is “the technique for 

assessing the environmental aspects and potential impacts associated with a product by: 

• Compiling an inventory of relevant inputs and outputs of a product system 

• Evaluating the potential environmental impacts associated with those inputs and 

outputs 

• Interpreting the results of the inventory analysis and impact assessment phases in 

relation to the objectives of the study (Baumann and Tillman, 2004)” 

In addition, LCA is the technique that describes the environmental aspect and 

potential environmental impacts throughout a product’s life cycle from raw materials 

acquisition through production, use, end-of-life treatment, recycling and final disposal 

(ISO 14044, 2006). 
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3.1.1 LCA Methodology 

LCA describes a whole procedure for how environmental studies are performed and 

interpreted. The framework of LCA includes the following phases: 

• Definition of goal and scope of the study; 

• Inventory analysis (LCA); 

• Impact assessment (LCIA); and  

• Interpretation of the results 

 

3.1.1.1 Goal and Scope of the LCA Study 

The simplified diagram of an LCA framework is shown in Figure 3.1. First, the 

goal and scope of the study are defined based on the requirements and purposes of 

specified modelling. Then, the inventory analysis phase (LCI) is performed to construct 

the life cycle model and calculate emissions produced and the resources used throughout 

the life cycle. The third phase of LCA is called the life cycle impact assessment (LCIA), 

in this phase emissions and resources related to various environmental problems are 

classified and characterized. Weighting may also be used to apply different 

environmental impacts related to the life cycle on the same scale. Finally, an 

interpretation is performed to summarize and discuss the results of the LCI or LCIA 

(Manuilova, 2011; Baumann and Tillman, 2004 and ISO 14044, 2006). 
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Figure 3.1- LCA Framework (Manuilova, 2011). 
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The goal of the study is defined by the purpose of the LCA study. The goal definition 

normally includes stating the intended application of the study, the reason for carrying 

out the study and the audience to whom the results are intended to be communicated 

(Baumann and Tillman, 2004). In the scope of the LCA, a number of items are 

considered and clearly described. These are the product system under study, system 

boundaries, allocation procedures, LCIA methodology, types of impacts, data 

requirements, data quality, assumptions and limitations.  

The functional unit corresponds to the reference flow where all flows and data of the 

system (i.e. energy, materials, emissions and wastes) are normalized (Suebsiri, 2010). It 

allows the use of LCA results to compare the environmental performance of different 

technologies for meeting society’s needs (Sathre et al., 2011). In a LCA study, it is 

critical to define and check the functional unit that the results of the study are related to. 

If the wrong definition of the functional unit has been made, it may lead to technically 

unreasonable assumptions and inaccurate results. The choice of functional unit is 

normally directed by the output of the system, depending on what systems are focused on 

and analyzed. Previous CCS-LCA studies have analyzed electrical generating stations 

and the results quantified as per KWh of electricity produced. However, in some cases, 

the functional unit was considered to be the product (or output) of combining energy 

resources. It may be appropriate for CCS-LCA systems to select a common functional 

unit in order to compare energy resources systems. For example, the CO2 captured from 

electrical generation can be injected into an oil reservoir in a process known as Enhanced 

Oil Recovery (EOR). In this case the functional unit would include both energy resource 

systems, i.e. coal and oil (electricity production at the electrical generating station and 
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crude oil production from CO2-EOR). The product (output) of the electrical generating 

station is Wh of electricity generated and the output from enhanced oil recovery (EOR) is 

barrels of the crude oil produced (Manuilova, 2011). In order to make a comparison 

between these two systems, the common functional unit could be chosen as joules or 

TOE (Tonnes of oil equivalent). Depending on the goal of analysis, some studies have 

chosen joules (J) because their goal is to relate environmental impacts to CO2 capture 

(electrical generating station with CO2 capture unit) because the environmental impacts 

from crude oil includes the transportation, refining and end use stages in the life cycle of 

CCS; however, in some cases, TOE will be chosen as the studies aim to focus on the 

output of oil from the CO2 utilized. 

 

3.1.1.2 Life Cycle Inventory (LCI) 

During the inventory analysis phase, the input variables (resources and raw materials) 

and output variables (products, waste and emissions) for all processes are collected. 

These variables are related to the functional unit. The data for different processes are 

typically aggregated over the life cycle and presented as total emissions of substance A or 

total use of resource B (Manuilova, 2011). LCI models include three main activities:  

• Construction of the flowchart according to the system boundaries decided on at 

the outset; 

• Collection of data for all activities in the relevant systems; and  

• Documentation of collected data and calculation of the environmental loads of the 

system in relation to the functional unit i.e. resource use and pollutant emission 

(Baumann and Tillman, 2004). 
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3.1.1.3 Life Cycle Impact Assessment (LCIA) 

The impact assessment phase translates inventory data on input and output into 

information about the product system’s impacts on the environment, human health, and 

resources. The purpose of the LCIA phase aims to evaluate the significance of potential 

environmental impacts by using the results of the life cycle inventory (LCI) analysis. 

According to ISO 14044, LCI results are classified into impact categories, with each 

category an indicator. The categories indicator can be located at any point in the cause-

effect chain between the LCI results and the category endpoints/damage as shown in 

Figure 3.2 (Manuilova, 2011). There are two categories of LCIA methods: midpoint-

based and damage-oriented impact assessment methods (Jolliet et al., 2004). For 

midpoint analysis, the environmental impacts are considered in relatively early stages in 

the cause-effect chain of an environmental issue. The midpoint-oriented methods limit 

uncertainties by restricting quantitative modeling. The damage-oriented methods assess 

the environmental impacts at endpoint in the cause-effect chain and these methods may 

create high uncertainties (Mizsey et al., 2009).       

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

steps as shown in Figure 3.3. The mandatory steps are: (1) classification, in which 

specific impact environmental problems are assigned to impact categories, and (2) 

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

calculated. 
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Figure 3.2-Impacts at Midpoint and Damage Level (Manuilova, 2011). 

 

 

Figure 3.3- Life Cycle Impact Assessment Procedure (Manuilova, 2011). 
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The optional steps are: (1) normalization, in which the different impact scores are 

calculated and then compared to a reference value(s), and (2) weighting, in which the 

weighting factors are used to aggregate the results. The normalization and weighting 

steps can help to assess the relative importance of each environmental impact category. 

 

3.1.1.4 Interpretation 

In the interpretation phase, results are evaluated according to the study’s goal. 

Sensitivity analysis is usually conducted here to qualify the results and the conclusions. 

ISO 14044 has defined the interpretation steps as follows:  

1. identification of the significant issues based on the LCI and LCIA 

2. evaluation which considers completeness, sensitivity, and consistency checks  

3. conclusions, recommendations, and reporting 

Identification of significant issues: involves defining and reviewing the considerable 

information known as significant issues of the life cycle inventory and life cycle impact 

assessment. 

Evaluation: establishes the confidence in, and reliability of, the results of the LCA. This 

step is accomplished by examining the completeness of the study, assessing the 

sensitivity of the data elements with the greatest influence on the results. To evaluate the 

consistency used in setting system boundaries, data collection, assumptions, and allocate 

data to impact categories for each alternative. 

Conclusion: interpreting the results of the life cycle impact assessment to determine 

which product/process has the overall least impact to human health and the environment, 

and/or to one or more specific areas of concern as defined by the goal and scope of the 
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study. Then give the recommendation on how to improve process to reduce the 

environmental impacts. 

 

3.2 Air Dispersion Modeling and Human Health Impact Assessment 

The air pollutant dispersion and human health impact assessment study are carried 

out to evaluate the potential impact on health of the population living in and around 

Estevan, Saskatchewan where SaskPower has the coal-fired Boundary Dam Power 

Station (BDPS) located. The location of the electricity generating station is 

approximately 5 kilometers southwest of Estevan.  The evaluation results of IGCC 

electricity generating station with and without pre-combustion CO2 capture process were 

compared to the results of conventional lignite coal-fired electricity generation with and 

without post-combustion CO2 capture. The case studies were the same as in LCA 

analysis:  

1. The conventional lignite coal-fired electricity generation without post 

combustion CO2 capture (hereafter referred as “PC”) 

2. The conventional lignite coal-fired electricity generation with post combustion 

CO2 capture (hereafter referred as “PC with Capture”) 

3. The Integrated Gasification Combine Cycle (IGCC) without pre combustion 

CO2 capture (hereafter referred as “IGCC”) 

4. The Integrated Gasification Combine Cycle (IGCC) with pre combustion CO2 

capture (hereafter referred as “IGCC with Capture”) 

In all case scenarios, the location of the electricity generation stations was assumed 

to be in the same location as the SaskPower coal-fired Boundary Dam Power Station 
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(BDPS). Figure 3.4 below illustrates the steps for the evaluating human health impact 

assessment. The approach for evaluating health impact involves four major steps as 

follows: 

1. Determining stack emission rate. 

2. Determining changes in air emission concentration by using a comprehensive 

air quality model. 

3. Determining human health outcomes; and 

4. Determining human health risk impacts. 

The stack emission rates are carried out from the engineering modeling where all 

unit processes at the electricity generating plant were modeled and the emissions 

associated with each unit process were allocated. Then the emission and air quality 

modeling is conducted by applying the American Meteorological Society/Environmental 

Protection Agency Regulatory Model (AERMOD) to predict the ambient air 

concentration of the pollutants. Finally, the health outcomes and health risk assessment 

are established by using the application of Health Canada’s Air Quality Benefit 

Assessment Tool (AQBAT) and human health risk approach to estimate the human health 

or damages associated with the changes in ambient air quality as well as potential human 

health risk of the population living in the operational area. 
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Figure 3.4-Air dispersion and Human Health Impact Assessment. 
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3.3 Human Health Impacts of Coal Combustion 

Coal-based electricity generation is known to emit pollutants such as sulphur oxides 

(SOx), nitrogen oxides (NOx), particulate matters equal or less than 2.5 microns (PM2.5) 

as well as other trace elements and heavy metals. These pollutants cause adverse impact 

on human health with illness (morbidity) and eventually death (mortality). 

The pollutants from the coal combustion process can affect all major body organ 

systems leading to morbidity and finally mortality of the population which lives in the 

area of operation. According to World Health Organization (WHO) report, one third of 

all premature deaths related to all air pollution sources (or approximately one million 

deaths) are caused by coal particulates pollution which come from all stages of the coal 

life cycle including mining, transportation, washing, combustion, and disposing of post-

combustion wastes (Next Big Future, 2011 and American Lung Association, 2011). Of 

these life cycle stages, the combustion phase contributes the most impact to human 

health. As reported by Physicians for Social Responsibility, coal combustion emissions 

contribute to four of the top five leading causes of death in the U.S. (Physicians for Social 

Responsibility, 2009). The major health effects from coal combustion include effects on 

the respiratory system, cardiovascular impacts, cancer, as well as nervous system effects 

(Lockwood et al., 2009). The major human health morbidity caused from coal 

combustion is summarized on Table 3.1.  
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Table 3.1- Human Health effects contribute from Coal Combustion (adapted from 

Lockwood et al., 2009 and SENES Consultants Limited, 2012). 

Health 
Effects 

Disease or 
Condition 

Definitions and Symptoms  Pollutants 
Implication 

R
es

pi
ra

to
ry

 

Asthma 
exacerbations 

Def: A common disorder in which chronic (long term) 
lung disease that inflames swells and narrows the 
airways. 
Sym: Coughing, wheezing, shortness of breath, and 
breathlessness with a range of severity from mild to 
requiring hospitalization. 

NO2 and Ozone  
(as NO2 combines 
with VOCs forming 
ozone) 

Particulate 
Matter 

Chronic 
obstructive 
pulmonary 

disease 

Def: A type of lung disease characterized by chronically 
poor airflow. 
Sym: Emphysema with chronic obstructive bronchitis; 
permanent narrowing of airways; breathlessness; chronic 
cough. 

NO2 
Particulate 

Matter 

Stunted lung 
development 

Def: Prevention of lung development (Reductions in 
lung capacity) 
Sym: Reduce lung capacity that cause risk for 
development of asthma and other respiratory diseases 

NO2 
PM2.5 

Lung cancer Def: An abnormal growth of cells in lung which tend to 
grow in an uncontrolled way and, in some cases, to 
metastasize (spread).  
Sym: Shortness of breath, wheezing, chronic cough, 
coughing up blood, pain, weight loss. 

Particulate 
Matter 

C
ar

di
ov

as
cu

la
r 

 

Cardiac 
arrhythmias 

Def: Irregular heartbeat, in which the heartbeat is 
irregular, too fast, or too slow. 
Sym: Abnormal rate or rhythm of the heart; palpitation 
or fluttering; may cause fatigue, dizziness, light 
headedness, fainting, rapid heartbeat, shortness of breath, 
and chest pain. 

NO2 
PM2.5 

Acute 
myocardial 
Infarction 

Def: Heart attack, results from the interruption of blood 
supply to a part of the heart, causing heart cells to die. 
Sym: Chest pain or discomfort; heart attack. 

PM2.5 

Congestive 
heart failure 

Def: Heart failure 
Sym: Shortness of breath, fatigue, edema (swelling) due to 
impaired ability of heart to pump blood; can result from 
narrowed arteries, past heart attack, and high blood pressure; 
can lead to death 

PM2.5 

N
er

vo
us

   
  

Sy
st

em
 

 

Ischemic 
stroke 

Def: Stroke caused by an interruption in the flow of 
blood to the brain. 
Sym: Artery supplying blood to the brain becomes 
blocked due to blood clot or narrowing; may cause 
sudden numbness or weakness, especially on one side of 
body, confusion, trouble speaking, trouble seeing, 
trouble walking, dizziness, severe headache; effects can 
be transitory or persistent. 

NO2 
PM2.5 
PM10 
SO2 
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Respiratory Effects 

Nitrogen dioxide (NO2) and fine particulate matter (PM2.5) are the main 

contributors to respiratory problems in human health. Asthma exacerbation is triggered 

by the exposure to ground level ozone, which is a gas produced when NO2 in flue gas 

reacts with volatile organic compounds in the presence of sunlight and heat (Lockwood et 

al., 2009). NO2 and PM2.5 also have major causes on effect of lung development which 

often precedes the subsequent development of other chronic obstructive pulmonary 

diseases (Lockwood et al., 2009). Moreover, these pollutants also trigger asthma attacks 

and cause the potential for the development of mortality from lung cancer. 

 

Cardiovascular Effects 

Cardiovascular diseases such as artery blockages (cause of heart attacks), infarct 

formation (cause of permanent heart damage) and fatal cardiac rhythm disturbances are 

the health impacts caused by pollutants produced by coal combustion. Recent research 

suggests that nitrogen dioxide (NO2), fine particulate matter (PM2.5) and carbon 

monoxide (CO) are potentially a cause of cardiovascular diseases (Lockwood et al., 

2009). The research also shows that the death rates of the cities that have high NO2 

concentration are four times higher than those with low NO2 concentrations. Moreover, 

PM2.5 in ambient air also increases the probability of hospital admission for acute 

myocardial infarction, ischemic heart diseases, disturbances of heart rhythm, and 

congestive heart failure (Lockwood et al., 2009). The long-term exposure to chronic air 

pollution over many years also increases cardiovascular mortality. Meanwhile the near-
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term of inhaling these pollutants can cause the risk of suffering a heart attack (Lockwood 

et al., 2009).  

 

Nervous System Effects 

Nervous system problems are one of the negative health impacts from coal 

combustion pollutants. NO2, SO2 and PM2.5 are the main contributors to nervous system 

problems. The negative nervous system health problem results from the same 

mechanisms that cause problems with coronary arteries because of the effect on the 

arteries that nourish the brain. It can cause strokes and other cerebral disease (Lockwood 

et al., 2009). Mercury is another major pollutant that adversely impacts the nervous 

system and causes the loss of intellectual capacity. Mercury also causes birth defects such 

as autism. It has been confirmed in a study from Harvard University’s School of Public 

Health that pregnant women exposed to high levels of diesel particulates or mercury were 

twice as likely to have an autistic child compared with those living in low-pollution areas 

(Harvard, T.H. Chan, 2013). 

Beside the major effects from coal mentioned above, there are also health hazards 

associated with the use of chemicals in the CO2 capture process: i.e. Ammonia and amine 

solutions can cause injury through inhalation. In addition, it has been reported that some 

of the nitrosamines, which are produced when amines react with NO, cause genetic 

toxicity or are likely to be carcinogenic to humans (Gjernes et al., 2013).  
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3.4 Air Dispersion Modeling 

The American Meteorological Society and the U.S. Environmental Protection 

Agency Regulatory Model (AERMOD) has been used in this study to predict the ambient 

air concentration of pollutants from the SaskPower Boundary Dam electrical generating 

station in the Estevan, Saskatchewan area. AERMOD is a standard air dispersion 

modeling tool that is approved by the Government of Saskatchewan Ministry of 

Environment (MOE) for air quality studies in Saskatchewan. AERMOD is a steady-state 

Gaussian plume air dispersion model that aims to predict the ambient air concentration 

within a short range of less than 50 km from the modeled point source. It is a refined 

dispersion model applicable for both simple and complex terrain. 

 

3.4.1 Overview of Air Dispersion Modeling Approaches 

Air dispersion modeling is a mathematical simulation of how contaminant air 

concentration disperses in the ambient atmosphere. To date there are several air 

dispersion modeling approaches have been developed to better understand complexity 

using the models identified by the United States Environmental protection Agency (U.S. 

EPA.). The models are mostly available on the U.S. EPA website. The primary 

information needed to run the air dispersion models includes emissions and 

meteorological data. The outputs of the models are ground-level concentration values. 

The modeling approaches approved by the Government of Saskatchewan Ministry of the 

Environment and considered as standard models to be used for air quality studies in 

Saskatchewan are reviewed below.  
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3.4.1.1 Screening Modeling 

Screening modeling is the approach to generate the estimation results of the worst 

case 1- hour air concentrations for a single emission source with no necessity for 

meteorological data. The screening analysis is only suitable for facilities with a limited 

number of stack exhausts and contaminant compounds. Therefore, this screening level 

analysis is only practical for very simple facilities that require justifying the results 

without having to undertake detailed modeling assessments (Saskatchewan Environment, 

2012a). The screening models that are preferred by the ministry include the U.S. EPA 

SCREEN3 or U.S. EPA AERSCREEN models. The review of each model are as follows: 

 

AERSCREEN 

AERSCREEN is screening model with a single source of emissions based on the 

AERMOD model. This model generates an estimation of the so called “worst-case”, one-

hour concentrations without the requirement of hourly meteorological data. The air 

concentration results also provide the conversion factors to estimate the “worst-case” of 

3-hour, 8-hour, 24-hour and annual concentrations (U.S. EPA, 2010 and Saskatchewan 

Environment, 2012a). More information on the method can be found at 

http://www.epa.gov/ttn/scram/dispersion_screening.htm. 

 

SCREEN3 

SCREEN3 is screening model with a single source of emissions based on the 

Industrial Source Complex model (ISC). This method was developed to accommodate the 

users to make the model easy to use (Saskatchewan Environment, 2012a). The results 

http://www.epa.gov/ttn/scram/dispersion_screening.htm
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provide the estimation of maximum ground-level concentration for point, area, flare, and 

volume sources (U.S. EPA, 1995 a). The model estimation algorithms are based on the 

document “Screening Procedures for Estimating the Air Quality Impacts of Stationary 

Sources” (Saskatchewan Environment, 2012a). More information on SCREEN3 

modeling can be found at 

http://www.epa.gov/ttn/scram/dispersion_screening.htm#screen3. 

 

3.4.1.2 Refined Modeling  

Refined modeling is an approach that involves more sophisticated emissions 

scenario refinements such as operation hours, variable emission rates, number of 

exceedances, and locations and frequencies of maximum concentrations (Saskatchewan 

Environment, 2012a). The refined modeling is suitable for a multi-source air dispersion 

model capable with fully prepared meteorological data sets or site specific meteorology. 

American Meteorological Society/Environmental Protection Agency Regulatory Model 

(AERMOD) is approved for refined air dispersion modeling by the Ministry of 

Environment for a standard model used for air quality studies in Saskatchewan.  

 

AERMOD 

AERMOD or American Meteorological Society/Environmental Protection Agency 

Regulatory Model is commonly used for air dispersion modeling studies in Saskatchewan 

(Saskatchewan Environment, 2012a). AERMOD was introduced to incorporate air 

dispersion based on atmospheric boundary layer turbulence structure and scaling 

concepts where both low and high turbulence conditions can be taken into account in the 

http://www.epa.gov/ttn/scram/dispersion_screening.htm#screen3
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modeling. AERMOD is a multi-source air dispersion model that is suitable for multiple 

ground-level and elevated points and which can handle flat or complex, rural or urban 

terrain. The model is a new model for generation of the Industrial Sources Complex 

Model-Short Term version 3 (ISCST3) where the ISCST3 can only model for small scale 

regulatory applications (Saskatchewan Environment, 2012a, U.S. EPA, 1995b and U.S. 

EPA, 1995c). Two types of meteorological data files called AERMET are required for the 

modeling including i) a file containing surface scalar parameters and ii) a file containing 

vertical profiles. In case of elevated terrain, U.S. EPA AERMAP terrain file need to be 

used to generate a hill height scale and receptor elevation. More information on 

AERMOD modeling can be found at: 

http://www.epa.gov/ttn/scram/dispersion_prefrec.htm#aermod. 

 

3.4.1.3 Specialized Modeling 

Specialized modeling is an approach that uses for specialized or specific situations 

or tasks. The specialized model can be used for the complex terrain and land-water 

interface. It is also applicable for modeling in an area where there is a large frequency of 

very low wind speeds. CALPUFF and CAL3QHCR are recommended by the Ministry. 

However, approval by the Ministry is required on case-by-case basis before conducting 

the specialized air dispersion modeling.  

 

 

 

 

http://www.epa.gov/ttn/scram/dispersion_prefrec.htm#aermod
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CALPUFF 

California Puff Dispersion Model or CALPUFF is a multi-layer, multi-species non-

steady-state puff dispersion model that is a more sophisticated model than the AERMOD 

(U.S. EPA, 2013). The model can be applied on a large scale of more than 100 km. 

However, to utilize the advantages, CALPUFF requires more detailed inputs related to 

local meteorology and land use. More information on CALPUFF modeling can be found 

at http://www.epa.gov/ttn/scram/dispersion_prefrec.htm#calpuff. 

 

CAL3QHCR 

CAL3QHCR is a Gaussian plume model that can be used for calculating dispersion 

of vehicular hot spot tailpipe emissions along the roadway. The limitation of this model is 

that the model can run a maximum of one year’s meteorological data in a single model 

run (Saskatchewan Environment, 2012a). 

Each air dispersion model has its own capabilities that reflect its advantages and 

disadvantages. The summaries of each model are shown in Table 3.2. Since this research 

is specific to the south-east of Saskatchewan area where the SaskPower Boundary Dam 

plant is located, the refined dispersion modeling AERMOD seems to be the model of 

choice for this study because the model is suitable for the flat terrain receptor within the 

short range of 50 km of a modeled source. AERMOD also has the ability to compare the 

effect-based standard of 1 hour with appropriate average times and allow the input of 

variable emission rates for assessing air pollution concentrations over longer averaging 

times. Moreover, the meteorological dataset files (AERMET) for AERMOD are also 

provided by the Ministry of the Environment. On the other hand, the screening model is 

http://www.epa.gov/ttn/scram/dispersion_prefrec.htm#calpuff
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limited for assessment of maximum 1-hour emissions and corresponding concentrations. 

Nevertheless, specialized models have some features of traffic models that may be used 

for road or railway air dispersion modeling and incorporate 3-dimentional meteorological 

data needed to simulate when there are complex terrain and large bodies of water are in 

the modeling domain. However, these features are not necessary for this research since 

the geography of Estevan and surrounding area is a flat terrain and road and railway are 

not within the scope of this study. The AERMOD model is therefore applied in this 

research 
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Table 3.2- Air Dispersion Modeling Summary. 

 Screening Modeling Refined Modeling Specialized 
Modeling 

Approved Models 
by Ministry of 
environment, 
Saskatchewan 

SCREEN3 and 
AERSCREEN 

AERMOD CALPUFF and 
CALQ3HCR 

Level of Modeling Simple and quick way 
to estimate a worst case 
concentration  

Higher level of 
sophistication which 
make it more closely 
estimates actual air 
quality impacts 

Gives more accurate 
results but requires 
more data inputs 

Feature 

Capabilities 

• Simple facility 
• Limited number of 

emission sources 

• More complicated 
facilities 

• Multiple emission 
sources 

• Multiple 
contaminants 

• Modeled within 
the range of 50 
km 

• Complex terrain 
• Land and water 

interface 
• Chemical 

transformation 
• Design specific 

for road or rail 
traffic  

• 3D 
meteorological 
dataset 

• Modeled on a 
large scale of 
more than 100 km 

Emission Rate Fixed rate Fixed rate and 
varying by season, 
day of week, hour of 
day 

Fixed rate and varying 
by season, day of 
week, hour of day 

Meteorological 

Data 

Not required Pre-process with 
AERMET, use 5 
years of hourly data 

Use more detail of 3 
dimensional  
meteorological dataset 

Land Use Urban/rural AERMET can be 
used to process 
variable land used by 
sector  

Complex terrain, large 
body of water 

Time Averaging  • Maximum 1 hour 
average 
concentration at 
each specified 
receptor 

• Use time averaging 
factor to estimate to 
other averaging 
times 

Maximum 1, 2, 3, 4, 
6, 8,12 and 24 hour 
average concentration 
as well as month and 
annual averaging 
times 

Maximum 1, 2, 3, 4, 
6, 8,12 and 24 hour 
average concentration 
as well as month and 
annual averaging 
times 
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Chapter Four 

Methodology 
 

 

4.1 Environmental Life Cycle Assessment Methodology 

4.1.1 Goal and Scope Definition 

The goal of this LCA study is to evaluate the environmental performance of 

Saskatchewan lignite IGCC based electrical generation with and without a CO2 capture 

process. This research is intended to provide results specific to Western Canadian lignite 

IGCC based electrical generating stations. The emphasis is thereby put on the comparison 

between IGCC systems (with and without CO2 capture) and the competing lignite 

pulverized coal electrical generation stations (with and without CO2 capture) in order to 

reveal which technology offers the most positive environmental effects. By far, most of 

the studies have focused on the main environmental impact assessment categories i.e. 

global warming, summer smog, eutrophication, acidification and health impact. In this 

study, all of the effects of CO2 capture process on other impact categories are investigated 

in detail. The composition of Saskatchewan lignite coal used in all case scenarios is listed 

in Table 4.1, and the heating value of lignite coal is 15,119 kJ/kg. 
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Table 4.1- Composition of Saskatchewan Lignite Coal (Manuilova, 2011). 

Parameter Unit Value 

Moisture % 35.00 

Carbon % 41.70 

Hydrogen % 2.61 

Nitrogen % 0.79 

Sulfur % 0.54 

Ash % 9.47 

Oxygen % 9.90 

Mercury % 79.0 

Chlorine % 10.20 
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The assessment of environmental impacts performance from IGCC and PC systems 

is conducted using the “cradle-to-gate” approach. Four system options are analyzed and 

compared. 

1. The conventional lignite coal-fired electricity generation without post 

combustion CO2 capture process  

2. The conventional lignite coal-fired electricity generation with an amine post 

combustion CO2 capture process  

3. The Integrated Gasification Combined Cycle (IGCC) without a pre combustion 

CO2 capture process  

4. The Integrated Gasification Combined Cycle (IGCC) with Selexol® as the 

chosen pre combustion CO2 capture process  

 

4.1.1.1 Functional Unit 

The functional unit provides a standard reference metric for all input and output 

variables (i.e. energy, materials, emissions, and wastes). The functional unit for this study 

was selected as 1MWh of electricity generated, considering that this is a product of the 

electrical generation systems of IGCC and PC.  

 

4.1.1.2 System Boundaries 

In this LCA study, the full life cycle of electricity generating stations is considered.  

The “cradle-to-gate” approach is conducted which includes all the life cycle activities 

from resource extraction (e.g., coal, limestone, and iron) and production of materials 

(e.g., steel, concrete, MEA) through to the generation of electrical energy at the 
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generating station, as well as the CO2 capture process and all transportation stages. The 

material and energy inputs needed for equipment manufacture are not included in this 

study. Exclusion of these activities is common practice where it is expected that these 

processes have far smaller environmental implications than the operations of the facilities 

(Baumann and Tillman, 2004). MEA solvent consumption and production for post-

combustion process is included. For pre-combustion, the Selexol® solvent production is 

not included because of lack of data. It is expected to have no relevant effects on the 

environmental impacts since the Selexol® consumption is two magnitudes less than 

amine consumption (Pehnt and Henkel, 2009). For downstream processes, waste 

transport and disposal in a near-by landfill are considered. The system boundaries for the 

electrical generating stations under this study are presented in details in Figure 4.1 to 4.4. 
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A  

Figure 4.1- System Boundaries for Conventional Pulverized Lignite Coal-Fired Electrical Generating Station.              
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Figure 4.2- System Boundaries for Lignite Coal-Fired Electrical Generating Station with Post-Combustion Capture.      
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Figure 4.3-System Boundaries for Lignite-IGCC Electrical Generating Station without Pre-Combustion Capture. 
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Figure 4.4-System Boundaries for Lignite-IGCC Electrical Generating Station with Pre-Combustion Capture. 
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Temporal and geographical boundaries: The temporal boundary was defined as 34 

years, and it was assumed for the purpose of this study that plant construction (IGCC and 

PC) would be completed by 2015. This duration included the time needed for coal 

mining, plant construction, commissioning, and operation. The construction phase was 

assumed to be four years before the operation starts. This number was based on the report 

from the Polk Electricity Generating Station (TECO Tampa Electric, 2015). Although the 

system boundary of this research does not include downstream processes after CO2 is 

captured, however, it is assumed that the CO2 will finally be used for enhanced oil 

recovery. Therefore, the lifespan of the electrical generating station is assumed to be 34 

years to accommodate CO2-EOR projects where the first four years is the plant 

construction phase and the rest (30 years) is the operational phase. As shown in Figure 

4.5, CO2 injection into Weyburn oil field will last for 15 years; another 15 years of “no 

new CO2” will be injected into Weyburn field due to the recycling of produced CO2. 

Thus, the lifespan of the electrical generating station is assumed to last for 34 years to 

provide an estimate for Enhanced Oil Recovery Projects and their requirements for “new 

CO2” as opposed to the full operational life of these oil fields under EOR. The data for 

most of the processes included within the system boundaries were generated in Western 

Canada. However, the data for some unit processes were taken from plants in other 

Canadian provinces, the USA, and other countries. 
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Figure 4.5- Timeline for CO2-EOR Operation. 
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Technological boundaries: This study evaluated the Integrated Gasification Combined 

Cycle (IGCC) equipped with pre combustion CO2 capture and the modern post-

combustion CO2 capture technology and the well-established configuration used for 

generation of electrical energy. 

 

4.1.2 Life Cycle Inventory Data Quality, Sources and Assumptions 

The majority of the data used in this study is specific to Western Canada. In the 

absence of the Western Canadian data, information was drawn from other Canadian 

sources, followed by North American and European sources and, finally, from pre-

existing life cycle databases; most notably Ecoinvent v2.1. 

The majority of operational data of IGCC electrical generating station came from 

the technical documentation of the Integrated Gasification Combined Cycle (IGCC) with 

carbon dioxide capture and storage (CCS), (2007). Other sources of data came from US 

Department of Energy (DOE) reports. 

In the case of post combustion CO2 capture process please refer to Koiwanit et al., 

2013 and Manuilova, 2011; since the conventional lignite coal-fired electricity generation 

(PC) on both cases- with and without CO2 capture - were adopted from the previous work 

of Manuilova, 2011.  

 

4.1.3 Life Cycle Assessment Modeling 

All unit processes at the electrical generating plant are modeled so that emissions 

associated with each unit process of the plant can be tracked at the plant. The IGCC 

model was created using an Excel™ spreadsheet and the AspenPlus® simulation software. 
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The modelling results were transferred to the LCA software GaBi5™, which is a 

software product of PE International, Germany. 

 

4.1.4 Life Cycle Impact Assessment  

The life cycle impact assessment is carried out in order to identify environmental 

impacts that arise from this LCA study. The environmental impacts associated with coal 

mining, construction, operation and decommissioning of the plant are considered in the 

assessment. In this study the TRACI life cycle impact assessment (LCIA) method has 

been adopted for the analysis. This is because this study is specific to 

Saskatchewan/Canada, the selected impact assessment methodology should represent 

Canadian or US environmental conditions for accurate environmental impacts evaluation. 

LUCAS, the Canadian LCIA method is still in the development stage and so is not 

useable for this purpose at this time. Therefore, TRACI impact assessment methodology 

was applied in this study. The environmental impacts are categorized into 15 categories. 

The brief descriptions of each environmental impact categories are summarized in Table 

4.2. 
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Table 4.2- TRACI Impact Categories Considered in the Study. 

Impact category Abbreviation Short description Relevant LCI 
data 

Characterization factor 

Global Warming 
Potential 
 
 

GWP 
 
 
 

Radiative forcing of 
atmosphere, causing a 
temperature rise 
 

CO2, N2O, CH4, 
SF6, CHCL3, CF4, 
CFCs, HCFCs, 
CH3Br 

kg CO2-equivalent 
 
 
 

Acidification potential 
 
 

AP 
 
 

Emission of acid-
forming substances 
 

SO2, NOx, NH3, 
HCL, HF, H2S 

kg SO2-equivalent 
 
 

Eutrophication Potential 
 
 

EP 
 
 

Excessive supply of 
nutrients 
 

NOx, NH3, PO4
3- 

 
kg N-equivalent 
 
 

Photochemical oxidation 
potential (Summer smog) 
 
 
 
 
 

POCP 
 
 
 
 
 
 

The complex reactions 
during the formation of 
reactive chemical 
compounds by action of 
sunlight on primary 
pollutants 
 

NOx, PAH, 
NMVOC, CH4 

 

 

 
 

kg ethylene-equivalent 
 
 
 
 
 
 

Ecotoxicity 
 

- Ecotoxicity Air 
- Ecotoxicity 

Ground-
Surface Soil 

- Ecotoxicity 
Water 

 

 
 
EA 
 
EGS 
 
EW 
 
 

Effects of toxic 
substances on air, 
ground-surface soil and 
water 
 
 
 
 
 

Heavy metals 
 
 
 
 
 
 
 
 

 
 
kg 2,4-Dichlorophenoxyace- eq. 
kg Benzene-Equivalent 
 
 
kg 2,4-Dichlorophenoxyace-
equivalent 
 

Health Impacts 
 

- Human Health 
Cancer Air 

- Human Health 
Non Cancer Air 

- Human Health 
Cancer 
Ground-
Surface Soil 

- Human Health 
Non Cancer 
Ground-
Surface Soil 

- Human Health 
Cancer Water 

- Human Health 
Non Cancer 
Water 

- Human Health 
Criteria Air-
Point Source 

 

 
 
HCA 
 
HNCA 
 
HCGS 
 
 
 
HNCGS 
 
 
 
HCW 
 
HNCW 
 
 
HCAP 
 
 
 

Impacts on human 
health of toxic 
substances 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Heavy  metals, 
VOCs 
Heavy  metals, 
VOCs 
Heavy metals, 
VOCs 
 
 
Heavy metals, 
VOCs 
 
 
Heavy  metals, 
VOCs 
Heavy  metals, 
VOCs 
 
PM10, PM2.5, and 
SO2 
 
 

 
 
kg Benzene-Equivalent 
 
kg Toluene-Equivalent 
 
kg Benzene-Equivalent 
 
 
 
kg Toluene-Equivalent 
 
 
 
kg Benzene-Equivalent 
 
kg Toluene-Equivalent 
 
 
kg PM2,5-Equivalent 
 
 
 

Ozone Depletion 
Potential 

ODP The relative amount of 
degradation to 
the ozone layer 

R 11, R 114, R12, 
and R13 

kg CFC 11-Equivalent 
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4.2 Air Dispersion Modeling Methodology. 

Air dispersion modeling assessment is conducted for the purpose of predicting the 

impact of air contaminant atmospheric emissions associated with electrical generating 

operations in the SaskPower Boundary Dam area. The assessment is conducted to 

evaluate and compare the atmospheric emissions of a Saskatchewan lignite fueled 

Integrated Gasification Combined Cycle (IGCC) - based electricity generating plant with 

and without the pre-combustion CO2 capture, with the competing pulverized lignite coal 

electricity generating stations (with and without CO2 capture). The atmospheric emissions 

associated with a pulverized lignite coal electricity generating station without CO2 

capture process is used for the base case scenario, and the rest; the atmospheric emissions 

of pulverized lignite coal electricity generating station with CO2 capture process and 

IGCC with and without CO2 capture process are compared to the base case scenario. The 

location of all plants is assumed to be the same site as SaskPower’s Boundary Dam, 

approximately 5 kilometers southwest of the city of Estevan, Saskatchewan.  

In this study, the U.S. EPA AERMOD dispersion modeling (version 13350) is 

selected to predict the maximum ground-level air concentrations of SO2, NO2, PM2.5, Hg, 

Cd as well as other heavy metals that could impact to human health resulting from the 

operation of electricity from both pulverized and IGCC plant. The dispersion modeling is 

performed based on Saskatchewan Air Quality Modeling Guidelines (Saskatchewan 

Environment, 2012a). The primary input to AERMOD is the “run stream setup file” and 

contains source location, parameter data, receptor location, pre-processor meteorological 

data file (AERMET) and output options. The main steps involved in AERMOD modeling 

are shown in Figure 4.6. The background concentration values and ambient air quality 
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standard values for air contaminants are adopted from available regional ambient air 

quality monitoring data provided by the Saskatchewan Ministry of Environment 

(Saskatchewan Environment, 2012 (a) and (b)) and Ontario Ministry of Environment 

(AMEC, 2013). The cumulative assessment of each air contaminant is addressed by the 

inclusion of ambient background concentrations of an air contaminant to the predicted 

value from AERMOD to obtain total concentrations before making a comparison to 

Saskatchewan ambient air quality standards. In the case that Saskatchewan air quality 

standards are not available, the comparison is made to the Ontario Jurisdiction. Both 

background concentration and air quality standard values are shown on Table 4.3.  
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Figure 4.6- AERMOD Modeling Flow Chart. 
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Table 4.3- Ground Level Concentration and Saskatchewan Air Quality Standard. 

Pollutants Averaging Times Background 
Concentration 

(μg/m3) 

Limited Air Quality 
Standard 
(μg/m3) 

Jurisdiction Source 
of Ambient Air 

Quality Standard 
 

NO2 

One-hour 0.022 400 
 

Saskatchewan 
environment 

Daily 0.02 200 
 

Saskatchewan 
environment 

Annual 0.01 100 
 

Saskatchewan 
environment 

 

SO2 

One-hour 0.003 450 
 

Saskatchewan 
environment 

Daily 0.002 150 
 

Saskatchewan 
environment 

Annual 0 30 
 

Saskatchewan 
environment 

 
PM2.5 

Daily 8.3 30 
 

Saskatchewan 
environment 

Annual 3.7 15 
 

Saskatchewan 
environment 

As Daily - 0.3 
 

Ontario ministry of 
environment 

Cd Daily - 2 
 

Saskatchewan 
environment 

Cr Daily - 1.5 
 

Ontario ministry of 
environment 

Hg Daily - 2 
 

Ontario ministry of 
environment 

Mn Daily - 0.15 
 

Ontario ministry of 
environment 

Sb Daily - 25 Ontario ministry of 
environment 

Co Daily - 0.1 Saskatchewan 
environment 

Cu Daily - 50 Ontario ministry of 
environment 

Pb Daily - 0.5 Ontario ministry of 
environment 

Mo Daily - 120 Ontario ministry of 
environment 

Se Daily - 10 Ontario ministry of 
environment 

V Daily - 2 Ontario ministry of 
environment 

Ni Daily - 0.2 Ontario ministry of 
environment 
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4.2.1 Facility Regional Setting and Study Area 

In this thesis, the study area of 20 kilometers by 20 kilometers centered on the 

SaskPower Boundary Dam electricity generating station was selected to conduct the air 

quality modeling assessment. As the plant is located approximately 5 kilometers 

southwest of the city of Estevan, 20 km x 20 km area is reasonable number to cover 

Estevan and the surrounding area as most pollution concentration occurs within this 

range. Figure 4.7 presents the location of air dispersion quality study area. The City of 

Estevan is the major population concentration in the region. 
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Figure 4.7- Air dispersion Modeling Study Area. 
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4.2.2 Meteorology, Receptors and Terrain 

In order to assess air quality impacts, meteorology data are necessary for air 

dispersion modeling as the contaminants being studied migrate through the environment.  

AERMOD uses hour-by-hour meteorological data that is processed through AERMET 

where the meteorology data is organized into a suitable format for the AERMOD 

dispersion model. To run the air dispersion model, consecutive five years of 

representative meteorology data should be used to adequately predict the pollutant 

concentrations at ground level (Mokhtar et.al., 2014). AERMET requires at least one 

surface meteorological station and one upper station where the data of wind speed, wind 

direction and temperature are collected at standard heights (Saskatchewan Environment, 

2012a). Surface parameters include albedo (percentage of radiation returning from a 

surface compared to that which strikes it (Climate and Weather Term glossary, 2015)), 

Bowen ratio (determine the moist surface) and surface roughness (measure of how 

efficiently momentum can be transferred to the ground at a given wind speed) (Al-

Jiboori, M.H. and Al-Draji, A.G., 2010).  Preparing AERMET input files is time 

consuming, to accommodate the air quality modeling Saskatchewan Ministry of 

Environment has developed regional meteorological data sets and these are available on 

the ministry’s website. Saskatchewan’s meteorological data sets have been developed 

based on geographical area and are categorized into five zones; Northern, North Central, 

Central, Southwestern and Southeastern. Figure 4.8 shows the zoning of Saskatchewan 

air dispersion modeling as well as alternative surface station, surface station and upper air 

station modeled for each zone. Each regional metrological data set provided by the 

Ministry contains 5 years of hourly meteorological data for the years 2003 to 2007 as this 
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AERMET input file is the most recent data available and that is representative of the area 

under the study. 

In this study, the flat terrain option is chosen to model the effects of terrain above 

stack base in the rural setting as the geography of Estevan and the surrounding area in the 

southwest of Saskatchewan is relatively flat. The origin receptor grid defines the 

locations where the model predicts ground level concentration or where the stack is 

located. The distances along each directional radial at which the receptor is located are 

defined as 2,000 meters, 4,000 meters, 6,000 meters and 10,000 meters for all case 

scenarios. The model will also generate direction radials for the receptor network, in this 

case there will be 36 directions, beginning with the 10 degree flow vector and 

incrementing every 10 degrees clockwise. The receptor network is shown in Figure 4.9. 
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Figure 4.8- Saskatchewan Air Dispersion modeling zones  

(Saskatchewan Environment, 2012a). 
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Figure 4.9- AERMOD Receptor Network Specification. 
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4.2.3 Emission Source Characterization 

In this study, the prediction of maximum ground level air concentrations of 

emissions from a Saskatchewan lignite Integrated Gasification Combined Cycle (IGCC) 

– based electricity generating plant with and without the pre-combustion CO2 capture 

process, and the competing pulverized lignite coal electricity generating stations with and 

without CO2 capture process are conducted. The specific air contaminants released to 

atmosphere associated with the operation of all electricity generating stations include 

SO2, NO2, PM2.5, As, Cd, Cr, Hg, Mn, Pb, Sb, Co, Cu, Mo, Se, V and Ni. 

The emission data related to the operation of a pulverised coal fired electricity 

generating station were adopted from the previous work of Manuilova, 2011. The 

emissions data of IGCC systems are conducted from the engineering simulation software 

AspenPlus®, Excel™ spreadsheets and Life cycle assessment simulation software 

GaBi5™.  The emission rates are in per 1 MWh net electricity produced. Physical 

dimensions of the emission source (stack height and stack diameter) as well as emission 

parameters characterizing of the exit conditions (exit velocity and exit temperature) are 

taken from Environment Canada, 2014 and AECOM Inc., 2010 for Pulverized coal-fired 

and IGCC systems, respectively. It has to be noted that, due to the limitation and 

confidentiality of the data, the stack height and stack diameter of pulverized coal-fired 

with post combustion CO2 capture process are assumed based on SNC-Lavalin, 2013. 

Table 4.4 shows the emission rate and stack parameters used for air dispersion modeling. 
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Table 4.4 - Emission Rates and Stack Parameters for AERMOD. 

Parameters PC PC with 
Capture 

IGCC IGCC with 
Capture 

Net Electricity Output (MW) 820 552 342 261 

Stack Height (m) 92 55 99.06 99.06 

Stack Diameter (m) 5.18 3 7.3 7.3 

Stack Exit Velocity (m/s) 24.4 24.4 14.02 14.02 

Exit Gas Temperature (K) 436.15 340 373.7 373.7 

Emission rate (g/s) per MWh 
NO2 
SO2 

PM2.5 
As 
Cd 
Cr 
Hg 
Mn 
Sb 
Co 
Cu 
Pb 
Mo 
Se 
V 
Ni 

 
0.03083 
0.01791 
0.02425 
0.01222 
0.001139 
0.016389 
0.0012861 
0.001194 
0.001139 
0.001917 
0.000639 
0.008333 
0.010555 
0.113889 
0.024444 
0.161111 

0.03694 
0.01002 
0.01933 
0.000209 
0.000242 
7.06E-5 
1.29E-6 
1.42E-06 
2.28E-07 
1.92E-06 
3.89E-06 
1.25E-05 
2.11E-05 
0.023611 
4.06E-05 
0.000564 

0.02219 
0.012633 
0.02333 
8.33E-07 
5.94E-08 
1.44E-08 
1.39E-07 
1.83E-07 
7.22E-08 
4.03E-08 
1.53E-07 
1.08E-06 
8.89E-09 
2E-6 
3.14E-06 
2.94E-07 

0.01997 
0.012869 
0.01419 
1.43E-08 
7E-09 
6.11E-12 
1.39E-11 
3.11E-09 
1.44E-09 
4.03E-09 
3.06E-09 
1.62E-08 
1.78E-10 
9.89E-07 
6.28E-08 
7.36E-09 

 

 

 

 

 

 



 

105 
 

4.3 Estimated Health Outcomes Modeling Methodology 

The estimation of health outcomes are calculated by changes in mortality and 

morbidity associated with changes in ambient air quality attributable solely to electricity 

generating stations in Estevan, Saskatchewan and surrounding area. Three scenarios are 

compared to the baseline (2003) for all emissions of nitrogen dioxide (NO2), sulphur 

dioxide (SO2) and particulate matter (PM2.5). Since AQBAT has a limitation on 

estimating the health outcomes from heavy metal emissions, therefore, the Health Risk 

Assessment (HRA) is also conducted to evaluate the additional heavy metal pollutants. 

The baseline emissions are assumed to be the emissions from a conventional pulverized 

coal-fired electricity generating station in the year 2003, the emissions scenario #1, #2 

and #3 are assumed to be the emissions in the years 2004, 2005, 2006 and 2007 of 

conventional coal-fired electricity generation with post combustion CO2 capture process, 

integrated gasification combine cycle and integrated gasification combine cycle with pre-

combustion CO2 capture process respectively. The case studies can be viewed as: 

• Baseline emission scenario (emission of the year 2003): the conventional 

lignite coal-fire electricity generation without post combustion CO2 capture 

process (hereafter referred as “PC”) 

• Emission scenario #1 (emission of the year 2004, 2005, 2006 and 2007): The 

conventional lignite coal-fire electricity generation with post combustion CO2 

capture process (hereafter referred as “PC with Capture”) 

• Emission scenario #2 (emission of the year 2004, 2005, 2006 and 2007): The 

Integrated Gasification Combined Cycle (IGCC) without pre combustion CO2 

capture process (hereafter referred as “IGCC”) 
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• Emission scenario #3 (emission of the year 2004, 2005, 2006 and 2007): The 

Integrated Gasification Combined Cycle (IGCC) with pre combustion CO2 

capture process (hereafter referred as “IGCC with Capture”) 

 

4.3.1 AQBAT Model Description 

The Air Quality Benefits Assessment Tool (AQBAT) is a successor to the Air 

Quality Valuation Model (AQVM), both developed by Health Canada. The model 

version used for this study is version 2.0 (March 2012). AQBAT is a computer simulation 

tool specially designed to estimate the human health and welfare benefits or damages 

associated with changes in Canada’s ambient air quality (Judek and Stieb, 2012). 

AQBAT has been used to evaluate health benefits widely across Canada (Environ, 2009). 

It is a computer tool that allows users to define a wide range of specific scenarios by 

combining and linking various air pollutants, health endpoints, geographic areas and 

scenario years. The application contains historical and projected population data. It can 

also access preset data files of historical and hypothetical pollutant concentrations, as 

well as data files of baseline health endpoint rates. AQBAT consists of a Microsoft 

Excel™ workbook which contains Excel™ user forms and toolbars with numerous 

controls, and Visual Basic Application (VBA) in order to accommodate the users to be 

able to define, run, examine and save any specific scenario. The model utilizes and 

controls the @Risk (trademark of Palisade Corporation USA) add-in software to perform 

Monte Carlo simulations in order to provide a range of possible health effects outcomes 

as well as descriptive statistics on the distributions of the outputs.  
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4.3.2 AQBAT Approach 

AQBAT represents the relationship between health endpoint (net risk or benefit) 

associated with changes in ambient air concentration by using a concentration response 

function (CRFs), which is assigned to specific pollutant concentrations and to exposed 

populations. The schematic concept of AQBAT is shown in Figure 4.10. 

 

 

 

 

Figure 4.10- AQBAT Schematic (adopted from Judek and Stieb, 2012). 
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Pollutants, health end points, geographic areas and scenario years are the main 

components for the AQBAT scenario model. These components indicate the factors that 

are involved in estimating the health impact output. Concentration Response Functions 

(CRFs) are linked to the first three factors (Pollutants, health end points, geographic 

areas) to quantify the impact of a pollutant on a health endpoint. The users define a CRF 

for a pollutant-health endpoint combination then assign it to one or more geographic 

areas. CRFs are derived by estimating of the percent excess health endpoint associated 

with a unit increase in the pollutant concentrations. Each CRF applies to every year of the 

scenario (Buset et al., 2008). Then CRFs are applied to the corresponding user input 

(concentration changes) to estimate the health endpoint benefit or damage counts. The 

factors of count estimation are described as follows (Judek and Stieb, 2012): 

1. The Concentration Response Function  (CRF) (assigned to geographic areas 

for a specific pollutant and endpoint): expressed as percent excess adverse 

endpoints per unit concentration increase of pollutant concentration; 

2. The pollutant concentration change (user inputs as either % or absolute or 

target): expressed as a difference of percentage or absolute volume/mass in the 

pollutant concentration; 

3. The baseline rate of incidence of the health endpoint in the target population 

in which the CRF applies (e.g. deaths per million population): express as the 

annual number of incidents per million specified population; and  

4. The specified population: expressed in the target population count in millions. 
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The fundamental form of AQBAT calculation can be express as: 

 

 

 

4.3.2.1 Concentration Response Function 

The quantification of the impact of an air pollutant on the health endpoint 

(outcomes) is represented by Concentration Response Functions (CRFs) values. CRFs are 

derived from epidemiological studies by estimating of the percent excess health endpoint 

associated with a unit increase in the pollutant concentration. However, the quantification 

of CRFs contain uncertainly because they are derived from statistical models (from 

pooling of estimates from several models or studies) (Buset et al.,2008 and Health 

Canada, 2009). Therefore, the CRFs are specified as normal distribution (using @ risk 

tool to sample the distribution function) to account for uncertainly of the data.  

In this study, the default Health Canada endorsed CRFs were used to estimate the 

health endpoints. The current pollutants in AQBAT, specially, Health Canada CRFs are 

provided for: 

• Carbon monoxide (CO) - ppm (parts per million) 

• Nitrogen dioxide (NO2) - ppb (parts per billion) 

• Ozone (O3) - ppb (parts per billion) 

• Sulphur dioxide (SO2) - ppb (parts per billion) 

• Fine particulate matter (PM2.5) – μg/m3 (microgram per cubic meter) 
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Fourteen health endpoints, resulting either from an acute short-term exposure or from 

chronic or long-term exposure are considered in AQBAT. Health endpoints considered in 

Health Canada’s set of CRFs, along with the pollutant concentrations and associated 

averaging period that are used to calculate the change in frequency of each health 

endpoint are shown in Table 4.5. The health endpoints and the specific parameters and 

data sources related to each CRF applied are predefined in AQBAT model and also 

identified in Table 4.6. 

 

Table 4.5- Pollutant Concentration Inputs for Health Canada Endorsed CRFs. 

Health Outcome Pollutants concentration input requirement to 
CRFs by pollutant and averaging period 

CO NO2 O3 SO2 PM2.5 

Acute exposure Mortality 
Acute Respiratory Symptom Days 
Adult Chronic Bronchitis Cases 
Asthma Symptom Days 
Cardiac Emergency Room Visits 
Cardiac Hospital Admissions 
Child Acute Bronchitis Episodes 
Respiratory Emergency Room 
Visits 
Respiratory Hospital Admissions 
Restricted Activity Days 
Chronic Exposure Respiratory 
Mortality 
Chronic Exposure Cerebrovascular 
Mortality 
Chronic Exposure Ischemic Heart 
Disease Mortality 
Chronic Exposure Lung Cancer 
Mortality 
 

24 
hour 
 
 
 
 

24 hour 1 hour 
1 hour 
1 hour 
 
 
 
 
1 hour 
1 hour 

24 hour 
 

 
24 hour 
24 hour 
24 hour 
24 hour 
24 hour 
24 hour 
24 hour 
24 hour 
24 hour 
24 hour 
 
24 hour 
 
24 hour 
 
24 hour 

Notes:  1. Averaging period of "1 hour" indicates the peak 1 hour average observation for each day, averaged over the 
year. 
              2. Averaging period of "24 hours" indicates the 24 hour average observation for each day, averaged over the 
year. 
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Table 4.6- CRFs Contained in AQBAT (Marbek Resource Consultants Ltd., 2007). 

Health 
Endpoints 

Pollutant Baseline 
Rate (annual 
events per 
million 
population) 1 

Distribution 
Type 

Mean 
Value 

Standard 
Error 

Epidemiological 
Study 

Acute 
Exposure 
Mortality 

NO2 
1,220-16,000 

Poisson 7.48E-4 2.49E-4 Burnett et al. 2004 
O3 Poisson 8.39E-4 1.36E-4 Burnett et al. 2004 
SO2 Poisson 4.59E-4 2.2E-4 Burnett et al. 2004 

Acute 
Respiratory 
Symptom 
Days 

PM2.5 

64,000,000 

Linear 2.66E-3 3.86E-4 Krupnick et al. 1990 
O3 (May-Sep) Linear 7.86E-4  Krupnick et al. 1990 

 

Adult 
Chronic 
Bronchitis 
Cases 

PM2.5 
 6,400 

Poisson 
 

1.32E-2 6.8E-3 Abbey et al.1995 

Asthma 
Symptom 
Days 

O3 (May-Sep) 

60,000,000 
 

Poisson 
 

1.77E-3 
 

6.37E-4 
 

Whittemore and Korn; 
Stock et al. 1988 

 
PM2.5 
 

Poisson 
 

7.93E-4 5.13E-4 Ostro et al. 1991; 
Whittemore and Korn; 
Stock et al. 1988 

Cardiac 
Emergency 
Room Visits 

PM2.5 
 2,000-12,700 

Linear 7.11E-4 1.70E-4 Burnett et al. 1995; 
Stieb et al. 2000 

Child Acute 
Bronchitis 
Episodes 

PM2.5 
 64,000 

Poisson 2.72E-2 1.68E-2 Dockery et al. 1996 

Chronic 
Exposure 
Mortality 

PM2.5 
 1,220-16,000 

Poisson 6.76E-3 1.5E-3 Krewski et al. 2000 

Minor 
Restricted 
Activity Days 

O3 (May-Sep) 
 8,000,000 

Poisson 5.30e-4 2.91E-3 Ostro and Rothschild 
1989 

Respiratory 
Emergency 
Room Visits 

O3 (May-Sep) 

18,600-
43,200 

Poisson 
 

7.91E-4 
 

3.55E-4 
 

Burnett et al. 1995; 
Stieb et al. 2000 

PM2.5 
 

Linear 7.54E-4 1.32E-4 Burnett et al. 1995; 
Stieb et al. 2000 

Restricted 
activity Days 

PM2.5 
 19,000,000 Poisson 4.81E-3 1.01E-3 Ostro 1987 

Cardiac 
Hospital 
Admissions 

PM2.5 
 1,520-9,760 

Linear 7.11E-4 1.7E-4 Burnett et al. 1995 

Respiratory 
Hospital 
Admissions 

O3 (May-Sep) 

3,690-8,550 

Poisson 
 

7.91E-4 
 

3.55E-4 
 

Burnett et al. 1997 
 

PM2.5 
 

Linear 7.54E-4 1.32E-4 Burnett et al. 1995 

Source: Health Canada’s AQBAT model. Version 1.0 October 2006. 
Notes: (1) A range in the baseline indicates where different baseline rates were used for different census divisions that 
fall within this range. 
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4.3.2.2 Netting 

The subtraction of one health endpoint count from another health endpoint count is 

called netting. The netting approach is applied because the former endpoint may overlap 

with the latter. By doing so can prevent double counting of the latter endpoint.  In this 

analysis, the netting approach is applied to Respiratory Hospital Admissions with 

Respiratory Emergency Room Visits, and Cardiac Hospital Admissions with Cardiac 

Emergency Room Visits as: 

• Respiratory Hospital Admissions are subtracted from Respiratory Emergency 

Room Visits; and  

• Cardiac Hospital Admissions are subtracted from Cardiac Emergency Room 

Visits 

Both cases are carried out under the assumption that that some Hospital Admissions 

started out as Emergency Room Visits. In the analysis, by ignoring the subtraction would 

result in some Hospital Admissions being counted on both health endpoints (Hospital 

Admissions and Emergency Room Visits). 

 

4.3.2.3 Grouping 

The accumulation of similar health endpoints is called grouping. The purpose of 

grouping is to obtain the total counts of the similar endpoints. The health endpoint counts 

on this study can be grouped as: 

• Acute Exposure Mortality counts and Chronic Exposure Mortality counts- to 

obtain total mortality counts; 
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• Cardiac Hospital Admissions counts and Respiratory Hospital Admissions 

counts- to obtain total hospital admission counts; 

• Cardiac Emergency Room Visits count and Respiratory Emergency Room 

Visits- to obtain total emergency room visit counts; and  

• Chronic Exposure Cerebrovascular Mortality counts, Chronic Exposure 

Ischemic Heart Disease Mortality counts and Chronic Exposure Lung Cancer 

Mortality- to obtain total chronic mortality counts 

 

4.3.2.4 Output 

The AQBAT model provides the estimation of reduced or excess on health 

endpoints that are associated with the change of inputted pollutant concentration data. Up 

to 20,000 outputs are generated by AQBAT and tracked by @Risk during the simulation. 

All inputs that define the modeling scenarios as well as all the output distributions can be 

saved and stored in an Excel™ workbook for extra analysis outside the AQBAT model. 

The estimation of health endpoint counts are based on a modeled baseline scenario 

where a conventional coal electricity generating station is not coupled with a CO2 capture 

process, then the comparisons are made between the baseline scenario with the scenarios 

where CO2 capture is applied to the conventional coal electricity generating station, along 

with Integrated Gasification Combined Cycle without CO2 capture process and Integrated 

Gasification Combine Cycle with CO2 capture process. The estimates are obtained to 

establish whether, by applying the CO2 capture process, there will be benefits for overall 

mortality and morbidity associated with air pollutants over the baseline scenario.  
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4.4 Human Risk Assessment (HRA) 

Human Health Risk Assessment is the process that estimates the nature and 

probability of adverse health effects in humans who may be exposed to chemicals in a 

contaminated environmental area (U.S. EPA, 2014). In this study, the Human Risk 

Assessment (HRA) is conducted to assess the health risk for trace elements and heavy 

metal air emissions from an electricity generating station located in the Estevan area. The 

heavy metal pollutants (Arsenic (As), Cadmium (Cd), Chromium (Cr), Mercury (Hg), 

Manganese (Mn), Antimony (Sb), Cobalt (Co), Cupper (Cu), Lead (Pb), Molybdenum 

(Mo), Selenium (Se), Vanadium (V) and Nickel (Ni)) are assessed for non-carcinogenic 

and carcinogenic health risk on both long-term and short-term health effects. The HRA 

approach was developed by the U.S. Environmental Protection Agency’s (U.S. EPA) 

Office of Solid Waste (OSW). The approach was developed for the purpose of 

conducting multi-pathway and site-specific human health risk assessments on hazardous 

waste combustors (U.S. EPA, 2005). In this analysis, the site-specific human health risk 

is conducted since the study is specific to the electricity generating station in Estevan 

area. According to U.S. EPA’s Health Risk Assessment approach, there are four steps 

involve in HRA process include; (i) hazard identification, (ii) dose response, (iii) 

exposure assessment and (iv) risk characterization. 

This research does not focus on dose response since the purpose of this study is to 

evaluate how the emissions from the electrical generating station impact a population’s 

health in the operational area by comparing the exposure levels to a population that is 

exposed with levels at which no toxicity responses are expected to occur. 
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4.4.1 Hazard Identification 

This step of risk assessment is to identify substances of concern that might have an 

adverse effect on human health. The heavy metal pollutants emitted from stacks of the 

electricity generating stations may cause acute or chronic toxicity to populations that live 

in the operating area. The constant intake by inhalation of heavy metals from coal plants 

can result in damage to central nervous functions, the cardiovascular and gastrointestinal 

(GI) systems, lungs, kidneys, liver, endocrine glands, and bones (Life Extension, 2015). 

For long term exposure (chronic heavy metal exposure) can results in several 

degenerative diseases and may increase the risk of cancers (Life Extension, 2015). In this 

study, the classification of human carcinogenic can be referred to “Toxicity Values for 

Inhalation Exposure” report, New Jersey Department of Environmental Protection.  

 

4.4.2 Dose Response 

The determination of the dose (concentration) - response (effect) relation is a 

quantitative process to identify the relationship between dose of exposure and either the 

severity or the frequency of adverse effects (Edinburgh Centre for Toxicology, 2007). 

The quantification of the dose-response process can be very difficult to determine in 

human toxicology due to the limited data available The process to determine relationship 

of toxicological parameters may involve human observation (including case reports, 

epidemiological studies and, in some cases, direct human studies), animal toxicological 

studies and assessment of structure-activity relationships. 
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4.4.3 Exposure Assessment 

The aim of exposure assessment is to obtain a realistic numerical estimate of total 

human exposure during a specific time period (Edinburgh Centre for Toxicology, 2007 

and U.S. EPA, 2012). Human exposure could be assessed by real time representative 

monitoring data measurement and/or by model calculation based on available information 

(Edinburgh Centre for Toxicology, 2007). 

Human exposure to heavy metal air pollutants from this study is predicted using air 

dispersion modeling which is explained in the previous chapter. AERMOD air dispersion 

modeling is used to obtain the average heavy metal air pollutants concentration. Then the 

pollutant concentrations are used as the input data to assess the health risk impact on the 

population living in the studied area. 

 

4.4.4 Risk Characterization 

Risk characterization is the final step to conduct risk assessment. This step involves 

calculating of excess lifetime cancer risks (risk) and non-cancer hazard (hazard) based on 

the information gathered in the first three steps. Carcinogenic and non-carcinogenic are 

normally characterized separately. The probability that the human body will develop 

cancer (carcinogenic) from exposure to emissions is called risk. Meanwhile, hazard is the 

potential of human body for developing non-cancer (non-carcinogenic) health effect from 

exposure to emissions (U.S. EPA, 2005).  
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4.4.4.1 Cancer Risk 

Human health risk estimates for carcinogenic due to inhalation are based on the 

following equation: 

URFECRiskCancer ×=                                                     4.1 

Where 

EC  =   Exposure concentration (g/m3) 

URF =   Unit risk factor (g/m3)-1               

According to Guidance on Risk Assessment for Air Contaminant Emissions: New 

Jersey’s Department of Environmental Protection, the cancer risk of less than or equal to 

10-6       (1 in a million) is considered as a common standard known as “acceptable risk” or 

“negligible”. The cancer risk level of 10-6 to 10-4 (100 in a million) is known as 

“generally acceptable risk” and the cancer risk level of greater than 10-4 is considered 

“unacceptable risk”. 

4.4.4.2 Non Cancer Risk 

The risk characterization of non-carcinogenic due to inhalation can be performed 

by quantifying the hazard using Hazard Quotient (HQ) based on the following equation: 

RfC
ECHQ =

                                                                          4.2 

Where 

HQ =   Hazard quotient (unit less) 

EC =   Exposure air concentration (mg/m3)  

RfC =   Reference concentration (mg/m3) 
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According to Guidance on Risk Assessment for Air Contaminant Emissions: New 

Jersey’s Department of Environmental Protection, the Hazard Quotient (HQ) of equal or 

less than one (≤ 1) indicates that the pollutant concentration is below the reference 

concentration (RfC) value, the potential risk is in the “acceptable level” which can be 

negligible and no further action required to reduce the pollutant’s level. However, HQ 

value is more than one (> 1), the indication does not necessary suggest a likelihood of 

adverse effect. This can only suggest that the potential risk for adverse health effects 

exists (U.S. EPA, 2005, New Jersey Environment Protection, 2009 and Mokhtar et al., 

2014). It has to be noted that the value of Unit Risk Factor (URF) and Reference 

Concentration (RfC) can be found at New Jersey’s Department of Environmental 

Protection website at http://www.nj.gov/dep/aqpp/permitguide/ToxAll2011.pdf 

 

 

 

 

 

 

 

 

 

http://www.nj.gov/dep/aqpp/permitguide/ToxAll2011.pdf
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Chapter Five 

Data Inventory Modeling and Systems Descriptions 

 

 

5.1  Integrated Gasification Combined Cycle (IGCC) 

5.1.1 Integrated Gasification Combined Cycle (IGCC) with Pre-Combustion CO2 

Capture Process 

The IGCC system equipped with a CO2 capture process includes the following: an 

Air Separation Unit (ASU), a Gasification Unit, a Gas Cleaning/ Acid Gas Removal unit, 

a Sulfur Recovery Unit, a Water Gas Shift Unit (WGS), a CO2 Removal Unit and a 

Combined Cycle Electrical Generation Unit (Gas turbine, Steam turbine and Heat 

Recovery Steam Generator). The simplified flow diagram of IGCC with pre-combustion 

CO2 capture process is shown in Figure 1.3.  

The processes mentioned above; ASU, Gasifier, Gas cleaning and WGS have been 

simulated by AspenPlus® while the CO2 removal and combined cycle electrical 

generation unit have been simulated using a spreadsheet. The specific design and detailed 

description of each process unit in this study are given below. The modeled simulation 

data of each process in AspenPlus® are presented in each process below. The main block 

parameters, chemical reactions and calculation equations in AspenPlus® are adopted form 

Zhu, 2004 and Aspen Technology Inc., 2008. The input-output data tables of each 

process are presented in Appendix B. 
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Air Separation Unit (ASU) 

In this study the cryogenic separation is applied since it is the most common 

method and widely used for medium and large scale oxygen production with high purity 

requirements. 

The main components of cryogenic separation are: the air compression unit, the 

cryogenic separation units and the oxygen compression unit. Ambient air is first sent to a 

multistage air compressor unit. The air is compressed to approximately 6.3 bar (630 kPa). 

The compressed air is then cooled in the main heat exchangers. At the same time, another 

steam of air is extracted from the compressor of the gas turbine and is sent to the main 

heat exchanger. The cooled air is then fed into the cryogenic separation unit. As a result, 

the air stream is liquefied and split into three streams: a nitrogen stream, a 95% oxygen 

stream and a water stream. The nitrogen and liquid oxygen streams are reheated to 

become gas streams. Finally, the gaseous nitrogen product stream is then split and vented 

into the atmosphere or used for other processes in the IGCC plant and the rest is 

compressed and sent to the gas turbine. In this study, 70% of nitrogen is sent to gas 

turbines to moderate combustion conditions and minimize or reduce NOx formation. In 

the meantime, the 95% oxygen is compressed and sent to the gasifier to further the fuel 

reaction process. The flowsheet of ASU simulation and main specification for the blocks 

in ASU model are shown in Figure 5.1 and Table 5.1. The typical removal rate of 

impurities from air separation unit is adopted from Nie, 2009 and is shown in Table 5.2.
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Figure 5.1- Air Separation Unit Process Diagram. 
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Table 5.1- Unit Blocks Description for Air Separation Unit (ASU). 

Block Block Parameters Description 
AIRCOMP 
(COMPR) 

Pressure: 550 kPa 
efficiency: 83% 

Simulates the compression of air to 
630 kPa 

HEATEX 
(HEATEX) 

Temperature: 32 °C 
Pressure drop: -70 kPa 

Simulates the main heat exchanger in 
ASU  

AIRSEPT 
(SEP) 

Fraction 
Stream: OXID (oxygen) 
N2 = 0.0036 
O2 = 0.95 
H2O = 0 
Ar = 0.04 
Stream: WATER 
N2 = 0 
O2 = 0 
H2O = 1 
Ar = 0 
Stream N2 
N2 = 1 
O2 = 0 
H2O = 0 
Ar = 0 
Stream: N2GT (60% ) 
Stream: N2VENT (40%) 

Simulates a cryogenic air separation 
unit to produce 95% O2 

N2SPLIT 
(FSPLIT) 

N2GT (60% ) 
N2VENT (40%) 

Controls the N2 portion for venting 
and injection to gas turbine 

N2COMP 
(COMPR) 

Efficiency 72% Simulates nitrogen to compress 
before send to gas turbine 

OXYCOMP 
(COMPR) 

Efficiency 74% Simulates high purity of oxygen to 
compress before send to gasifer 
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Table 5.2 - 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 of these gases can be calculated by the following equation: 

iiairi RCmE ××=                                                                  5.1 

Where, 

iE is the emission of ith gas from pre-purification process (kg/hr)  

airm is the mass flow rate of air intake by ASU (kg/hr) 

iC is the ith gas concentration in air 

iR is the % removal of ith gas by PPU 

 

 

Gasification 

The feed coal slurry is pumped into the gasifier (reactor) together with a high purity 

oxidant (95% O2) to partially oxidize the fuel, by controlling the amount of oxygen and 

steam. The reaction of coal slurry and oxygen takes place at a high temperature of 

between 1250 °C -1427 °C. 

In the simulation, an entrained flow gasifier (GE) has been modeled at 580 psia (4 

MPa) pressure and operating on a 35 kg/s coal mass flow. The highly pure oxygen (95% 

O2) at an ambient temperature of 25 °C and slurry coal are introduced at the top of the 

gasifier. The mass ratio between injected water and coal is set at 0.54 and the oxygen-fuel 

ratio is set at 0.85, based on the report from Govin and Shah, 1984 for the optimum 

steam-fuel ratio and oxygen-fuel ratio respectively. The fuel (slurry-coal) flows co-

currently and reacts with the oxygen. The fuel selected in this study is Saskatchewan 

lignite coal and the compositions of it are listed in Table 5.3 as Proximate and Ultimate 

Analysis for solid simulation in AspenPlus® modeling software. The flowsheet of coal 
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sizing and gasification simulation and main specification for the blocks in coal sizing and 

gasification model are shown in Figure 5.2- 5.3 and Table 5.4-5.5. 

 

Table 5.3 - Proximate and Ultimate Analysis for Saskatchewan Lignite coal in 

Aspenplus® model.  

Description Saskatchewan Lignite Coal 

Proximate Analysis, wt%  

Moisture 35 

Fixed Carbon 42 

Volatile Matter 13.5 

Ash 9.5 

Ultimate Analysis (dry basis), wt%  

Carbon 64 

Hydrogen 4 

Nitrogen 1.5 

Chlorine 1.5E-5 

Sulfur 0.83 

Oxygen 15 

Ash 15 

Higher Heating Value (HHV), Btu/lb 6500 (15,119 kJ/kg) 
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Figure 5.2 - Coal Sizing Process Diagram. 
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Table 5.4 - Unit Blocks Description for Coal Sizing Process. 

Block Block Parameters Description 

FEEDMRX 
(MIXER) 

Lignite coal solid analysis: 

Proximate Analysis, wt% 
Moisture-35% 
Fixed Carbon-42% 
Volatile Matter-13.5% 
Ash-9.5% 
 
Ultimate Analysis, wt% 
Carbon-64% 
Hydrogen-4% 
Nitrogen-1.5% 
Chloride-1.5E-5% 
Sulfur-0.83% 
Oxygen-15% 
Ash-15% 

Mix coal and water to get slurry coal 

CL-WA 
(CALCULATOR) 

water = .35*solid/.65 

 

Sets the value of water stream to 
corresponding to solid stream  

SL-SPLIT 
(HEATEX) 

Splitter Fraction:  50/50 Divided slurry coal in to two streams 
before passing through crushing and 
screening process to reduce coal 
particle size 

CRU-MLL 
(MLL) 

Maximum particle 
diameter: 0.0002 m 

Crush the size of solid particle 

SCREEN 
(SCREEN) 

Size of screening opening: 
0.0003 m 

Screen the solid particle of less than 
0.0003m. Then the fuel out stream is 
sent to gasification process. 
Meanwhile, the rests (>0.003m) are 
sent back to crushing and screening 
process. 
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Figure 5.3 - Coal Gasification Process Diagram.
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Table 5.5 - Unit Blocks Description for Coal Gasification Process. 

Block Block Parameters Description 

GASIFIER 
(GASIFIER) 

Operating pressure : 600 psig (4.1 
MPa) 

Reactor model: RGibbs 

Decompose coal to produce 
coal gas 

COMBUSTOR 
(COMB) 

Reactor model: Rstoic 

Fraction Conversion: 

COAL→H2O+O2+N2+C(Csolid)+      
COALASH+S-S (Cisolid) +CL2 + 
H2  

Reactor 

COMBUSTOR 
(COSHYDR) 

Reactor model: RGibbs 

Fraction Conversion: 

COS + H2O →CO2+ H2S  

Reactor: carbonyl sulphide is 
converted to hydrogen sulphide 
and carbon dioxide before 
sending it to further cleaning 
process 

CSCBFW 
(CALCULATOR) 

Target temperature: 370 °C Sets the temperature of stream 
CSCSYN1 to 370 °C  

RSCBFW 
(CALCULATOR) 

Target temperature: 760 °C Sets the temperature of stream 
B to 760 °C 

BCONVRT 
(CALCULATOR) 

water = moist/100 

dry = 1 - water 

oxy = dry*ultnal(7)/100 

ash = dry*ultnal(1)/100 

carbon = dry*ultnal(2)/100 

hydro = dry*ultnal(3)/100 

nitro = dry*ultnal(4)/100 

chlor = dry*ultnal(5)/100 

sulfr = dry*ultnal(6)/100 

Modify the stoichiometric 
coefficient of each component 
in reaction 2. 

 

 

 

 

 

 

 

 

 



 

130 
 

Block Block Parameters Description 

CCONVRT 
(CALCULATOR) 

water = moist/100 

dry = 1 – water 

water =  water/(mwh + .5*mwo) 

oxy = dry*ultnal(7)/(100*mwo) 

ash = dry*ultnal(1)/100 

carbon =dry*ultnal(2)/(100*mwc) 

hydro = dry*ultnal(3)/(100*mwh) 

nitro = dry*ultnal(4)/(100*mwn) 

chlor = dry*ultnal(5)/(100*mwcl) 

sulfr = dry*ultnal(6)/(100*mws) 

Modify the stoichiometric 
coefficient of each component 
in reaction 1.  
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The feedstock (fuel (slurry coal) and oxygen) is processed at 1250 °C and at 580 

psia (4 MPa). The lignite coal is converted into syngas, which consists of carbon 

monoxide (CO), hydrogen (H2), carbon dioxide (CO2), water vapor (H2O) and small 

amount of nitrogen (N2), argon (Ar), sulfur compounds (H2S, COS), nitrogen compounds 

(NH3, HCN), chlorine compounds (HCl, NH4Cl), particulate matter (unconverted carbon 

and ash), methane (CH4), and mercury (Hg). After that the raw syngas is sent downstream 

to a two stage cooling process for heat recovery to attain process efficiency and the fact 

that syngas leaves the gasifier with such a high temperature it carries the fly ash or slag in 

liquid form. To protect downstream components from fouling, the two stages of cooling 

are needed to solidify the slag (Rubin et al., 2007). The  syngas exiting from the gasifier 

is first cooled down to 900 °C, which is below the melting point of many ash particles, 

and then further cooled to 140 °C in order to remove the remaining ash particles and 95% 

of the non-converted solid carbon. 

 

Acid Gas Removal and Sulfur Recovery Process 

The flowsheet and main specification simulation for the blocks in acid gas removal 

and sulfur recovery process are shown in Figure 5.4-5.5 and Table 5.6-5.7. The raw 

syngas from the gasification process mainly consists of carbon monoxide (CO) and 

hydrogen (H2), and small quantity of the following contaminants compounds such as 

hydrogen-sulfide (H2S) and carbonyl sulfide (COS), oxides of carbon and sulfur such as 

carbon dioxide (CO2) and sulfur dioxide (SO2), nitrogen compounds such as NH3 and 

HCN, mercury (Hg), particulates from the mineral fraction of the coal, such as 

unconverted carbon and ash (Christou et al., 2008). Some of the corrosive components 
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such as sulfide, nitride and dust can be removed in this cleaning section. Typically 

carbonyl sulphide is converted to hydrogen sulphide in a COS hydrolysis reactor as 

shown in equation 5.2 below (Fiaschi and Lombardi, 2002).  

 COS + H2O → H2S + CO2 
                                                    5.2 

The H2S rich gas from the Acid Gas Removal (AGR) process is then fed into the 

two-step Claus Plant Process (sulphur recovery) to produce sulphur (Fiaschi and 

Lombardi, 2002). In this process 96% of H2S in the acid gas feed stream can be converted 

into elemental Sulphur (Fiaschi and Lombardi, 2002). In the Claus unit, the incoming 

acid gas is combusted and converted to elemental sulphur in a two-stage sulphur furnace. 

The acid gas enters the first furnace where the gas is burnt to sulphur dioxide at around 

1371 °C (Rubin et al., 2007, and Fiaschi and Lombardi, 2002). The gas that exits from 

the first furnace is mixed with the rest of the H2S rich gas in the second furnace to 

produce sulphur elements over catalyst at about 232 °C. The reaction equations in the 

two-stage sulphur furnace are shown in equation 5.3 and 5.4 (Rubin et al., 2007 and 

Merrick, 1984).                 

2 H2S + 3 O2 
↔ 2 SO2 

+ 2 H2O                                           5.3            

2 H2S +SO2 
↔ 3 S + 2 H2O                                                 5.4 

Sulfur is a valuable product, which can be used for manufacturing sulfuric acid and 

fertilizer, etc.  The clean syngas from AGR, syngas free from H2S, is sent directly to the 

water gas shift reaction section for removing CO2. It has to be noted that SaskPower 

converts the captured SOx to sulfuric acid (H2SO4). The alternative for IGCC would be to 

take the H2S gas stream and re-inject it with the captured CO2 stream as there is no 
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impact of H2S on EOR (Weyburn receives a CO2 stream at 1% H2S) or to inject it 

separately into a disposal well (Alberta has over 40 acid gas disposal wells).
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Figure 5.4 - Acid Gas Removal Process Diagram.
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Table 5.6-Unit Blocks Description for Acid Gas Removal. 

Block Block Parameters Description 

H2SABS 
(RadFrac) 

Calculation type: Equilibrium 
Stage one pressure: 400 psia 
(2.76 MPa) 

 

2 phase fractionation absorber: 
separate H2S from syngas 

 

N2STRP 
(RadFrac) 

Calculation type: Equilibrium 
Stage one pressure: 400 psia 
(2.76 MPa) 

 

2 phase fractionation stripper: 
separate H2S from rich syngas-H2S 
stream to recycle syngas back to 
the absorber and the rest of H2S is 
sent to further separation and 
finally is sent to sulphur removal 

Separator 
(Flash2) 

FLASH1; Temperature: 20 °C 

FLASH 2; Pressure 100 psi 
(689 kPa) 

FLASH1:Separate liquid from 
syngas 

FLASH2: further H2S seperation 

HeatX N2-HX; Hot stream outlet 
temperature, -35 °F (-37.2 °C) 

SG-HX; Cold stream outlet 
temperature, 93 °C 

N2-HX; increase H2Streat stream 
temperature to 47 °C 

SG-HX; reduced treated gas 
temperature to 93 °C 

Cooler 
(Heater) 

Temperature 20 °C Reduce syngas temperature from 
298 °F (147.8 °C) to 20 °C before 
sending to separator unit 
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Figure 5.5- Desulfurization Process Diagram. 
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Table 5.7 – Unit Blocks Description for Desulfurization Process. 

Block Block Parameters Description 

AIRFEED 
(CALCULATOR) 

XAIR = 0.5*XH2S/0.21 Set the flow of stream AIRIN to 
corresponding to flow of H2S 

BURNER 
(Rstoic) 

Stoichiometric Reactor model: 
Rstoic 

Operating pressure: -1psia      
(-6.9 kPa) 

Operating temperature:      
1150 °C               
Stoichiometry reactions: 

H2S +  .5 O2 →  H2O +  S 

H2S +  1.5 O2 →  SO2 +  H2O 

Reactor: convert H2S to S and H2O 
for further sulphur recovery 
process (two-step Clus Plant 
Process) 

S-SLD 
(RGibbs) 

0 psia (0 kPa) 

300 °F (148.9 °C) 

Convert element sulphur to solid 
sulphur and solid sulphur is 
separate from the gas stream 

CLUS 
(RGibbs) 

-1.6 psia (-1.103 kPa) 

500 °F (260 °C) 

Further convert solid sulphur 

FLASH 
(Flash2) 

330 °F (165.6 °C) 

0 psi (0 kPa) 

Separate solid sulphur from gas 
stream 
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Water Gas Shift and CO2 Removal Unit 

After the H2S scrubbing process, the syngas stream containing mainly CO and H2 is 

fed to the shift reactors. In order to meet the steam-to-carbon ratio requirement, steam is 

added to the clean syngas before passing through the shift reactor. In the shift reactor, as 

expressed by the water-gas shift reaction (WGS) given by Equation 5.5, carbon monoxide 

and steam react, using FeCr and CuZn as the catalysts, to produce carbon dioxide and 

more hydrogen (Lee et al., 2004). This process is operated in two shift reactors which 

operate at a temperature of about 200 °C -480 °C.                      

CO + H2O ↔ CO2 
+ H2                                                         5.5 

In the first shift reactor, the steam reacts with syngas at high temperature. The 

reaction takes place with the ratio of 1.0 mole of water per mole of carbon monoxide. The 

water gas shift reaction is an exothermic reaction that produces sensible heat, the syngas 

from the high temperature reactor has to be cooled before being fed into the low 

temperature reactor. The outlet temperature of 450 °C from the first reactor is cooled 

down to 230 °C in an intermediate shift heat exchanger and then is fed to the second 

reactor for maximum CO conversion (Fiaschi and Lombardi, 2002 and Christou et al., 

2008). The shift reaction is repeated in the second reactor with a lower temperature than 

the first reactor. The syngas that exits the WGS reactor has a much higher H2 

composition than the raw syngas with the CO conversion of 90% (Fiaschi and Lombardi, 

2002 and Christou et al., 2008).  

The CO2 and H2 rich syngas from water-gas-shift process is then fed to a Selexol® 

process, licensed by UOPLLC, to remove CO2. The Selexol® solvent is the mixture of 
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Dimathylethers and Polyethylene glycol with the formulation of CH3(CH2O)nCH 3, 

where n is between 3 and 9. The Selexol® solvent absorbs 95% of CO2 from the feed 

syngas when at the relatively high pressure of between 300 and 2000 psia (2.068 and 13.8 

MPa) (Kohl, 1997). The rich solvent containing acid gas (CO2) is then sent to a 

regenerator to strip off the solvent and recover the CO2. The resulting gases contain 95% 

in mass CO2 is then sent to a dehydrator and compressor and compressed to 80 bar (8 

MPa) in an intercooled staged compressor and liquefied. The CO2 is then ready to be 

transported and used for enhanced oil recovery. One of the advantages of Selexol® 

process over an amine absorption process is that Selexol® requires less energy than 

amine-based processes. This is because there is no chemical reaction involved between 

the solvent and the acid gas. However, the solvent capacity is reduced when the feed 

syngas pressure is less than 300 psia (2.068 MPa). With high pressure syngas, the 

physical absorption using Selexol® has proven to be favorable for CO2 removal (Rubin et 

al., 2007). The flowsheet of WGS simulation and main specification for the blocks in 

WGS model are shown in Figure 5.6 and Table 5.8
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Figure 5.6- WGS Process Diagram. 
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Table 5.8- Unit Blocks Description for WGS Process. 

Block Block Parameters Description 

STEAM 
(CALCULATOR) 

XCO = XH2O Sets the flow of H2O in stream 
SYNGAS equal with the flow of 
CO in stream STEAM  

SHIFT1 
(REquil) 

Rigorous equilibrium reactor 

CO +  H2O ↔  CO2 +  H2 

Convert CO and H2O to CO2 and 
H2 

HEATEX 
(HEATX) 

Hot stream outlet temperature 
230 °C 

Reduce product stream from 450 
°C to 230 °C  

SHIFT2 
(REquil) 

Rigorous equilibrium reactor 

CO +  H2O ↔  CO2 +  H2 

Further convert CO and H2O to 
CO2 and H2 
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Electrical Generation Unit 

After the CO2 removal process, the hydrogen rich syngas is then introduced to the 

combined cycle electricity generation unit to produce electricity. The combined cycle 

electricity generation consists of a gas turbine system and steam turbine system. The 

inventory modeling of combined cycle was conducted based on the Excel™ spreadsheet 

of mass and energy balance model of a gas turbine combined cycle from Zhu, 2004 and 

Zhu and Frey, 2007 and are described in detail in the following sections. The main inputs 

and assumptions of the combined cycle are also presented in Table 5.9. The notations for 

electricity calculation are also provided below. 

 

Table 5.9- Input Assumptions for Combined Cycle System (Zhu and Frey, 2007). 

Ambient Pressure (psia) 14.7 (101.35 kPa) 

Ambient Temperature (K) 288 

Compressor Pressure Ratio 15.7 

Combustor Pressure Drop (psia) 4 (27.5 kPa) 

Turbine Backpressure (psia) 2 (13.8 kPa) 

Turbine Inlet Temperature (K) 1600 

Turbine Inlet Reference Mass flow (kg/s) 455 

Cooling Air Extraction Fraction (%) 12 

Nitrogen Injection (%)  70 

Nitrogen/Syngas molar ratio 0.6-0.8 

Adiabatic Compressor Efficiency 0.77 

Adiabatic Turbine Efficiency 0.87 

Shaft/generator Efficiency 0.98 

Steam Cycle Heat Rate (106 J/kWh, LHV) 9.653 

HRSG Outlet Temperature (K) 386 
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Notation for Electricity Calculation  

ea = The fraction of excess air 

fcooling = Fraction of heat recovered from syngas cooling 

GT = Gas Turbine 

hi,j,k = Enthalpy of stream at the stage j of device i inlet or outlet k, where k =in is inlet 

and k = out is outlet, Btu/lbmole 

Hi (T) = Enthalpy of species i at temperature T (Rankin), Btu/lbmole syngas 

Hair,stoic = Enthalpy of air needed in a stoichiometric reaction with fuel, J/gmole 

Hfuel = Fuel Enthalpy, J/gmole 

Hproduct,stoic = Enthalpy of stoichiometric reaction product, J/gmole 

HR = Heat rate of the steam cycle, Btu/kWh 

LHV = Lower heating value of fuel, Btu/lb 

mC,i,air = Air flow rate to the stage i of compressor, lb/hr, i = 1, 2, or 3 

mComb,air = Air flow rate to the combustor, lb/hr 

mfuel = Fuel mass flow rate, lb/hr 

mT,i,out = Stream flow rate at outlet of stage i of the outlet of turbine, lb/hr 

Mfuel = Fuel molar flow rate, lbmole/hr 

MWi = Molecular weight of stream at the turbine inlet, i = act or ref 

Pi = Pressure of stream at the turbine inlet, psia, where i = act or ref 

Pa = Ambient pressure of inlet air, psia 

Pi,j = Pressure at device i, psia, where j = in or out 

Qfuel = Total energy input of the system, Btu/hr 

QH = Energy input of HRSG, Btu/hr 
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Qs = Shaft work, Btu/hr 

rp = Pressure ratio of compressor outlet pressure to compressor inlet pressure 

rp,i = Pressure ratio of a single stage i of compressor 

rp,turb = Pressure ratio of turbine inlet pressure to turbine outlet pressure 

rp,turb,i = Pressure ratio of a single stage i of turbine 

Ti = Temperature of steam at the turbine inlet, K, where i = act or ref 

Ti,j,k = Temperature of stream at the device i stage j inlet or outlet k, where k = in is inlet 

and k = out is outlet, K 

WCC = Net electricity output of the combined cycle, MW 

WSC = Net electricity output the simple cycle, MW 

WST = Net electricity produced by the steam turbine, MW 

yi = Mole fraction of compound i 

Δhi = Total enthalpy difference between the inlet and outlet of device i, 

j/gmole 

Δhcooling = Sensible heat from syngas cooling, j/gmole 

Δhr,i = Enthalpy of reaction for compound i, j/gmole 

Δpback = turbine back pressure, psia 

 ɳs = Shaft work efficiency 

Subscripts 

act = Actual 

C = Compressor 

CC = Combined Cycle 

Comb = Combustor 
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H = Heat Recovery Steam Generator 

In = Inlet 

NGCC = Natural Gas Combined Cycle 

IGCC = Integrated Gasification Combined Cycle 

Out = Outlet 

ref = Reference 

SC = Simple Cycle 

SG = Syngas 

ST = Steam Turbine 

T = Turbine 
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Figure 5.7-Simple Schematic of Gas Turbine System. 
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Gas Turbine 

The Gas turbine cycle model is based upon the air standard Brayton cycle which 

consists of three main components: a compressor, a combustor and a turbine. The 

simplified schematic diagram of a simple cycle gas turbine is shown in Figure 5.7.  

 

Compressor 

A gas turbine consists of three stages of compression. The pressure ratio for each stage is 

estimate as:   

33.0
,, )( ipip rr = , i=1 to 3                                                            5.5 

The outlet temperature of the compressor can be calculated via multi-step procedure as 

follows: 

The entropy of the compressor inlet air: 

                                   1905.4)ln(0327.1,, −= TS iniC                                              5.6 

The entropy of the compressor outlet air: 

                                 )ln()( ,,,,, ip
air

iniCoutiC r
MW

RSS +=                                         5.7 

The temperature of outlet air can be calculated as: 

77.45529.46373.217 ,,
2

,,,, +−= outiCoutiCoutiC SST               5.8 

The enthalpy of the outlet air can be calculated as: 
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687.119302.00001.0 2
,,, ++= TTh isentropicoutiC                    5.9 

Based on above equations the actual enthalpy and temperature can be calculated as: 

iC

iniCisentropicoutiC
iniCoutiC

hh
hh

,

,,,,,
,,,, η

−
+=                               5.10 

0996.90563.1109 ,,,,
5

,, −+×−= −
outiCoutiCoutiC hhT             5.11 

The compressor work ( Ch∆ ) can be calculated based on the amount of air needed per 

mole fuel gas combusted and enthalpy difference between inlet and outlet of the 

compressor. 

)]()([)]()([ ,,,,,,,, 222222 inCOoutCOOairCinCNoutCNNairCC ThThyThThyh −+−=∆            5.12 

 

Combustor 

The fuel sent to the combustor is assumed to be a mixture of six components 

including: carbon monoxide (CO), hydrogen (H2), methane (CH4), carbon dioxide (CO2), 

nitrogen (N2) and water vapor (H2O). The enthalpy of reaction of each component is 

estimated as: carbon monoxide (CO) equal 283,400 J/gmole, hydrogen (H2) equal 

242,200 J/gmole, methane (CH4) equal 803,500 J/gmole. The enthalpy of reaction for 

carbon dioxide (CO2), nitrogen (N2) and water vapor (H2O) are assumed to be non-

reactive (0 J/gmole). The heating value (J/gmole) of the fuel gas can be calculated as: 

4422 ,,,, CHrCHHrHCOrCOfuelr hyhyhyh ∆+∆+∆=∆                 5.13 

The fraction of excess air is given by: 
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)(
)(

airticstoichiome
airticstoichiomeairTotalea

−
=                                5.14  

Since the syngas temperature (TSG), turbine inlet temperature (TT,in ) and turbine outlet 

temperature (TT,out) are known based upon the compressor specification, the fuel enthalpy 

(Hfuel), enthalpy of air needed in a stoichiometric reaction with fuel (Hair,stoich), the 

enthalpy of stoichiometric reaction product (Hproduct,stoich) can be calculated by using the 

following equations: 

 

 

)()()(

)()()(

222222

4422

SGOHOHSGNNSGCOCO

SGCHCHSGHHSGCOCOfuel

THyTHyTHy

THyTHyTHyH

++

+++=
                        5.15 

 

)(76.3)( ,,, 22 outCNoutCOstoichair TaHTaHH +=                                5.16 

 

)(}76.3{)()( ,,,, 2222 inTNNinTCOinTCOstoichproduct THayTcHTbHH +++=               5.17 

The stoichiometric coefficients a, b, c and d can be solved by using equations below. 

day

cbayyy

cyyy

byyy

N

OHCOCO

OHCHH

COCHCO

2)76.3(22

222

2242

2

22

242

24

=+

+=+++

=++

=++

                                      5.18 
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From the equations above, the excess air fraction can be calculated as: 

)}]({)}()({76.3[ ,,,

,,,

222 outCOoutCNinTN

stoichproductsfuelrstoichairfuel
a THTHTHa

HhHH
e

+−

−∆++
=                       5.19 

 

After the excess air is known, the molar fraction per mole fuel gas of exhaust gas from 

the combustor can be calculated as: 

)
2
12

2
1(

)
2
12

2
1)(1(76.3

2

422

4222

2422

242

,

,

,

,

COHaOex

COHaNNex

OHCHHOHex

COCHCOCOex

yyyey

yyyeyy

yyyy

yyyy

CH

CH

++=

++++=

++=

++=

                   5.20 

The mass flow at the turbine inlet nozzle can be calculated as: 

))(()(
act

ref

ref

act

ref

act
refact T

T
MW
MW

p
pmm =                                                 5.21 

The actual and reference pressures in the turbine inlet are Pref  = Pact = PT,in. The actual and 

reference temperatures are Tact = Tref = 2,880 R. The reference molecular weight is 

assumed to be MWref  = 28.4 and the molecular weight of mixture gas at the inlet of 

turbine can be calculated as: 

 

22222222 ,,,, OOexNNexOHOHexCOCOexact MWyMWyMWyMWyMW +++=               5.22 
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The mass flow of fuel gas can be calculated by knowing the amount of molecular weight 

of the fuel gas, the ratio of fuel to air required for combustion and the mass ratio of fuel 

as follows: 

The mass flow of fuel gas:  

actfactfuel rmm ,×=                                                      5.23 

The actual mass flow to turbine:  

aircombfuelact mmm ,+=                                                     5.24 

The molecular weight of fuel gas: 

2244

222222

COCOCHCH

OHOHNNHHCOCOfuel

MWyMWy

MWyMWyMWyMWyMW

++

+++=
                    5.25 

The ratio of fuel to air required for combustion: 

22
)1(76.3)1(,

NaOa

fuel
airf MWeaMWea

MW
r

+++
=                                   5.26 

The actual mass ratio of fuel: 

airf

airf
actf r

r
r

,

,
, 1+

=                                                          5.27 

The mole flow rate of fuel gas: 

fuel

fuel
fuel MW

m
M =                                                            5.28 

The combustor air: 

fuelactaircomb mmm −=,                                                      5.29 

 

 

Turbine 
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Total enthalpy difference between the inlet and outlet of turbine ( Th∆ ) can be 

calculated by using the following equations. 

The pressure at the turbine outlet: 

backaoutT pPP ∆++,                                                      5.30 

The pressure ratio for turbine: 

33.0
,,, )( turbpiturbp rr =                                                      5.31 

The entropy at the turbine inlet is estimated as: 

1443.0
,, 0044.3 TTS iniT =                                                  5.32 

The entropy at the outlet is estimated as: 

)1ln()(
,,

,,,,
2 turbipN

iniToutiT rMW
RSS +=                                         5.33 

The turbine outlet temperature: 

9277.6
,,

4
,, )(109161.4 outiToutiT ST −×=                                     5.34 

The enthalpy of exhaust gas: 

1939.100373.1109731.5 25
,, −+×= − TTh osentropiciT                         5.35 

The actual enthalpy of the outlet gas is estimated based on the following relationship: 

TiniTisentropicoutiTiniToutiT hhhh η)( ,,,,,,,,, −+=                                 5.36 

The actual temperature outlet: 

3221.179347.0102769.3 ,,
2

,,
5

,, ++×−= −
outiToutiToutiT hhT                     5.37 

Therefore, the total enthalpy difference between the inlet and outlet of turbine ( Th∆ ) can 

be calculated as: 
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)]()([)]()([

)]()([)]()([

,,,,,,,,,,,,

,,,,,,,,,,,,

222222

222222

outiTOiniTOOiToutiTNiniTNNiT

outiTOHiniTOHOHiToutiTCOiniTCOCOiTT

ThThyThThy

ThThyThThyh

−+−

+−+−=∆
           5.38 

 

Gas Turbine Electricity Output 

The gas turbine electricity output (MW) can be estimated as: 

)/()/(1093.2 7 hrBtuQBtuMWhW sSC
−×=                                       5.39 

Where the actual shaft work can be calculated as follow: 

fuelsccTs MhhQ η)( ∆−∆=                                                     5.40 

The total energy input of the system is calculated as: 

LHVmQ fuelfuel =                                                           5.41 

The simple cycle efficiency can be calculated as: 

fuel

s
sc Q

Q
=η                                                                   5.42 

 

Combined Cycle Electricity Output 

The exhaust from the gas turbine is sent to HRSG unit for the heat recovery and the total 

energy input to can be calculated as: 

moisturefuelcoolingcoolingfuelHH hMhfMhQ −∆+∆=                                     5.43 

Where the total enthalpy difference associated with heat recovery, per mole fuel gas (

Hh∆ ), the sensible heat ( coolingh∆ ) and the heat deduction from water or steam injection (

moistureh ) can be calculated as: 

 

The total enthalpy difference associated with heat recovery per mole of fuel gas: 
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)]()([)]()([
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,,,,,,,,

222222

222222

22222222

outHOoutTOOoutToutHNoutTNNoutT

outHOHoutTOHOHoutToutHCOoutTCOCOoutT

OOoutTNNoutTOHOHoutTCOCOoutTH

ThThyThThy

ThThyThThy

hyhyhyhyh

−+−

+−+−=
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The sensible heat: 

)]()([

)]()([)]()([

)]()([)]()([

,2,

,2,,,

,,,,

22

22

222444

22222244

infuelNoutGNN

infueloutGHHinfuelCOoutGCOCO

infuelCOoutGCOinfuelCHoutGCHCH

NNHHCOCOCOCOCHCHcooling

ThThy

ThHThyThThy

ThThyThThy

hyhyhyhyhyh

CO

−

+−+−

+−+−

∆+∆+∆+∆+∆=∆

              5.45 

 

The heat deduction of water injection or steam injection: 

)(

)()(

22 moisturegOHOHfuel

moisturefgmoisturemoisturermoisturemoisture

ThMWyM
ThmThmh

×××

+=
                                5.46 

The electricity generated from a steam turbine in a combined cycle can be calculated as: 

HR
QW H

ST
1000

=                                                           5.47 

Therefore the electricity generated from IGCC combined cycle can be calculated as the 

combination of electricity generated from a simple gas turbine and a steam turbine: 

STSCCC WWW +=                                                       5.48 

The overall of plant efficiency is estimated as: 

                                                   
valueheatingfuel fulexm

Wcc
=(%)η                                       5.49 

Enthalpy Function calculation (h), (BTU/lbmole) 
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3655.83 -T 10 2.8333 6.66T (T)h 2-4
N2

×+=                                          5.50 

4164.05-129600T T 10 2.7778 7.16T (T)h -12-4
O2

+×+=                                   5.51 

7066.27- 660960T T 10 6 10.55T (T)h 1 -2-4
CO2

+×+=                                    5.52 

4004.44- 25920T -T10 7.1111 7.17T (T)h 1 -2
H

 -4

2
×+=O                                 5.53 

              2785.67 -112100T -T 10 4.427 T10 5.0914 2.975T (T)h 1 -3-72 -3
CH4

×+×+=   5.54 

3788.8- 35640T T 10 2.7222 6.79T (T)h  -12-4
CO +×+=                                 5.55 

      3489.04- 38880T- T 10 2.1667 6.52T (T)h  -12-4
H2

×+=                               5.56 

 

 

 

 

 

 

 

5.1.2 Integrated Gasification Combined Cycle (IGCC) Without Pre-Combustion 

CO2 Capture Process 
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A typical IGCC system without a CO2 capture process is similar to IGCC system 

with CO2 capture process except that there is no water gas shift (WGS) or Selexol® unit 

installed in the system. Thus, the turbine is powered by syngas not a relatively pure 

stream of H2. In the gasification process, slurry-coal is first reacted with steam and high 

purity oxygen to produce syngas. The high purity oxygen (95% O2) is produced in an 

ASU. After the gasification process, the syngas, which contains a high content of CO and 

H2, is cooled and cleaned in the gas cleaning/ acid gas removal unit and Sulfur recovery 

unit. Then the clean syngas is combusted with excess N2 (to keep NOx level down) in the 

gas turbine combined cycle system. In the combined cycle, the clean syngas (fuel) is first 

reacted with the compressed air in the combustor. The product gas from the combustor 

then enters the expander inside the turbine and the shaft work is produced. The heat from 

the gas turbine exhaust flows through the HRSG to make steam. The steam is then 

expanded in the steam turbine. Finally, the electricity is generated by gas turbine and 

steam turbine. The simplify flow diagram of IGCC without pre-combustion is shown in 

Figure 5.8. The process-specific parameters of both IGCC with and without pre-

combustion CO2 capture process are shown in Table 5.10 and the results composition of 

syngas for both IGCC with and without CO2 capture along with energy consumptions for 

each process are shown in Table 5.11. 
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Figure 5.8- Flow Diagram of IGCC without Pre-combustion CO2 Capture Process.  
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Table 5.10- Main Model Parameters for IGCC Electrical Generating Station Including 

CO2 Capture Process (Selexol®). 

Process Parameter value 

 
ASU 

 

Type and number of ASU 
O2 purity 
Excess Nitrogen Injection 

One cryogenic separation 
train 
95% 
70% 
 

 
Gasification 

 
 
 
 
 
 

Type and number of Gasifier 
Gasifier temperature, °C 
Gasifier pressure, Mpa 
Steam input to gasifier, mol H2O/mol C 
Oxidant pressure (at outlet of ASU), MPa 
Particulate removal efficiency from 
syngas,% 

One oxygen-blow GE 
gasifier 
1250 
6 
0.54 
4 
50 

 
AGR 

 
 
 
 

COS to H2S conversion efficiency, % 
H2S removal sufficiency, % 
COS removal efficiency, % 
Sulphur recovery system 
 
Sulphur recovery efficiency, % 

96 
98 
40 
Claus plant and Bravon-
Stretford tail gas unit 
95 
 

 
CO2 capture 

 
 

Steam added to shift reactor,  
mol H2O/mol CO converted 
 
CO2 removal efficiency, % 

1  
 
 
95 
 

Combined 
cycle 

electricity 
output 

Combined cycle electricity output, MW 
net 

342.41 (without CO2 
capture),  

261.22 (with CO2 capture) 
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Table 5.11 - Model Results of IGCC with and without Capture.   

Syngas compositions 
(% by volume) 

IGCC without Pre-
combustion CO2 capture 

IGCC with Pre-combustion 
CO2 capture                      

(95% CO2 removal) 
AR+N2 
O2 
CH4 
CO2 
H2S 
H2 
CO 
H2O 
Total  

5.53 
0.36 
0.4 
53.63 
0.02 
12.62 
27.62 
1.73 
100 

6.55 
0.75 
0.45 
7.66 
0.02 
68.05  
13.07 
3.03 
100 

H2/CO 0.45 5.22 
Fuel heating value (HHV)     
(J/g) 

47,915.4 53,665.3 

Gas turbine power output 202.45 184.60 
Steam turbine power output 
(MWh) 

252.34 241.1 

Combined cycle power output 
(MWgross) 

454.79 425.7 

Misc. Power Block Use 
(MW) 

11.35 9.60 

Air Separation Unit 
Use(MW) 

77.09 76.77 

Gasifier Use (MW) 14.24 14.39 
Sulfur Capture Use (MW) 5.90 6.47 
Claus Plant Use (MW) 0.49 0.51 
Beavon-Stretford Use (MW) 1.49 1.55 
WGS and Selexol Use (MW) - 49.5 
Net electricity output (MWnet) 342 261 
Plant Efficiency (%) 64.63 49.3 
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5.1.3 Environmental Emissions Associated with IGCC Electrical Generation  

The superior emissions profile associated with coal gasification IGCC electrical 

generation applies to three environmental areas which are air, water and solid waste 

(Ratafia-Brown et al., 2002). The details of each emission are described below. 

 

Criteria Air Pollutants 

The major criteria air pollutants produced from coal gasification IGCC electrical 

generation are SO2, NOx, particulates, CO, lead and mercury. The pollutants of SO2, NOx, 

particulates and CO are formed from the elements in the syngas and the air during the 

combustion process in the combustion turbine. When the exhaust from the HRSG is 

cooled and discharged into the stack, these criteria air pollutants become constituents of 

the stack gas and are discharged into the atmosphere. Meanwhile, lead is introduced in 

the gasifier as the component of the solid fuel feed stock (Ratafia-Brown et al., 2002). 

The Criteria pollutants emissions form a state-of -the- art IGCC are shown in Table 5.12. 
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Table 5.12- IGCC Expected Emission Level of Criteria Pollutants (Ratafia-Brown et al., 

2002). 

Criteria Air Pollutants Expected IGCC Emission Level 

kg/MWh 

SO2 <0.227 

NOx <0.454 

PM10 <0.064 

CO <0.136 

Hg <8.03 x 10-5 
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SO2 Emissions 

SO2 emissions from the IGCC system are the result of the combustion of the fuel in 

the gas turbine. During the gasification process, most sulphur constituents in coal are 

converted to H2S and COS and then are removed in the gas cleaning process. After the 

gas cleaning process, the small amount of sulphur remaining in the syngas is converted to 

SO2 in the combustion turbine and released to the atmosphere in the stack gas. 

  

Particulate Emissions 

Particulate emissions are highly efficiently controlled in an IGCC system. The 

particulate removal occurs in the gas cooling operation and in the acid gas removal 

systems (Rubin et al., 2007). Therefore, a very low amount of particulate emissions are 

emitted to the atmosphere. 

 

NOx Emissions 

NOx refers to the combination of nitrogen oxide (NO) and nitrogen dioxide (NO2) 

emissions produced from a combustion process. NOx is generated prior the combustion 

of the syngas in the form of NO and then is oxidized to NO2 in the atmosphere (Ratafia-

Brown et al., 2002). In an IGCC system, NOx formation occurs in the high temperature 

combustion turbine. In the IGCC process, excess nitrogen from ASU is used for syngas 

dilution to control gas turbine NOx emission. 
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CO and CO2 Emissions 

CO emissions are typically the results of incomplete combustion. In an IGCC 

system, the source of CO emission are typically the gas turbine, sulphur recovery unit tail 

gas incinerator, the flare system and equipment leaks (Ratafia-Brown et al., 2002).  

CO2 is produced from the carbon originally contained in the fuel (coal) fed into the 

gasifier (Ratafia-Brown et al., 2002). High CO2 concentrations in syngas and high 

operating pressures in the gasifier process make the recovery of CO2 from syngas much 

easier than capture from the flue gas. Thus, the CO2 emission rate from IGCC system is 

lower than other coal based electricity generators. CO2 emission can be released from the 

gas turbine combustion process. The fraction of CO that is converted to CO2 in the gas 

turbine is assumed to be 0.99985 (Rubin et al., 2007).  

 

Lead Emissions 

Lead is released from coal during combustion or gasification. It partially volatizes 

and becomes enriched on fly ash particles. Most of lead species is removed in the 

particulate and acid gas cleanup processes and the rest of residual lead in syngas will be 

discharged from the combustion turbine (Ratafia-Brown et al., 2002). According to the 

report form LGTI’s IGCC electrical generating station, trace amounts of lead contained in 

coal can be efficiently removed in an IGCC plant with less than 5% of the lead in coal 

discharged to the atmosphere (Ratafia-Brown et al., 2002). Lead discharged with the slag 

can be effectively sequestered. 
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Mercury 

Mercury emissions primarily are in the vapor phase because its low boiling points 

of 375 oC. The emissions of mercury are usually in the chemical form of elemental 

mercury (Hg), oxidized mercury (HgOx), and mercuric sulfide (HgS). In a lignite based 

system 60% of the mercury is elemental. Mercury can be removed by using activated 

carbon beds technology which can remove mercury with 95% removal efficiency. The 

mercury emissions from IGCC systems can be as low as 1.4x10-5 – 2.7x10-5 kg/MWh 

(Ratafia-Brown et al., 2002). It has to be noted that the emission value of elemental 

mercury was adopted from Ratafia-Brown et al., 2002 report since AspenPlus® does not 

accommodate mercury species in coal composition. Thus, the assumption was made as 

95% of mercury removal efficiency and the value of mercury was adopted as mentioned 

above. 

 

Aqueous Effluents (Waste Water) 

The primary IGCC waste water sources are from the steam cycle including 

blowdowns from the boiler feed water, purification system and the cooling tower. The 

waste water from the steam cycle normally contains salts and minerals form the raw feed-

water. The effluents from the boiler feed water and cooling water blowdown are 

significantly less due to the amount of electricity production from IGCC electrical 

generating station. The waste water can also come from process water blowdown which 

contains sulfide, chloride, ammonium and cyanide. The process water is normally sent for 

scrubbing before release to a zero discharge water system or to a waste water treatment 

facility (Ratafia-Brown et al., 2002). 
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Solid By-products 

IGCC systems have proven to be a clean electricity generation method with 

minimal potential toxic substances leaching into soil and ground water. The primary solid 

waste stream generated form IGCC system is slag, a black, glassy and sand like material 

(Ratafia-Brown et al., 2002). Most of these solid wastes and valuable products and have 

the potential to be a marketable by-product e.g. slag can be used by a cement production 

plant and solid sulfur can be used for manufacturing sulfuric acid and fertilizer, etc. 

 

5.2 The Conventional Lignite Coal-Fired Electricity Generation With and 

Without Post Combustion CO2 Capture Process 

As mentioned earlier in this thesis, the conventional lignite coal-fired electricity 

generation was adopted from the previous work of Manuilova (2011). The process 

description and input data of the post combustion is therefore not explained in extensive 

detail. For this study, Saskpower's Boundary Dam Power Station (BDPS), a conventional 

lignite coal-fired power station) in Estevan, Saskatchewan was chosen as a case study. 

Operations of the BDPS were modeled. The plant generates a gross electricity capacity of 

882 MW.  

The amount of lignite coal needed to produce the gross electric capacity of 882 

MW was calculated based on the gross cycle heat rate and higher heating value of coal. 

The amount of oxygen needed for stoichiometric combustion of fuel is the sum of oxygen 

needed to convert carbon to carbon dioxide, hydrogen to water, and sulphur to sulphur 

dioxide minus any oxygen in fuel. The combustion products were calculated using 
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emissions factors for pulverized coal tangentially-fired dry bottom boilers (Koiwanit et 

al., 2013). More detailed information can be found in Manuilova (2011).  

In the Capture scenario, the flue gas desulfurization (FGDs) and CO2 capture units 

have been installed for gas cleaning process. The wet flue gas desulfurization unit has 

been installed to remove 99% of SO2 before the flue gas enters the CO2 capture unit, in 

which the post-combustion amine-based absorption of CO2 from flue gases and CO2 

compression was modeled. 30%wt monoethanolamine (MEA) was used as the sorbent for 

removing 90% of CO2 form the flue gas. The modeling assumptions are presented in 

Tables 5.13. 
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Table 5.13- Model Assumptions of the Conventional Lignite Coal-Fire Electricity 

Generation With and Without Post-Combustion CO2 Capture Process (Koiwanit et al., 

2013). 

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, psig 2000 (13.8 MPa) 
MEA losses, kg MEA/tonne CO2 1.3607 
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 3600 
Enthalpy of steam, kJ/kg steam 2000 
Reboiler efficiency, % 85 
Steam requirement, kg/MWh 2045 

Parameter ESP* FGD** CO2 capture 
and 

compression 
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 
Hg2+ removal efficiency, % 7.5 25 80 
Auxiliary power requirements, % MWgross 6.9*** 3.8 34.6 
 
* ESP is installed on both capture and non-capture scenario 
**FGD is install on only capture scenario 
*** Auxiliary power requirements for the boiler and ESP operations 
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Chapter Six 

Results and Discussions 
 

 

6.1 LCA Results 

The electricity outputs for four different scenarios are presented in Figure 6.1. In 

the case of the IGCC system, there is a 24% reduction in electricity output in the “IGCC 

with capture” scenario compared to the “IGCC” scenario. For the conventional 

pulverized coal system, there is a 33% electricity reduction in the “PC with capture” 

scenario compared to the “PC” scenario. These reductions in electricity output were due 

to the additional electricity and steam requirements of the CO2 capture process system. In 

order to compensate for this loss in electricity output, additional coal needs to be burned. 

As shown in Figure 6.2, 30% extra coal is needed for the “IGCC with capture” scenario 

and 48% extra coal is needed for the “PC with capture” scenario, compared to the “IGCC” 

and “PC” scenarios respectively. 
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Figure 6.1- Net Power Output for Four Scenarios. 

 

 

 

Figure 6.2- Lignite Consumption for Four Scenarios. 
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The results for different impact categories per 1 MWh of electricity output are 

shown in Figures 6.3 and 6.4. The analysis of the environmental impacts for each impact 

category is presented as follows. The analysis has adopted the “conventional pulverized 

coal-fired electricity generation system without CO2 capture or the “PC” scenario as the 

baseline, and the differences between the “PC” versus the “PC with capture”, “IGCC” 

and “IGCC with capture” scenarios are shown as percentage changes. The environmental 

contributions of each process toward the impact categories are also shown in Figure 6.5. 
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Figure 6.3-Life Cycle Impact Assessment. 
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Figure 6.4-Life Cycle Impact Assessment. 
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Figure 6.5- Contribution of Each Process toward All Impact Categories. 
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6.1.1 Global Warming Potential 

The results showed a reduction in global warming potential in terms of CO2 

equivalents, achieved through the application of the post-combustion and pre-combustion 

CO2 capture and IGCC technologies.  Among them, the IGCC with capture performed the 

best, followed by PC with capture and IGCC without capture. The category of CO2 

emissions from the PC with capture scenario was found to be 233 kg CO2 equivalent per 

MWh of electricity produced. For the IGCC with capture scenario, the CO2 emissions 

category was found to be 77 kg CO2 equivalent per MWh of electricity produced. The PC 

with post-combustion showed a reduction in global warming potential of 80% compared 

to PC. Compared to PC, the IGCC system with and without the pre-combustion 

technology showed a reduction in global warming potential by 93% and 75%, 

respectively. Due to the higher CO2 concentration in the syngas after the WGS in the 

IGCC process, the removal of CO2 from the combustion gas stream was more efficient 

than the pulverized coal-fired electricity generation technology. Also, the integrated 

gasification combined cycle (IGCC) gasifier was operated under higher pressure, which 

made it easier to remove CO2 from the gas stream than capturing it from the flue gas at 

atmospheric pressure. 

 

6.1.2 Acidification  

 

The pollutants that contribute to acidification include: sulfur oxides (SOx), nitrous 

oxides (NOx), hydrochloric acid (HCl), and hydrofluoric acid (HF). These acids can be 

deposited dry (e.g. dust) or wet (e.g. acid rain). In the acidification category, the impacts 
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are relatively low for the “PC with capture”, “IGCC” and “IGCC with capture” scenarios 

compared to the baseline case of PC. 

In the case of the “PC with capture” scenario, the reduction of acidification 

potential was found to be 50%. This is mainly due to the removal of SOx in the FGD. The 

IGCC system performed distinctly better than the conventional electricity generation 

station. The result showed a reduction in the acidification impact category of 95% and 

96% for the IGCC technology with and without pre-combustion capture respectively, 

compared to the baseline case of the coal-fired electricity generation station without CO2 

capture. This was due to the gas cleaning process in IGCC, which removed most of the 

pollutants. Only small amounts of sulphur and nitrogen oxides remained in the syngas, 

and these were converted to SO2 and NOx in the combustion turbine and released into the 

atmosphere. The process of electricity generation was the main contributor to the 

acidification impact category in all the scenarios.  

 

6.1.3 Eutrophication  

The eutrophication category included the impact of nutrients and degradable 

organic pollution, which led to oxygen consumption in the ecosystem. The release of 

nutrient and the nitrogen compounds of Nitrogen Oxide (NO), Nitrous Oxide (N2O), 

Nitrogen Dioxide (NO2) and Ammonia (NH3) cause eutrophication. In this category, the 

impacts are relatively high for PC with CO2 capture compared to the baseline scenario. 

The observed increase in eutrophication potential impact category is 66% in post 

combustion scenarios. This is due to the loss of plant capacity, NOx emissions increased 
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with the addition of a capture unit. In addition, the emissions of NH3, MEA, and ethylene 

from the production of MEA also contributed to an increase in the eutrophication 

potential.  

Compared to a conventional electricity generating station, the eutrophication 

potential of the IGCC electricity system with and without CO2 capture showed a 

significant reduction of 91% and 93%, respectively compared to the conventional coal-

fired electricity generation system without CO2 capture. The operation of the IGCC 

system was the primary contributor to the eutrophication impact category. The electricity 

generation process produced inorganic solid waste, which was collected and landfilled, 

and with time leached into the soil and ground water. This accounted for 90% of the 

impact in this category. 

 

6.1.4 Ozone Depletion 

The electricity generation systems contribute to ozone depletion because of their 

production of halogenated organic, volatile organic compounds (VOC), 

trichlorofluoromethane (R11), and dichlorotetrafluoroethane (R114) which are released to 

the air. The results showed the ozone depletion air impact category was increased by 48% 

in the “PC with capture” scenario and 27% in the “IGCC with capture scenario” 

compared to the “PC” scenario. There was also an observed the reduction by 4% in 

“IGCC without capture” scenario. Coal mining and electricity operation are the mainly 

responsible for the ozone depletion. Since the results are presented in the form of 

percentages and not in absolute numbers, small absolute increases can be exaggerated 

when viewed as percentage increases. 
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6.1.5 Ecotoxicity 

Ecotoxicity Water 

The results of ecotoxicity water impact generated from PC with capture, IGCC and 

IGCC with capture scenarios showed the same increasing trend compared to the “PC” 

scenario.  

The PC with capture increased the ecotoxicity impact by 187% compared to the “PC” 

scenario. This increase was mainly due to the removal of heavy metals from the flue gas 

streams, which are shifted from the air to the soil and water.   

In the case of IGCC with and without CO2 capture, the IGCC without capture 

showed the reduction in the impact category of ecotoxicity water by 3% compared to 

“PC” scenario. Meanwhile, the increase in the impact category of ecotoxicity water was 

found to be 28% compared to the conventional coal-fired electricity generation system. 

The increase was due to the waste water treatment system in the IGCC process, most of 

the heavy metal that contaminates the water is removed. The IGCC system contributes to 

the category of ecotoxicity water due to its disposal of residue from the cooling tower. 

Coal mining also contributed to the category of ecotoxicity water. 

Ecotoxicity Air 

The main contribution from the CO2 capture technology to ecotoxicity air was the 

heavy metal emission to air. The result from the analysis showed that the PC with 

capture, IGCC and IGCC with capture process’s contribution to the category of 

ecotoxicity to air was reduced by 83%, 93% and 91% compared to the conventional 

process of coal-fired electricity generation. The reduction in the “PC with capture” 
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scenario was due to the retention of heavy metals in the FGD and CO2 capture units. In 

the IGCC case scenarios, the reduction was because the gas cleaning process in the IGCC 

system removed the heavy metals from the raw syngas. The contributions to this impact 

category were derived from coal mining, electrical generation operations and construction 

in all case scenarios. 

Ecotoxicity Ground Surface Soil 

The IGCC process systm’s impact on ecotoxicity of ground surface soil was 

increased by 21% for IGCC scenario and 37% for IGCC with CO2 capture scenario 

compared to the baseline process. The results from the PC with capture increased by 25% 

compared to the PC scenario.  The operation of the IGCC electricity generation station 

was the primary source of the impact on terrestrial ecotoxicity. Most of the trace elements 

in the raw syngas from the gasification process were removed by the acid gas cleaning 

process, and the trace elements that remain became bottom ash at the boiler bottom. They 

leak into the soil, and then to the groundwater when the ash is land-filled. Same reason 

was found in the “PC with capture” scenario where the majority of trace elements in the 

flue gas were removed by the ESP and FGD systems. These trace elements became ash at 

the boiler bottom. The substances in the ash leached to the soil, and then to the 

groundwater when it was land-filled.  
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6.1.6 Human Toxicity 

Cancer and Non-Cancer Air 

The release of heavy metals, VOCs and different inorganic emissions to the 

atmosphere is accounted for by the environmental impact categories of human health 

non-cancer air and the human health cancer air. The reduction of heavy metals results in a 

small amount of emissions released to the atmosphere. The “PC with capture” scenario 

result showed a reduction of 82% and 80% respectively in the categories of human health 

cancer air and human health non-cancer air compared to the baseline case. This was due 

to the reduction of heavy metals in the FGD and CO2 capture unit.  

The “IGCC” and “IGCC with capture” scenario results showed a reduction of 94% 

and 93% respectively in the categories of human health cancer air. For the category of 

human health non-cancer air, the results showed the reduction of 91% and 89% 

respectively on the “IGCC” and “IGCC with capture” scenario compared to the baseline 

case. This was likely due to the gas cleaning process in the IGCC system, which removed 

most of the heavy metals from the raw syngas coming out of the gasifier. The coal 

surface mining and the construction process of the plant are mainly responsible for 

contributions to the two impact categories of human health cancer air and human health 

non-cancer air. 

Cancer and Non-Cancer Water 

The processes of coal mining and the operation of the electricity generation are 

responsible for contributions to the impact categories of human health non-cancer water 

and human health cancer water in all case scenarios. In the case scenarios of the “PC with 
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capture”, and “IGCC with capture” showed the same increasing trend result in both 

impact categories: cancer and non-cancer water. However, the result was observed the 

reduction in both impact categories of cancer and non-cancer water for IGCC scenario 

compare to the baseline scenario. Conventional coal-fired generation showed an increase 

of 1094% and 75% respectively in the categories of human health cancer water and 

human health non-cancer water compared to the baseline case. The increase was due to 

increased coal consumption that was needed for the “PC” scenario and leakage of heavy 

metals and VOC into the water after the landfill process. 

For IGCC systems, the results showed an increase in both impact categories of 

cancer and non-cancer water of 27% on the “IGCC with capture” scenario compared to 

the baseline scenario. Meanwhile, the results showed a reduction in both impact 

categories of cancer and non-cancer water of 3.4% and 2.5% respectively on the “IGCC” 

scenario compared to the baseline scenario. The increase in both impact categories of 

human health cancer and non-cancer water can be explained by the fact that the main 

contributor to both impact categories is heavy metals released into fresh water, since the 

waste water treatment system in the IGCC process system can remove most of the heavy 

metal contaminates in the water, but there was also leakage of heavy metals and VOC 

into the water after the landfill process, in the same way as the post combustion case. 

Cancer and Non-Cancer Ground Surface Soil 

The operation of the electricity generation station produces trace elements in the 

ash, which resides at the boiler bottom and leaches to the soil when the residues are 

collected and lanfilled. This contributes to the impact categories of human health non-

cancer ground surface soil and human health cancer ground surface soil. The two impact 
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categories showed an increase of 18% and 16%, respectively for the “PC with capture” 

scenario compared to the base line case, possibly because the trace elements from ash 

deposited at the boiler bottom leaches to the soil when landfilled. 

A reduction of the impact categories of human health non-cancer ground surface 

soil and human health cancer ground surface soil were observed on the “IGCC” and 

“IGCC with capture”. In the “IGCC” scenario the results showed a reduction by 14% and 

11% on the impact category of human health non-cancer ground surface soil and human 

health cancer ground surface soil, respectively. Similar to the case of IGCC with capture 

scenario, there were a reduction by 3.7 % and 0.5% on the impact categories of human 

health non-cancer ground surface soil and human health cancer ground surface soil 

respectively. The possible reason for the reduction was IGCC process releases minimal 

potential solid waste products including toxic substances that can leach to the soil and 

ground water after being landfilled.  

 

6.1.7 Human Health Criteria Air-Point Source 

The results of the “PC with capture”, “IGCC” and “IGCC with capture” scenario 

showed a reduction of 78.9%, 91.5% and 89.6% respectively in the impact category of 

human health criteria air-point source compared to the baseline scenario. The gas 

cleaning process in IGCC, and FGD and CO2 capture units in post combustion process 

were the processes that removed PM and resulted in a reduction of both primary and 

secondary particulate sulfate emissions (PM10, PM2.5 and SO2) in IGCC systems.  Both 

coal surface mining and electricity operation processes contribute to the category of 

human health criteria air-point source in all case scenarios.  
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6.1.8 Smog Air   

Coal surface mining and the electrical operation processes produce NOx, which 

contributes directly to smog air or summer smog. The results from the “PC with capture” 

scenario showed an increase of 48.6% on the impact category of smog air compared to 

the baseline scenario. This increase was mainly due to NOx from coal mining and NO2 

from the operation of the electrical generating station. In the case of IGCC systems, the 

results also showed the reduction in the smog air impact category. The results showed a 

reduction of 15.8% and 1.1% on the “IGCC” and “IGCC with capture” scenarios 

respectively compared to the baseline scenario. The reduction was due to less NOx 

content in the flue gas from syngas combustion. The main contributions to the category of 

smog air of IGCC are the operation of the electrical generating station and coal surface 

mining. 

 

6.2 Air Dispersion Modeling Results 

The results of air dispersion assessment from electricity generating stations are 

presented in Table 6.1-6.4. The assessment considers air emissions of nitrogen dioxide 

(NO2), sulphur dioxide (SO2), particulate matter (PM2.5), Arsenic (As), Cadmium (Cd), 

Chromium (Cr), Mercury (Hg), Manganese (Mn), Antimony (Sb), Cobalt (Co), Copper 

(Cu), Lead (Pb), Molybdenum (Mo), Selenium (Se), Vanadium (V) and Nickel (Ni). 

These air emissions substances have an impact on human health which will be further 

analysis on the next section of the thesis. The maximum air pollution concentrations of 

each substance are compared to Saskatchewan air quality standards unless otherwise 

noted. 
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Table 6.1- AERMOD Results: Maximum Predicted Ground Level Concentration per MWe Produced 

Substance 
 
 
 
 
 

Averaging 
Period 

Ambient 
Background 

Concentration 
(μg/m3) 

 
 

Limited 
Ambient 

Air 
Quality 

Standard 
(μg/m3) 

AERMOD Results of Maximum Predicted Ground Level 
Concentration  

(μg/m3) per MW Net Electricity 
 
 

PC 
 

PC with 
capture 

IGCC 
 

IGCC with 
Capture 

NO2 One-hour 0.022 400 0.03051 0.12683 0.02336 0.02103 
Daily 0.02 200 0.00289 0.01437 0.00246 0.00222 

Annual 0.01 100 0.00061 0.00096 0.00017 0.00016 
SO2 One-hour 0.003 450 0.01772 0.00489 0.02772 0.03021 

Daily 0.002 150 0.00168 0.00055 0.00292 0.00319 
Annual 0 30 0.00035 0.00004 0.00021 0.00022 

PM2.5 Daily 8.3 30 0.00023 0.00752 0.00259 0.00158 
Annual 3.7 15 0.00002 0.00050 0.00018 0.00011 

As Daily - 0.3 0.000115 0.00008 0 0 
Cd Daily - 2 0.00011 0.00009 0 0 
Cr Daily - 1.5 0.00154 0.00003 0 0 
Hg Daily - 2 0.00127 0 0 0 
Mn Daily - 0.15 0.00011 0 0 0 
Sb Daily  25 0.00011 0 0 0 
Co Daily - 0.1 0.00018 0 0 0 
Cu Daily - 50 0.00006 0 0 0 
Pb Daily - 0.5 0.00078 0 0 0 
Mo Daily - 120 0.00099 0.00001 0 0 
Se Daily - 10 0.01069 0.00914 0 0 
V Daily - 2 0.00229 0 0 0 
Ni Daily - 0.2 0.001513 0.00022 0 0 

0 means the concentration is very small (less than 6 digits) 
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Table 6.2- AERMOD Results: Maximum Predicted Ground Level Concentration including Background Concentrations Per 

MWe Produced 

Substance Averaging 
Period 

Ambient 
Background 

Concentration 
(μg/m3) 

Limited 
Ambient 

Air 
Quality 

Standard 
(μg/m3) 

AERMOD Results of Maximum Predicted Ground Level 
Concentration Including Ambient Background 

Concentration 
(μg/m3) Per MW Net Electricity 

 
 

PC 
 

PC with 
Capture 

IGCC 
 

IGCC with 
Capture 

NO2 One-hour 0.022 400 0.05251 0.14883 0.04536 0.04303 
Daily 0.02 200 0.02289 0.03437 0.02246 0.02222 

Annual 0.01 100 0.01061 0.01096 0.01017 0.01016 
SO2 One-hour 0.003 450 0.02022 0.00789 0.03072 0.03321 

Daily 0.002 150 0.00368 0.00255 0.00492 0.00519 
Annual 0 30 0.00035 0.00004 0.00021 0.00022 

PM2.5 Daily 8.3 30 8.30023 8.30752 8.30259 8.30158 
Annual 3.7 15 3.70002 3.7005 3.70018 3.70011 

As Daily - 0.3 0.000115 0.00008 0 0 
Cd Daily - 2 0.00011 0.00009 0 0 
Cr Daily - 1.5 0.00154 0.00003 0 0 
Hg Daily - 2 0.001273 0 0 0 
Mn Daily - 0.15 0.00011 0 0 0 
Sb Daily - 25 0.00011 0 0 0 
Co Daily - 0.1 0.00018 0 0 0 
Cu Daily - 50 0.00006 0 0 0 
Pb Daily - 0.5 0.00078 0 0 0 
Mo Daily - 120 0.00099 0.00001 0 0 
Se Daily - 10 0.01069 0.00914 0 0 
V Daily - 2 0.00229 0 0 0 
Ni Daily - 0.2 0.001513 0.00022 0 0 
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Table 6.3- AERMOD Results: Location of Maximum Predicted Ground Level Concentration including Background 

Concentrations Per MWe Produced 

Substance Averaging 
Period 

AERMOD Results of Maximum Predicted Ground 
Level Concentration Including Ambient Background 

Concentration 
(μg/m3) Per MW Net Electricity 

 
 

 
 
 
 

Maximum Prediction Location 

PC 
 

PC with 
Capture 

IGCC 
 

IGCC with 
Capture 

 
NO2 

One-hour 0.05251 0.14883 0.04536 0.04303 2000 meters, 140 degrees, SW of the facility 
Daily 0.02289 0.03437 0.02246 0.02222 2000 meters, West of the facility 

Annual 0.01061 0.01096 0.01017 0.01016 2000 meters, 140 degrees, SE of the facility 
 

SO2 
One-hour 0.02022 0.00789 0.03072 0.03321 2000 meters, 130 degrees, SW of the facility 

Daily 0.00368 0.00255 0.00492 0.00519 2000 meters, West of the facility 
Annual 0.00035 0.00004 0.00021 0.00022 2000 meters, 140 degrees, SE of the facility 

 
PM2.5 

Daily 8.30023 8.30752 8.30259 8.30158 2000 meters, West of the facility 
Annual 3.70002 3.7005 3.70018 3.70011 2000 meters, 140 degrees, SE of the facility 

As Daily 0.000115 0.00008 0 0 2000 meters, West of the facility 
Cd Daily 0.00011 0.00009 0 0 2000 meters, West of the facility 
Cr Daily 0.00154 0.00003 0 0 2000 meters, West of the facility 
Hg Daily 0.001273 0 0 0 2000 meters, West of the facility 
Mn Daily 0.00011 0 0 0 2000 meters, West of the facility 
Sb Daily 0.00011 0 0 0 2000 meters, West of the facility 
Co Daily 0.00018 0 0 0 2000 meters, West of the facility 
Cu Daily 0.00006 0 0 0 2000 meters, West of the facility 
Pb Daily 0.00078 0 0 0 2000 meters, West of the facility 
Mo Daily 0.00099 0.00001 0 0 2000 meters, West of the facility 
Se Daily 0.01069 0.00914 0 0 2000 meters, West of the facility 
V Daily 0.00229 0 0 0 2000 meters, West of the facility 
Ni Daily 0.001513 0.00022 0 0 2000 meters, West of the facility 
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Table 6.4- AERMOD Results: Maximum Predicted Ground Level Concentration including Background Concentrations. 

Substance Averaging 
Period 

Ambient 
Background 
Concentratio

n 
(μg/m3) 

Limited 
Ambient Air 

Quality 
Standard 
(μg/m3) 

AERMOD Results of Maximum Predicted Ground Level Concentration 
Including Ambient Background Concentration 

(μg/m3)  
 

PC 
 

% of 
Criteria 

 

PC with 
Capture 

 

% of 
Criteria 
 

IGCC 
 

% of 
Criteria 

 

IGCC 
With 

Capture 

% of 
Criteria 
 

NO2 One-hour 0.022 400 25.040 6.3% 70.032 17.5% 8.011 2.0% 5.5108 1.4% 
Daily 0.02 200 2.3898 1.2% 7.9522 4.0% 0.861 0.4% 0.5994 0.3% 

Annual 0.01 100 0.5102 0.5% 0.5399 0.5% 0.068 0.1% 0.0517 0.1% 
SO2 One-hour 0.003 450 14.533 3.2% 2.7022 0.6% 9.483 2.1% 7.8878 1.8% 

Daily 0.002 150 1.3796 0.9% 0.3056 0.2% 1.000 0.7% 0.8345 0.6% 
Annual 0 30 0.287 1.0% 0.0220 0.1% 0.071 0.2% 0.0574 0.2% 

PM2.5 Daily 8.3 30 8.4886 28.3% 12.451 41.5% 9.185 30.6% 8.7123 29.0% 
Annual 3.7 15 3.7164 24.8% 3.976 26.5% 3.761 25.1% 3.7287 24.9% 

As Daily - 0.3 0.0943 31.4% 0.0441 14.7% 0 0.0% 0 0.0% 
Cd Daily - 2 0.0902 4.51% 0.0496 2.48% 0 0.0% 0 0.0% 
Cr Daily - 1.5 1.2628 84.2% 0.0165 1.1% 0 0.0% 0 0.0% 
Hg Daily - 2 1.0438 52.2% 0 0.0% 0 0.0% 0 0.0% 
Mn Daily - 0.15 0.0902 60.1% 0 0.0% 0 0.0% 0 0.0% 
Sb Daily  25 0.0902 0.36% 0 0.0% 0 0.0% 0 0.0% 
Co Daily  0.1 0.1476 147.6% 0 0.0% 0 0.0% 0 0.0% 
Cu Daily  50 0.0492 0.098% 0 0.0% 0 0.0% 0 0.0% 
Pb Daily  0.5 0.6396 127.9% 0 0.0% 0 0.0% 0 0.0% 
Mo Daily  120 0.8118 0.6% 0.005 0.004% 0 0.0% 0 0.0% 
Se Daily  10 8.7658 87.66% 5.045 50.45% 0 0.0% 0 0.0% 
V Daily  2 1.8778 93.9% 0 0.0% 0 0.0% 0 0.0% 
Ni Daily  0.2 1.240 620% 0.1214 60.7% 0 0.0% 0 0.0% 
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The total maximum concentration results are reported with the inclusion of ambient 

background concentrations to air contaminant predicted values as per the methodology 

outline in Saskatchewan Air Dispersion Modeling guideline. The maximum predicted 

ground level concentrations per MW of net electricity produced on both not including and 

including the ambient ground level concentration are summarized in Tables 6.1 and 6.2 

respectively. The location of predicted ground level concentration of each element for 

each averaging time is shown in Table 6.3. The maximum predicted ground level 

concentration with the inclusion of ambient ground level concentrations on total 

electricity produced are summarized in Table 6.4. 

NO2 Predictions 

The maximum predicted one-hour average ground level NO2 concentrations 

associated with “PC”, “PC with Capture”, “IGCC” and “IGCC with Capture” scenarios 

are 25, 70, 8 and 5.5 μg/m3, respectively. The maximum predicted 24-hour average 

ground level concentration for NO2 concentration associated with “PC”, “PC with 

Capture”, “IGCC” and “IGCC with Capture” scenarios are 2.4, 7.9, 0.8 and 0.6μg/m3 

respectively. For annual average ground level, the results show NO2 concentration 

associated with “PC”, “PC with Capture”, “IGCC” and “IGCC with Capture” scenarios 

are 0.51, 0.54, 0.068 and 0.0517μg/m3 respectively. The maximum predicted ground 

level concentration of one-hour averaging period show the highest NO2 ground level 

concentration for all scenarios. 

IGCC with capture scenario shows the least NO2 ground level concentration 

compared to all scenarios. Meanwhile, “PC with Capture” scenario shows the highest 

ground-level concentration for all averaging period compared to all case scenarios. The 



 

188 
 

high ground level concentration of “PC with capture” scenario is due to the highest NO2 

emission rate that produced from post combustion CO2 capture process. All maximum 

predicted NO2 concentrations associated with all scenarios are less than the Saskatchewan 

ambient air quality standard. The maximum predicted 1 hour, 24-hour and annual average 

ground-level NO2 concentration are predicted to occur on the south-west, west and south-

east of the facility, roughly at 2 km from the facility. 

 

SO2 Predictions 

The maximum predicted one-hour average ground level SO2 concentrations 

associated with “PC”, “PC with Capture”, “IGCC” and “IGCC with Capture” scenarios 

are 14, 2.7, 9.4 and 7.8 μg/m3, respectively. The maximum predicted 24-hour average 

ground level concentration for SO2 concentration associated with “PC”, “PC with 

Capture”, “IGCC” and “IGCC with Capture” scenarios are 1.4, 0.3, 1 and 0.8μg/m3, 

respectively. For annual average ground level, the results show SO2 concentration 

associated with “PC”, “PC with Capture”, “IGCC” and “IGCC with Capture” scenarios 

are 0.29, 0.022, 0.071 and 0.0574μg/m3, respectively. The maximum predicted ground 

level concentration of one-hour averaging period show the highest SO2 ground level 

concentration for all scenarios. 

“PC with Capture” scenario shows the least SO2 ground level concentration 

compared to all scenarios. Meanwhile, “PC” scenario shows the highest ground-level 

concentration for all averaging period compared to all case scenarios. The high ground 

level concentration of “PC” scenario is due to combustion process. All maximum 

predicted SO2 concentrations associated with all scenarios are less than the Saskatchewan 
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ambient air quality standard. The maximum predicted 1 hour, 24-hour and annual average 

ground-level SO2 concentration are predicted to occur on the south-west, west and south-

east of the facility, roughly at 2 km from the facility. 

PM2.5 Predictions 

The maximum predicted 24-hour average ground level PM2.5 concentration 

associated with “PC”, “PC with Capture”, “IGCC” and “IGCC with Capture” scenarios 

are 8.5, 12.5, 9.2 and 8.7μg/m3 respectively. For annual average ground level, the results 

show PM2.5 concentration associated with “PC”, “PC with Capture”, “IGCC” and “IGCC 

with Capture” scenarios are 3.7, 4.0, 3.76 and 3.72μg/m3 respectively. The maximum 

predicted ground level concentration of 24-hour averaging period show the highest PM2.5 

ground level concentration for all scenarios. 

“PC” scenario shows the least PM2.5 ground level concentration compared to all 

scenarios. Meanwhile, “PC with Capture” scenario shows the highest ground-level 

concentration for all averaging period compared to all case scenarios. All maximum 

predicted PM2.5 concentrations associated with all scenarios are less than the 

Saskatchewan ambient air quality standard. The maximum predicted PM2.5 concentration 

are predicted to occur on the west and south-east (24-hour and annual average), roughly 

at 2 km from the facility. 
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Arsenic (As) Predictions 

The maximum predicted 24-hour average ground level concentration Arsenic 

concentration associated with “PC”, “PC with Capture” scenarios are 0.0943 and 

0.0441μg/m3, respectively. The predicted results show no ground level concentration on 

both “IGCC” and “IGCC with Capture” scenario. This is because the IGCC system 

generates very minimal amounts of trace elements and heavy metals due to the cleaning 

process that remove most of the trace element emissions from the syngas. 

The maximum predicted 24-hour average As concentrations associated with “PC” 

and “PC with Capture” scenarios are less than the Ontario air quality standard. The 

maximum ground level concentrations are predicted to occur on the west of facility. 

 

Cadmium (Cd) Predictions 

The maximum predicted 24-hour average ground level concentration Cd 

concentration associated with “PC”, “PC with Capture” scenarios are 0.0902 and 

0.0496μg/m3, respectively. The predicted results show no ground level concentration on 

both “IGCC” and “IGCC with Capture” scenario due to the cleaning process that remove 

most of the trace element emissions from the syngas. 

The maximum predicted 24-hour average Cd concentrations associated with “PC” 

and “PC with Capture” scenarios are less than the Saskatchewan standard. The maximum 

ground level concentrations are predicted to occur on the west side of the facility. 
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Chromium (Cr) Predictions 

The maximum predicted 24-hour average ground level concentration Cr 

concentration associated with “PC”, “PC with Capture” scenarios are 1.2628 and 

0.0165μg/m3, respectively. The predicted results also show no ground level concentration 

on both “IGCC” and “IGCC with Capture” scenario. The maximum predicted 24-hour 

average Cr concentrations associated with “PC” and “PC with Capture” scenarios are 

both less than Ontario air quality standard. The maximum ground level concentrations are 

predicted to occur on the west side of the facility. 

 

Mercury (Hg) Predictions 

The maximum predicted 24-hour average ground level concentration Hg 

concentration associated with “PC” scenario is 1.0438μg/m3. The predicted results show 

no ground level concentration on “PC with Capture”, “IGCC” and “IGCC with Capture” 

scenario due to acid gas cleaning process on IGCC systems and FGD and ESP process on 

PC with capture scenario. The maximum predicted 24-hour average Hg concentration 

associated with “PC” scenario is less than the Ontario air quality standard. The maximum 

ground level concentrations are predicted to occur on the west side of the facility and 

roughly 2 km from the facility. 

 

Manganese (Mn) Predictions 

The maximum predicted 24-hour average ground level Manganese concentration 

associated with “PC” scenario is 0.0902μg/m3. The predicted results show no ground 
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level concentration on “PC with Capture”, “IGCC” and “IGCC with Capture” scenario 

due to the acid gas cleaning process on IGCC systems and FGD and ESP process on PC 

with capture scenario. The maximum predicted 24-hour average Hg concentration 

associated with “PC” scenario is less than the relevant Ontario air quality standard. The 

maximum ground level concentrations are predicted to occur on the west side of the 

facility and roughly 2 km from the facility. 

 

Lead (Pb) Predictions 

The maximum predicted 24-hour average ground level concentration Lead 

concentration associated with “PC” scenario is 0.6396μg/m3. Compared with the Limited 

Ambient Air Quality Standard, the maximum predicted Pb concentration associated with 

“PC” scenario is greater than the limited ambient air quality standard. The maximum 

ground level concentrations are predicted to occur on the west side of the facility and 

roughly 2 km from the facility. The predicted results show no ground level concentration 

on “PC with Capture”, “IGCC” and “IGCC with Capture” scenario. 

 

Other Trace Elements 

The maximum predicted ground level concentrations of other trace elements are 

lower than the Limited Ambient Air Quality Standard level except for Cobalt and Nickel. The 

maximum predicted 24-hour average ground level concentration of Co and Ni 

concentration associated with “PC” scenario are 0.1476μg/m3 and 1.240μg/m3 

respectively. The exceeding ground level concentration of Co and Ni indicate that further 

evaluation may be necessary to determine the possibility of risk associated with human 
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health. The predicted results show no ground level concentration on “PC with Capture”, 

“IGCC” and “IGCC with Capture” scenario due to the acid gas in the cleaning process on 

IGCC systems and FGD and ESP process on PC with capture scenario. The maximum 

ground level concentrations of other trace elements are predicted to occur on the west 

side of the facility and roughly 2 km from the facility. 

 

6.3 Human Health Impact Results 

The results of human health impact are presented in to two parts: i) impact on 

health outcomes and ii) human health risk assessment. The emission concentrations 

results from air dispersion modeling are used as the input for both analysis of health 

outcomes and human health risk assessment.  

 

6.3.1 AQBAT Results: Impact on Health Outcomes 

AQBAT modeling is applied to estimate the benefits of declining (in some cases 

increasing) air concentrations. The health outcomes are represented as the incremental 

health outcomes due to an incremental change in air quality from the baseline 

(conventional pulverized coal-fired electricity generating station). The results of the 

health outcome modeling are summarized in Table 6.5 and Table 6.6. The counts are 

represented as the change of occurrences health outcome due to implementing post 

combustion, IGCC and IGCC with pre-combustion CO2 capture process. The positive 

values of counts represent a positive effect and should therefore be considered as a 

reduction in health impacts. Meanwhile, the negative values of counts represent a 

negative effect and should therefore be considered as an increasing in health impacts. As 
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mentioned before in the previous section that Netting and Grouping approach are applied 

to the analysis to prevent the overlapping of the outcomes. Therefore, the outcomes 

results indicate the number of occurrences that end at the outcome (i.e. emergency room 

visits outcomes include only the incidents that end at emergency room, it does not include 

the further admissions. 
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Table 6.5 - Summarized-Cumulative Reduction in Health Outcomes by Implementing 

Post-Combustion, IGCC, and IGCC with Pre-combustion for the Period 2004-2020. 

 
 

Health Outcome 
Counts: 

Post-
Combustion 

Counts: 
IGCC 

Counts: 
IGCC with 

Pre-
Combustion 

 

Acute exposure Mortality 
Acute Respiratory Symptom Days 
Adult Chronic Bronchitis Cases 
Asthma Symptom Days 
Cardiac Emergency Room Visits 
Cardiac Hospital Admissions 
Child Acute Bronchitis Episodes 
Respiratory Emergency Room Visits 
Respiratory Hospital Admissions 
Restricted Activity Days 
Chronic Exposure Mortality 

-51 
-43366 

-133 
-7827 

-24 
6 

-991 
-67 
54 

-130875 
-139 

 

16 
13925 

12 
251 

-1 
0 

41 
-1 
0 

5463 
13 

 

16 
92895 

33 
1676 

16 
16 

292 
14 
16 

36533 
37 

 

Total -183415 19719 131544 
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Table 6.6- Annual Reduction in Health Outcomes  

Health Outcome: PC w/t Post 
Combustion 

2004 2005 2006 2007 2008-
2020 

Total 

Acute exposure Mortality 
Acute Respiratory Symptom Days 
Adult Chronic Bronchitis Cases 
Asthma Symptom Days 
Cardiac Emergency Room Visits 
Cardiac Hospital Admissions 
Child Acute Bronchitis Episodes 
Respiratory Emergency Room Visits 
Respiratory Hospital Admissions 
Restricted Activity Days 
Chronic Exposure Mortality 

-3 
-2944 

-9 
-531 
-2 
0 

-69 
-4 
4 

-8837 
-9 

-3 
-2553 

-8 
-461 
-1 
0 

-61 
-4 
3 

-7521 
-8 

-4 
-3620 

-11 
-653 
-2 
0 

-77 
-6 
5 

-11400 
-11 

-3 
-2635 

-8 
-476 
-1 
0 

-60 
-4 
3 

-7932 
-9 

-37 
-31615 

-97 
-5706 

-18 
4 

-725 
-49 
39 

-95186 
-102 

-51 
-43366 

-133 
-7827 
-24 
6 

-991 
-67 
54 

-130875 
-139 

 
Health Outcome: IGCC 2004 2005 2006 2007 2008-

2020 
Total 

Acute exposure Mortality 
Acute Respiratory Symptom Days 
Adult Chronic Bronchitis Cases 
Asthma Symptom Days 
Cardiac Emergency Room Visits 
Cardiac Hospital Admissions 
Child Acute Bronchitis Episodes 
Respiratory Emergency Room Visits 
Respiratory Hospital Admissions 
Restricted Activity Days 
Chronic Exposure Mortality 

1 
-113 
-1 
-2 
0 
0 
-1 
0 
0 

-51 
0 

1 
602 
1 

11 
0 
0 
2 
0 
0 

233 
1 

1 
-3271 

-1 
-59 
-1 
0 
-9 
-1 
0 

-1267 
-1 
 

1 
1287 

1 
23 
0 
0 
4 
0 
0 

504 
1 

12 
15441 

12 
278 
0 
0 

46 
0 
0 

6045 
12 

16 
13925 

12 
251 
-1 
0 

41 
-1 
0 

5463 
13 

Health Outcome: IGCC w/t Pre 
Combustion 

2004 2005 2006 2007 2008-
2020 

Total 

Acute exposure Mortality 
Acute Respiratory Symptom Days 
Adult Chronic Bronchitis Cases 
Asthma Symptom Days 
Cardiac Emergency Room Visits 
Cardiac Hospital Admissions 
Child Acute Bronchitis Episodes 
Respiratory Emergency Room Visits 
Respiratory Hospital Admissions 
Restricted Activity Days 
Chronic Exposure Mortality 

1 
5418 

2 
98 
1 
1 

18 
1 
1 

2093 
2 
 

1 
4612 

2 
83 
1 
1 

15 
1 
1 

1793 
2 

1 
5409 

2 
98 
1 
1 

17 
1 
1 

2121 
2 
 

1 
5958 

2 
108 
1 
1 

19 
1 
1 

2348 
2 

12 
71498 

25 
1290 

12 
12 

224 
11 
12 

28177 
29 

16 
92895 

33 
1676 

16 
16 

292 
14 
16 

36533 
37 
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The results shown in the summary table (Table 6.5) indicate that the predicted 

improvement in air quality due to implementing of IGCC and IGCC with pre-combustion 

CO2 capture process will result in significant health benefits in the Estevan area. The 

magnitude of benefit in both “IGCC” and “IGCC with capture” scenario predicts increase 

substantially through the period of 2008 to 2020. “IGCC with Capture” scenario shows 

the best health benefit compared to “IGCC” and “PC with Capture” scenario. Unlike 

“IGCC” and “IGCC with capture scenario”, “PC with Capture” scenario shows negative 

improvement in health benefits. This is due to an increasing of the annual pollutants 

concentrations of NO2 and PM 2.5 that are released to the atmosphere by implementing 

post-combustion process. 

For “IGCC” and “IGCC with Capture” scenario, the results show the frequency of 

health benefits improvement is predicted to be increasing. For instance, air quality related 

respiratory are predicted to be reduced by 1,287 and 5,960 (per million specified 

population in the case of all numbers presented) cases per year in 2007 for “IGCC” and 

“IGCC with capture” scenario, respectively, and by 15,441 and 71,521 cases by 2020 for 

“IGCC” and “IGCC with capture” scenario, respectively. Similarity mortality (acute and 

chronic) are predicted to be reduced by 2 and 3 deaths per year in 2007 for “IGCC” and 

“IGCC with capture” scenario, respectively, and by 24 and 29 deaths in 2020 for “IGCC” 

and “IGCC with capture” scenario respectively. 

The majority of the health benefits associated with IGCC and IGCC with pre 

combustion capture scenarios occurred in two health outcomes: Acute Respiratory 

Symptom Days and Restricted Activity Days. As shown in Figure 6.6, Acute Respiratory 

Symptom Days accounts for 71% reduction in number of health outcomes on both 
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“IGCC” and “IGCC with capture” scenario. Similarly to Restricted Activity Days, the 

numbers of health outcomes are reduced by 27% on both “IGCC” and “IGCC with 

capture” scenario. The reduction of health benefits associated with both scenarios is 

because IGCC system is a cleaner technology which produces fewer pollutant emissions 

from the electricity generation station. 
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Figure 6.6- Health Benefits due to IGCC and IGCC with Capture Implementation. 
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It has to be noted that the increase in NO2 and PM2.5 pollutant concentrations in 

post combustion was due to the assumption of stack parameters (height, diameter, and 

flow rate) that used for air dispersion modeling due to the limitation of real data, since 

there is no official publication on the Boundary Dam CCS process. Therefore, the data 

was conducted by using the best estimation based on available data in the public domain. 

 

6.3.2 Human Risk Assessment (HRA) Results 

The evaluation of human risk assessment can be presented in to two parts: i) human 

risk associated with carcinogenic and ii) human risk associated with non-carcinogenic. 

The results of both risks (non-cancerous and cancerous) are presented in Tables 6.7 and 

6.8. It should be mentioned that there is no air concentration of heavy metal emitted from 

“IGCC” and “IGCC with capture” scenarios, therefore, human risk associated with 

carcinogenic and non-carcinogenic are only represented for “PC” and “PC with Capture” 

scenarios. 
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Table 6.7- Assessment of Non-Carcinogenic Health Effects from the Studies Coal-Fired Plant. 

Pollution 

Predicted ambient air exposure (μg/m3) per1MWh 

RfC 
(μg/m3) 

Hazard Quotient (HQ) 
Short –term 

(1 hour) 
Long – term 
(annually) 

Short –term 
(1 hour) 

Long – term 
(annually) 

PC 
 

PC with 
Capture 

PC PC with 
Capture 

PC PC with 
Capture 

PC PC with 
Capture 

Hg 
Mn 
Sb 
Co 
Cu 
Se 
V 

0.01273 
0.00118 
0.00113 

0.0019 
0.00063 

0.1127 
0.02419 

0 
0 
0 
0 
0 

0.08034 
0 

0.00009 
0.00001 
0.00001 
0.00001 

0 
0.00077 
0.00016 

0 
0 
0 
0 
0 

0.00061 
0 

0.3 
0.05 
0.2 

0.006 
100 
20 

0.1 

0.04243333 
0.0236 

0.00565 
0.31667 

0.0000063 
0.00564 
0.2419 

0 
0 
0 
0 
0 

0.004017 
0 

0.0003 
0.0002 

0.00005 
0.0016667 

0 
0.0000385 

0.0016 

0 
0 
0 
0 
0 

0.0000305 
0 

0 means there is no air concentration of that substance 
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Table 6.8- Assessment of Carcinogenic Health Effects from the Studies Coal-Fired Plant. 
 

0 means there is no air concentration of that substance 

Pollution 

Predicted ambient air exposure (μg/m3) per1MWh Inhalation 
Unit Risk 

(URF) 
(μg/m3)-1 

Excess Lifetime Cancer Risk (LCR) 
Short –term 

(1 hour) 
Long – term 
(annually) 

Short –term 
(1 hour) 

Long – term 
(annually) 

PC 
 

PC with 
Capture 

PC PC with 
Capture 

PC PC with 
Capture 

PC PC with 
Capture 

As 
Cd 
Cr 
Pb 
Ni 

 

0.01209 
0.00113 
0.01622 
0.00825 
0.15943 

 

0.00072 
0.00083 
0.00024 
0.00004 
0.00192 

 

0.00008 
0.00001 
0.0001 

0.00006 
0.0011 

 

0.00001 
0.00001 

0 
0 

0.00001 
 

0.0043 
0.0042 
0.012 

0.00001 
0.00048 

 

5.1987E-5 
4.746E-6 

1.9464E-4 
9.9E-8 

7.652E-05 
 

3.096E-6 
3.486E-6 

2.88E-6 
4.8E-10 

9.216E-07 
 

3.44E-7 
4.2E-8 

132E-6 
7.2E-10 

5.232E-07 
 

4.30E-08 
4.20E-08 

0 
0 

4.80E-09 
 



 

203 
 

Non-Carcinogenic Health Risk 

The short-term and long-term non-carcinogenic health risks are determined by 

using the reference concentration of risk to quantify the hazard quotient (HQ) for each 

heavy metal pollutants. The heavy metal substances that may cause non-carcinogenic 

health risk include Mercury (Hg), Manganese (Mn), Antimony (Sb), Cobalt (Co), Copper 

(Cu), Selenium (Se) and Vanadium (V) and the HQs results of each substances are 

presented in Table 7.7. Based on the HQs results for all heavy metal substances that may 

cause non-carcinogenic health risk, the potential for adverse health effects of short-term 

and long-term dispersion are at an acceptable level (HQ < 1) for “PC” scenario. In case of 

“PC with capture” scenario, the HQ result can only obtain for Se because there is no air 

concentration of other substances. The HQs results of “PC with Capture” scenario are 

also in acceptable non-carcinogenic health risk level with HQ less than one. The results 

indicate that the heavy metals dispersions are unlikely to cause health risk to population 

residing within 10 km radius from the studied area.  

 

Carcinogenic Health Risk 

The Life-time Cancer Risk (LCR) of Arsenic (As), Cadmium (Cd), Chromium (Cr), 

Lead (Pb) and Nickel (Ni) are computed to determine the short-term and long-term 

carcinogenic health risks. The LCRs results of each heavy metal substances are presented 

in Table 7.8. For the “PC” scenario, the probability to develop cancer due to short-term 

dispersion of Pb is in an acceptable level (LCR < 1x10-6) and the rest; As, Cd and Ni are 

in generally acceptable level (LCR is in between 1x10-4 and 1x10-6). However, the 

probability of developing cancer due to short term dispersion of Cr is higher than the 
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threshold of 1x10-4 for the “PC” scenario which indicated that Cr dispersion is at an 

unacceptable risk level and further emission reduction needs to be done for Cr emissions. 

The probability of developing cancer due to long-term dispersion of As, Cd, Pb and Ni 

are at an acceptable level and generally at an acceptable level for Ni. 

For the “PC with Capture” scenario, the probability of developing cancer due to 

short-term dispersion of Pb and Ni is in an acceptable level and the rest; As, Cd and Cr is 

in a generally acceptable level. For long-term dispersion, the probability of developing 

cancer from As, Cd and Ni is at an acceptable level and the rest (Cr and Pb) show no 

probability of developing cancer for the “PC with capture” scenario.  

On both case scenarios “PC” and “PC with Capture”, the long-term results of both 

HQ and LCR results seem to be lower compared to short-term results. This happened 

because that meteorology plays an important role in reducing health risk of the pollutant 

on the long-term risk. It also has to be noted that the HQs results are obtained from 

emissions per 1 MWh of electricity produced. Depending on the plant capacity, the more 

electricity generated, the higher chance of non-carcinogenic health risk can be. 
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6.4 Sensitivity Analysis and Modeling Validation 

In this study, the sensitivity analysis is conducted to investigate the effect of CO2 

removal rate that impacts the model output. Two parts of a sensitivity analysis are 

performed. First, the sensitivity analysis is performed to understand the impact of 

changing CO2 efficiency rate to IGCC performance. Second, the sensitivity analysis is 

performed on the LCA study to understand the influence of CO2 capture efficiency rates 

that may have effect on environmental impacts. Moreover, the modeling validation is also 

performed to help verify the accuracy of the model. 

 

6.4.1  Model Validation 

The simulation model validation was performed by comparing the data obtained 

from Aspenplus® simulation software to IECM (Integrated Environmental Control 

Model) simulation software, version 9.1 (trademark of Carnegie Mellon University). The 

comparison results are shown in Table 6.9. The results from this work are in agreement 

with those in the IECM software by showing the percentage different in an acceptable 

range with variation from 0.4%-13%. On combine cycle power output, the results show 

11% and 6% difference between IECM and Aspenplus® for IGCC without CO2 capture 

process and with CO2 capture process respectively. The results also show the percentage 

different between IECM and Aspenplus® for 3% and 13% on fuel flow rate and 1% and 

10% on air flow rate to gas turbine for IGCC without CO2 capture process and IGCC with 

CO2 capture process respectively. The differences between the two software simulators 

are due to static values of some parameters in IECM software as they were set as default 

values. 
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Table 6.9- Model Validation of IGCC Systems (with and without CO2 capture Process) 

Parameters 

 

IECM AspenPlus® % Difference Between 
AspenPlus® and 

IECM 

No 
capture 

95% 
CO2 

Capture 

No 
capture 

95% 
CO2 

Capture 

No 
capture 

95% CO2 
Capture 

Coal input (kg/MWh) 364 484 368 482 10% 0.4% 

Air  flow rate to gas 

turbine (kg/s) 

137 239 138 214 1% 10% 

Fuel flow rate to gas 

turbine (kg/s) 

367 300 378 340 3% 13% 

Combine cycle power 

output (MWnet) 

383 279 342 261 11% 6% 
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6.4.2 Sensitivity Analysis on IGCC Performance 

For the IGCC model accuracy verification, the sensitivity analysis is conducted to 

evaluate the effects of CO2 removal rates that may have an impact on the model outputs. 

The IGCC with no capture is selected as a base case and the other four syngas 

compositions are obtained by changing CO2 removal rate from 80% to 95% removal. The 

model results for different CO2 removal rates are shown in Table 6.10. 

 

Table 6.10- Effects of different CO2 removal rate on IGCC Model Performances. 

Parameters 

Base case 

No  

capture 

Case 1 

80% 

capture 

Case 2 

85% 

capture 

Case 3 

90% 

capture 

Case 4 

95% 

capture 

Fuel HHV (J/g) 4791 5191 5210 5262 5367 

Air  flow rate (kg/s) 138 146 153 158 214 

Fuel flow rate (kg/s) 378.4 343.5 342.9 342.3 340.7 

Steam injection for moisturization 

(kg/s) 

16.5 15.6 15.3 14.4 13.8 

Gas turbine power output (MWgross) 202.5 187.7 188.8 186.5 184.6 

Simple cycle efficiency (% HHV) 37.6 34.9 34.7 34.2 33.8 

Steam turbine power output (MWgross) 252.3 239.6 239.9 240.9 241.1 

Combine cycle power output (MWnet) 342 279 273 267 261 

Combine cycle efficiency (% HHV) 64.63 52.7 51.6 50.4 49.3 
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6.4.3 Sensitivity Analysis on LCA 

The sensitivity analysis on LCA study has been performed for CO2 capture 

efficiency on IGCC system to understand how the environmental impacts change with 

variation of CO2 capture. The analysis is carried out by using the score in relative change 

on each impact. In the LCA study, positive score means positive impact, whereas, the 

negative score means negative impact. The results of sensitivity performed for different 

CO2 capture rates are shown in Table 6.11. Figure 6.7 and Figure 6.8 also show the 

relationship between each environmental impact and CO2 removal rate. 

 

Table 6.11- Environmental Impact Scores by Relative Change for Different CO2 

Removal Rates. 

Environmental Impacts 80% 
CO2 

capture 

85% 
CO2 

capture 

90% 
CO2 

capture 

95% 
CO2 

capture 
Acidification  -15% -17% -19% -21% 
Ecotoxicity Air -7% -9% -12% -15% 
Ecotoxicity Ground-Surface Soil -2% -4% -7% -13% 
Ecotoxicity Water -23% -25% -28% -31% 
Eutrophication -11% -13% -15% -17% 
Global Warming  Potential 62% 66% 69% 74% 
Human Health Cancer Air -21% -23% -26% -30% 
Human Health Cancer Ground-Surface Soil -2% -4% -7% -12% 
Human Health Cancer Water -23% -25% -28% -32% 
Human Health Criteria Air-Point Source -16% -18% -20% -22% 
Human Health Non Cancer Air -12% -14% -17% -20% 
Human Health Non Cancer Ground-Surface Soil  -2% -4% -7% -12% 
Human Health Non Cancer Water -22% -24% -27% -30% 
Ozone Depletion Air -23% -26% -29% -30% 
Smog Air -12% -13% -15% -17% 
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The results in Table 6.11 show a negative relationship between CO2 removal rate 

and all impact categories except for Global Warming Potential which shows a positive 

impact by increasing CO2 removal rate. The positive impact of Global Warming Potential 

score means higher CO2 removal rate in CO2 removal process will improve the score for 

the global warming potential impact category. The results also show that with 95% CO2 

removal the score for Global Warming Potential will be increased by 74% which 

equivalent to 217 kg CO2 eq/MWh electricity produced. However, higher CO2 removal 

rate will lead to increase in thermal energy requirement which cause negative impact on 

other environmental impact categories where there are environmental trade-offs 

encounters with the increasing of CO2 capture rate. 

The results show that decreasing over 30% points in Ecotoxicity water, Human 

health cancer and Human health non-cancer waters score for 95% CO2 removal rate. This 

decrease can be explained by the fact that the main contributor to those impacts is heavy 

metals released into fresh water and since the waste water treatment system in the IGCC 

process system can remove most of the heavy metal contaminates in the water.  But there 

was also leakage of heavy metals and VOC into the water after the landfill process. Thus, 

based on the results the analysis shows that a decrease in thermal energy requirement for 

CO2 capture process and higher waste water treatment system for VOC and heavy metal 

removal will significantly control the trade-offs.  
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Figure 6.7- Relative Impact of Electricity Generation from IGCC with Varying CO2 

Removal Rates. 
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Figure 6.8 - Relative Impact of Electricity Generation from IGCC with Varying CO2 

Removal Rates. 
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Chapter Seven 

Conclusions and Recommendations for Future Work 
 

 

7.1  Conclusions 

A life cycle assessment was carried out to evaluate the environmental performance 

as well as adverse potential health impact of the hypothetical Saskatchewan lignite IGCC 

electricity generation station with and without a CO2 capture process. Although the 

comparison between the capture system and non-capture system might not be completely 

fair as the non-capture plant will result in more air pollutants if equipment such as 

desulphurization and dust filters are not installed. This doesn’t apply when it comes to 

European electricity generation stations because they do have the desulphurization and 

dust filters installed. Saskatchewan electricity generation stations operate on low-sulphur 

coal and are not equipped with NOx and SOx capture which is the baseline scenario. 

Since this study considered a typical Saskatchewan electricity generation station, the 

comparison was made to a plant equipped only with PM capture. The goal is to compare 

a typical Western Canadian electricity generation station with and without CO2 capture. 

The results of the study revealed that by applying both post-combustion and pre-

combustion CO2 capture, a significant reduction in greenhouse gas emissions can be 

achieved. The greenhouse gas emissions were found to be reduced by 75% and 93% in 

the “IGCC” and “IGCC with capture” scenarios, respectively. The conventional coal-

fired electricity generation plant with post-combustion CO2 capture resulted in an 80% 

reduction in greenhouse gas emissions. However, similar improvements in other 
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environmental impact categories are not guaranteed, and the impacts depend on the CO2 

capture technology employed. Also, one of the challenges associated with implementing 

a CO2 capture process is the decrease in electricity generation efficiency because 

additional fuel is needed to compensate for the loss in electricity production. Therefore, 

implementing a CO2 capture process will cause a substantial decrease in electricity output 

or an increase in coal consumption, which has an impact on environmental performance. 

This will lead to increase in some of the environmental impact categories.  

Post-combustion CO2 capture at a conventional pulverized lignite coal-fired 

electricity generation station resulted in increased impacts in the soil and water impact 

categories due to the energy penalty from the CO2 capture process. The increased 

environmental impact that resulted from the CO2 capture process, i.e. the production and 

use of a solvent, increased the environmental impacts in the air and water eutrophication, 

aquatic and terrestrial ecotoxicity, human health, and ozone depletion categories. It is 

evident that the environmental impacts were shifted from the air compartment to the soil 

and water compartments in the “PC with capture” scenario, in which reductions in the 

acidification air, human health air, and ecotoxicity air impact categories were observed. 

IGCC systems in both the capture and non-capture scenarios showed the same 

tendency of increased impacts in some specific categories as the conventional coal-fired 

electricity generation system, but to a lesser degree. This is because the IGCC system is a 

cleaner technology which produces fewer pollutant emissions from the electricity 

generation station. The environmental impacts of IGCC generally increased only slightly 

when the IGCC system with CO2 capture was introduced. The reason was the 

contaminants captured in the cleaning process that could leach to the soil and water after 
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being landfilled. On the other hand, the observed increase in the specific impact 

categories of eutrophication potential, ecotoxicity in water and soil, and human health 

cancer and non-cancer water were generally small and remained rather low compared to 

the global warming potential, acidification potential and other impacts to the air. 

Ultimately, the IGCC technology was recognized as the cleaner technology, compared to 

the conventional coal-fired generation process. 

 The air dispersion analysis in this study involves the assessment of compliance of 

the predicted ambient air pollution concentrations emitted from four electrical generating 

stations with a limited ambient air quality standard. The analysis is conducted by 

following the outline of Saskatchewan air quality modeling guideline. In this study, 

AERMOD air dispersion modeling is used to predict the ground level concentration of 

pollutants in the 20km x 20km modeling domain. The maximum ground level 

concentrations of pollutants from all electricity generating stations are found to be in 

compliance with all limited air quality standards except for Co, Pb and Ni. The predicted 

maximum ground level concentration occurs at 2 km southwest of the facility for a 1 hour 

averaging time and occurs on the west and southeast of facility for 24 hour and annually 

respectively. 

 IGCC with capture scenario shows the lowest NO2 ground level concentration 

compared to all scenarios. Meanwhile, “PC with Capture” scenario shows the highest 

ground-level concentration for all averaging periods on NO2 substance. For SO2 ground 

level concentration, “PC with Capture” scenario shows the lowest maximum ground level 

concentration and “PC” scenario shows the highest maximum ground level concentration 

compared to all case scenarios. However, in terms of PM2.5 substance, “PC” the lowest 



 

215 
 

maximum ground level concentration but “PC with capture” scenario shows the highest 

maximum ground level concentration compared to all scenarios. This is because the stack 

height of “PC with capture” scenario was the lowest compared to other scenarios as stack 

height has an impact on air concentration modeling. The assumption of “PC with 

capture” scenario’s stack height was made by using the best estimation based on 

SaskPower’s available information to public. In addition the maximum ground level 

concentrations of most trace elements are also lower than the limited ambient air quality 

standard. “PC” scenario shows the highest trace elements ground-level concentrations 

compared to other scenarios. Nevertheless, IGCC systems on both with and without pre 

combustion CO2 capture process shows no ground level concentration of the trace 

elements. This is because IGCC system operates with acid gas cleaning process that 

removes most of the trace contaminants from the syngas. 

Finally, the human health benefit (health outcomes) and human risk assessment 

were conducted to determine the impact on human health contributes from the level of 

pollutants emitted from the four different electricity generating stations in Estevan. The 

predicted ambient air concentrations from the air dispersion modeling are used as an 

input to both of the human health outcome and human health risk assessments.  

In the human health benefits (health outcomes) assessment, three pollutants of NO2, 

SO2 and PM2.5 from conventional coal-fire electricity generating station, conventional 

coal-fired electricity generating station coupled with post-combustion CO2 capture 

process, integrated gasification combined cycle electricity generating station and 

integrated gasification combined cycle electricity generating station coupled with pre-

combustion CO2 capture process are assessed. The health benefits assessment indicate 
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that by implementing of the IGCC and IGCC with pre-combustion capture process will 

result in significant health benefits for people living in the Estevan area and the 

magnitude of the benefit will also increase substantially by 2020. However, results 

indicate the reduction in health benefits when implementing post combustion CO2 capture 

process to conventional coal-fired electricity generating station. The reduction in health 

benefits on “PC with Capture” scenario was mainly due to the high level of PM2.5 air 

concentration due to implementing post combustion CO2 capture process. The frequency 

of negative health impacts due to air pollution emitted from IGCC and IGCC with pre-

combustion capture plant is predicted to be reduced by the improvement in air quality. 

Air quality related mortalities (acute and chronic) are predicted to be reduced by 2 and 3 

deaths per year in 2007 for “IGCC” and “IGCC with capture” scenario, respectively, and 

by 24 and 29 death by 2020 for “IGCC” and “IGCC with capture” scenario respectively. 

Air quality related respiratory are predicted to be reduced by 1,287 and 5,960 cases per 

year in 2007 for “IGCC” and “IGCC with capture” scenario, respectively, and by 15,441 

and 71,521 cases by 2020 for “IGCC” and “IGCC with capture” scenario, respectively. In 

all instances in the previous sentences, this reduction is based on a per million specified 

population within the examined region. 

 In the Health Risk Assessment (HRA), 13 heavy metal pollutants from four 

electricity generating stations (i.e. PC, PC with capture, IGCC and IGCC with capture) 

are assessed for carcinogenic and non-carcinogenic health risk. As, Cd, Cr, Pb, and Ni are 

assessed for carcinogenic and Hg, Mn, Sb, Co, Cu, Se and V are assessed for non-

carcinogenic health risk on both short-term and long term health effects. The result shows 

no possibility of developing either cancer or non-cancer health impacts from IGCC 
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systems due to the fact that there are no heavy metal air contaminants emitted to 

atmosphere. The results only revealed emissions for PC with and without CO2 capture 

scenarios. For carcinogenic health risk assessment, there is a possibility to develop cancer 

due to short term dispersion from Cr, meanwhile, long term dispersion results are at an 

acceptable level. For non-carcinogenic health risk, the results indicate that the heavy 

metals dispersions are unlikely to cause any health risk to the population residing within 

10 km radius from the studied area. An adverse potential health effects occurs during the 

short-time and long term dispersion show an acceptable level for all the pollutants.  

Even though, IGCC technology is considered as the cleaner technology compared to 

the conventional coal-fired generation, the IGCC technology itself is complex and still 

under development. Thus, there is still more room for improvement to make the 

technology economically feasible and even more environmentally friendly. In addition, 

there is a pressing need for improvements in the efficiency of the CO2 capture systems in 

general, particularly with regard to reducing the amount of solvent/absorbent used and 

also reducing the energy penalty that the capture process imposes on the system. 

 

7.2 Future Perspective 

The Integrated Gasification Combined Cycle (IGCC) process is understood to be 

clean coal electricity production technology that offers the high efficient and cleaner 

compared to most electricity generation technologies. It provides many advantages in 

terms of environmental impacts and performance. The results obtained from this LCA 

study of the IGCC system were consistent with this general perception. However, two 

weaknesses observed in the current investigation can be addressed in future studies. 
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Firstly, the technology is still in the initial stage of development. Since the IGCC plants 

are not yet economically feasible, there is a lack of actual technical data and experience 

about these plants. As a consequence, the technical data used in this study were adopted 

from available literature. In the future, data from the real industrial plant or at least from a 

pilot plant will be used so that the analysis can be more accurate (i.e. once the Kemper 

County IGCC starts its operation). Secondly, the data on the trace elements emissions 

used in this study were not obtained from direct measurement because of the lack of 

available data on Saskatchewan lignite coal and the coal-fired gasification process. The 

data on the trace elements and heavy metal emissions were taken from a coal-fired power 

plant in the US. Therefore, it is possible that the environmental performance on some 

impact categories related to heavy metal and trace elements may be slightly higher than 

has been evaluated in this study. Therefore, it would improve the accuracy of the LCA 

analysis in the future if real and directly measured data from an industrial plant can be 

obtained.  

As mentioned earlier that IGCC the technology is still in the initial stage of 

development, the IGCC plants are not yet economically feasible and therefore; additional 

research and development is required to identify and evaluate for the improvement to 

make the technology economic viability and  cost competitive compared to the existing 

coal-based electrical generating stations. Moreover, the future work may include the 

analysis from the full life cycle perspective (i.e. cradle to grave approach that includes 

CO2-EOR and CO2 -storage). 
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Appendix A 

CCS Projects around the World  
 

 A.1    CCS Projects in USA  

 Barge (Shute Creek Gas Processing Facility):  

The La Barge CCS project is located in the Shute Creek Treating Facility, La 

Barge, Wyoming, USA where CO2 is captured from a natural gas stream (from fields in 

Wyoming). The plant is operated by the ExxonMobil Company and has a plant capacity 

of 6 MtCO2/yr. CO2 is captured from natural gas stream from fields in Wyoming and 

transported via Exxon, ChevronTexaco and Anadarko pipelines to EOR sites in the 

surrounding area. CO2 is sent to ChevronTexaco’s Rangely Weber oilfield at a rate of 1 

Mt per year. A 400-kilometre pipeline connecting Shute Creek gas plant to the Salt Creek 

oilfield was completed in 2006 (ZeroCO2.No, 2015). 

 

Cranfield: 

The Cranfield CCS project is operated by the Southeast Regional Carbon 

Sequestration Partnership (SECARB). SECARB is one of US regional partnerships that 

consist of a collaboration of scientists, researchers, industry and environmental non-

government organizations (NGOs) from 13 US states engaged in identifying and 

characterizing geologic CO2 storage options for the south east area (ZeroCO2.No, 2015). 

The operation was started in 2009. The project is located in the Cranfield Oil Field, 

Natchez, Mississippi, USA and has an operational capacity of 1.5 Mt CO2/yr. CO2 is 

captured from a natural source supplied by Denbury Resources and stored in a deep 
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saline reservoir in the Tuscaloosa sandstone formation, 15 meter thick heterogeneous 

fluvial sandstone located at 300 meters depth. The project is now in the testing stage and 

to date there has been no sign of CO2 leakage from the storage reservoir. 

 

Val Verde Natural Gas Plants: 

The Val Verde Natural Gas Plants is operated by Blue Source, refiner Pennzoil, and 

Altura (one of the largest oil producers in Texas and industry leader in the EOR 

operations using CO2 flooding). The facility is located in Val Verde, Texas, USA where 

CO2 is captured from five natural gas processing facilities including Mitchell, Gray 

Ranch, Puckett, Pikes Peak and Terrell gas plants. CO2 has been captured around at a rate 

of 1.3 Mt annually for use in EOR operations at the Sharon Ridge oilfield. CO2 is 

transported via the 132 km onshore Val Verde and CRC pipeline. 

 

Port Arthur: 

The Port Arthur CCS project is a testing project with the joint venture of Air 

Products and Chemicals, Denbury Onshore LLC, University of Texas Bureau of 

Economic Geology and Valero Energy Corporation. The project is located in Port Arthur, 

Texas with an operational capacity of 1 MtCO2/y. CO2 is captured from existing steam-

methane reformers by applying post-combustion CO2 capture technology. After the CO2 

is captured, it is used for EOR in West Hasting's and Oyster Bayou oil fields, Texas. This 

project will be operational until September 2015. 
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Century Plant:  

Century gas processing plant is the largest single industrial source CO2 capture 

facility in North America with capacity of up to 8.4 Mt CO2 per year however only 5 Mt 

per year  is being used (Carbon Capture & Sequestration Technologies @ MIT, 2015). 

The plant is operated by Occidental Petroleum (Oxy), along with Sandridge Energy, and 

provides CO2 for use in Occidental Petroleum's EOR projects in the Permian Basin fields. 

Around 5 million tonnes of CO2 per were initially captured from the first train of the 

plant. Later on, the capacity has increased to around 8.4 million tonnes per year since 

construction of a second train was completed in late 2012. Eventually, the project is 

expected to capture at least 0.1 trillion cubic meters of CO2 for EOR in the Permian Basin 

(ZeroCO2.No, 2015). 

 

Northern Reef Trend: 

The Northern Reef Trend is a brand new CCS project that started to operate in 

April 2013. The project is located in an oilfield in Michigan's Northern Reef Trend, 

Michigan Basin, Michigan with a plant capacity of 1000 tons CO2/ day (total injection of 

up to 500,000 tons CO2). CO2 is captured from a natural gas processing plant and is sent 

to a depleted oilfield in the Northern Reef Trend (carbonate reservoir) for storage. The 

CO2 injection started in April 2013, and in July 2013 the Midwest Regional Carbon 

Sequestration Partnership (MRCSP) started monitoring and tracking the injected CO2 to 

quantify how much is CO2 retained in the formation after the oil is removed. 

 

 

http://www.oxy.com/OurBusinesses/OilAndGas/Technology/FieldDev/Pages/FacilitiesConstruction.aspx
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A.2    CCS Projects in Canada 

Weyburn-Midale:  

The Weyburn and Midale projects are located near Weyburn, Saskatchewan with a 

capacity of over 2 MtCO2/year. This is an EOR project with capture occurring in the 

North Dakota Great Plains Synfuels Gasification plant (Dakota Gasification). The CO2 is 

piped 330 km to enhance oil recovery and ultimately to be stored at the Weyburn site. 

Weyburn-Midale may be the same field technically, but the fields are operated by 

different companies. The Canadian company-Cenovus is the operator of the Weyburn oil 

field and Apache Canada operates Midale. Weyburn is currently purchasing about 2.0 

million tonnes per year (6550 tonnes per day), the Midale field about 1,200 tonnes per 

day (400,000 tonnes per year). The two fields contain about 2 billion barrels of original 

oil in place. Weyburn alone is 1.4 billion barrels (Manuilova, 2011). Injecting CO2 has 

increased oil production from Cenovus's Weyburn field by 16,000-18,000 barrels per day 

(28,000 barrels a day for the field) and by 2,300 barrels per day (5,800 barrels a day field 

total) for Apache's Midale field (Carbon Capture & Sequestration Technologies @ MIT, 

2015). The CO2 is stored in the geological formation will be approximately 30 million 

tonnes for Weyburn and 10 million tonnes for Midale. The Weyburn-Midale CO2 

Monitoring Project, the world's first CO2 measuring, monitoring and verification 

initiative in an EOR field, was conducted alongside EOR operations between 2000 and 

2011 (ZeroCO2.No, 2015). 
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SaskPower Boundary Dam: 

SaskPower Boundary Dam CCS project is the world’s first large scale CCS project 

in the electrical sector. The Boundary Dam CCS project is located at the Boundary Dam 

Power Station in Estevan, Saskatchewan, Canada. The project started operation in 

October 2014. The SaskPower Boundary Dam’s unit three was rebuilt to upgrade and 

allow for integration of a CO2 capture unit. CO2 is being captured from the lignite-fired 

electrical generating station using post combustion CO2 capture technology. The project 

captures 90% or 1Mtonne CO2/year and has electricity generating capacity of 150 MWe 

gross. The captured CO2 will be transferred to Weyburn oil field for enhanced oil 

recovery (EOR) project via a 66 km pipeline owned by Cenovus. The amount of CO2 

being captured is equivalent to taking more than 250,000 cars off roads annually 

(SaskPower, 2015). Any excess of CO2 will be stored at deep saline formation at the 

Aquistore project, a saline aquifer storage project, which is roughly located 2km away 

from the capture plant. 

 

Zama (pilot project): 

The Zama CCS pilot project is located near Zama City, Alberta with an 

approximate capacity of 0.067 MtCO2/year. This pilot project was funded by Alberta 

Energy CO2 Projects Royalty Credit Program and received a lot of international 

attention. The Energy & Environmental Research Center (EERC) is engaged in research 

demonstrating the effectiveness of injecting a mixture of carbon dioxide (CO2) and 

hydrogen sulfide (H2S) for EOR (Carbon Capture & Sequestration Technologies @ MIT, 

2015 and ZeroCO2.No, 2015). CO2 is being captured from a gas processing process 

http://www.zeroco2.no/projects/support-mechanisme/alberta-energy-co2-projects-royalty-credit-program
http://www.zeroco2.no/projects/support-mechanisme/alberta-energy-co2-projects-royalty-credit-program
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which contains 5-8% CO2 and 3-13% H2S concentrations (the output gas is 70% CO2 and 

30% H2S). CO2 has been injected into the Zama oil field 1524 meters below the surface. 

As the results of CO2 injection more than 35,000 incremental barrels of oil have been 

recovered since the operation started in 2006. 

 

A.3    CCS Project in Europe 

Sleipner: 

The Sleipner CCS project is operated by the Norwegian oil and gas company 

Statoil.  It is located in the middle of North Sea. CO2 is being separated from a natural 

gas stream using amine technology. Statoil has captured one million tonnes of CO2 

annually from natural gas production at Sleipner West since 1996. The CO2 is then 

injected into a saline formation 800-1000 meters below the sea floor.  Statoil has so far 

injected over 12 million tonnes of CO2 since 1996 without evidence of CO2 leakage. The 

project has demonstrates that deep saline aquifers offer secure storage for CO2. 

 

Ketzin: 

Ketzin is the CCS project located in Ketzin, Germany. It is a small scale pilot CO2 

storage project. The operation started in 2008 and has a plant capacity of 0.06 MtCO2/yr. 

CO2 is captured from hydrogen production at the oxy-fuel pilot plant Schwarze Pumpe. 

The CO2 is stored in a sandstone reservoir 630 m below the surface. The purpose of this 

project is to test the feasibility of sequestration and to monitor CO2 in the subsurface for 

the purposes of informing EU policy making. The CO2 injection ended as well as the 

Schwarze Pumpe oxy-fuel pilot, as scheduled on August 29, 2013 with 67,271 tonnes of 
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CO2 successfully stored in the reservoir (Carbon Capture & Sequestration Technologies 

@ MIT, 2015). 

 

Snohvit: 

The Snohvit CCS project has also been operated by Statoil since 2008. The plant is 

located off the shore of Norway and has an operational capacity of 0.7 Mt CO2/yr. CO2 is 

separated at a gas processing plant, with an inlet stream of gas containing 5-8% CO2. 

Then the CO2 is injected into the saline Tubasan sandstone formation reservoir 2600 

meters below the surface. The project is expected to be the second largest storage site in 

Europe. 

 

A.4    CCS Projects in Rest of the World 

Otway: 

The Otway CCS project is operated by CO2CRC (Cooperative Research Center for 

Greenhouse Gas Technologies). This project is recognized as the world’s largest research 

and geo-sequestration pilot project. It is the most advanced storage project in Australia 

(ZeroCO2.No, 2015). The plant is located in the Otway Basin, Southern Australia and has 

a capacity of 0.1 Mt CO2/y. The source of CO2 is produced from natural deposit, CO2 rich 

gas from a gas well (Buttress), and sent to depleted gas reservoir (2000 m depth) for 

storage. The main purpose of the Otway project is to test if CO2 storage is economical 

and environmentally sustainable in Australia. Since 2008, 65,000 tons of CO2 has been 
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injected. In December, 2011, CO2CRC announced that CO2 storage in a depleted gas 

fields is safe and effective. 

Ordos: 

The Ordos CCS project is the first CCS project in Asia. It is located in Inner 

Mongolia, China and operated by China's largest coal mining company Shenhua Group. 

The project was first started as a pilot project in 2010 and its capacity will be expanded to 

the full scale operation by 2020 which will capture around 1-2 million tonnes per year of 

CO2. The CO2 source comes from a coal liquefaction plant, which currently is emitting 

3.6 Mt/yr of CO2. CO2 is used in EOR and/or stored in a saline aquifer. Around 40,000 

tonnes of CO2 has been successfully sequestered in the Ordos formation in 2012. 

In Salah: 

In Salah CCS project is located in central Algeria. The project is joint venture 

between national energy company Sonatrach, BP and Statoil. CO2 came from gas 

processing from the In Salah Gas Field and was then CO2 was injected in a depleted gas 

reservoir located near the gas processing plant, Krechba formation. The project was 

started the operation in 2004 and was suspended in June 2011 due to due to the concern 

about the integrity of the seal. During the operation, 3.8 Million tonnes of CO2 was 

successfully stored in the Krechba Formation. There was no leakage of CO2 reported 

during the lifetime of the project (Carbon Capture & Sequestration Technologies @ 

MIT, 2015). 

 

 



 

241 
 

Table A1- CCS Projects Around the World (Global CCS Institute 2014, 2014). 

Project Name Project 
Lifecycle 
Stage 

Year Of 
Operation 

Location Industry Capture Type Capture 
Capacity 
(Mt) 

Transport 
Type 

Primary Storage Option 

In Salah CO2  Storage 
 

Operate 2004 Wilaya De Ouargla, 
Algeria 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

0 (Injection 
Suspended) 

Pipeline, 14 Km Dedicated Geological Storage, 
Onshore Deep Saline 
Formations 

Val Verde Natural Gas 
Plants 

Operate 1972 Texas, United 
States 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

1.3 Pipeline, 356 
Km 

Enhanced Oil Recovery 

Enid Fertilizer CO2-
Eor Project 

Operate 1982 Oklahoma, United 
States 

Fertilizer 
Production 

Industrial Separation 0.7 Pipeline, 225 
Km 

Enhanced Oil Recovery 

Shute Creek Gas 
Processing  Facility 

Operate 1986 Wyoming, United 
States 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

7.0 Multiple 
Pipelines, 
Maximum Of 
460 Km 

Enhanced Oil Recovery 

Sleipner CO2 Storage 
Project 

Operate 1996 North Sea, Norway Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

0.9 No Transport 
Required 
(I.E. Direct 
Injection) 

Dedicated Geological Storage, 
Offshore Deep Saline 
Formations 

Great Plains Synfuel 
Plant and Weyburn- 
Midale Project 

Operate 2000 North Dakota, 
United States 

Synthetic 
Natural Gas 

Pre-Combustion 
Capture 
(Gasification) 

3.0 Pipeline, 329 
Km 

Enhanced Oil Recovery 

Snøhvit CO2 Storage 
 
Project 

Operate 2008 Barents Sea, 
Norway 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

0.7 Pipeline, 153 
Km 

Dedicated Geological Storage, 
Offshore Deep Saline 
Formations 

Century Plant Operate 2010 Texas, United 
States 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

8.4 Pipeline, 
>255 Km 

Enhanced Oil Recovery 

Air Products Steam 
Methane Reformer 
Eor Project 

Operate 2013 Texas, United 
States 

Hydrogen 
Production 

Industrial Separation 1.0 Pipeline, 158 
Km 

Enhanced Oil Recovery 

Coffeyville 
Gasification 
Plant 

Operate 2013 Kansas, United 
States 

Fertilizer 
Production 

Industrial Separation 1.0 Pipeline, 110 
Km 

Enhanced Oil Recovery 
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Project Name Project 
Lifecycle 
Stage 

Year Of 
Operation 

Location Industry Capture Type Capture 
Capacity 
(Mt) 

Transport 
Type 

Primary Storage Option 

Lost Cabin Gas Plant Operate 2013 Wyoming, United 
States 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

0.9 Pipeline, 374 
Km 

Enhanced Oil Recovery 

Petrobras Lula Oil 
Field Ccs Project 

Operate 2013 Santos Basin, 
Brazil 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

0.7 No Transport 
Required 
(I.E. Direct 
Injection) 

Enhanced Oil Recovery 

Boundary Dam 
Integrated Carbon 
Capture And 
Sequestration 
Demonstration Project 

Operate 2014 Saskatchewan, 
Canada 

Power 
Generation 

Post-Combustion 
Capture 

1.0 Pipeline, 66 Km Enhanced Oil Recovery 

Kemper County 
Energy Facility 
(Formerly Kemper 
County IGCC Project) 

Execute 2015 Mississippi, United 
States 

Power 
Generation 

Pre-Combustion 
Capture 
(Gasification) 

3.0 Pipeline, 98 Km Enhanced Oil Recovery 

Quest Execute 2015 Alberta, Canada Hydrogen 
Production 

Industrial Separation 1.08 Pipeline, 64 Km Dedicated Geological Storage, 
Onshore Deep Saline 
Formations 

Illinois Industrial 
Carbon Capture And 
Storage Project 

Execute 2015 Illinois, United 
States 

Chemical 
Production 

Industrial Separation 1.0 Pipeline, 
1.6 Km 

Dedicated Geological Storage, 
Onshore Deep Saline 
Formations 

Uthmaniyah CO2 -
EOR 
Demonstration Project 

Execute 2015 Eastern Province, 
Kingdom Of Saudi 
Arabia 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

0.8 Pipeline, 70 Km Enhanced Oil Recovery 

Alberta Carbon Trunk 
Line ("ACTL") With 
Agrium CO2 Stream 
 

Execute 2015 Alberta, Canada Fertilizer 
Production 

Industrial Separation 0.3-0.6 Pipeline, 240 
Km 

Enhanced Oil Recovery 

Gorgon Carbon 
Dioxide Injection 
Project 

Execute 2016 Western 
Australia, 
Australia 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

3.4-4.0 Pipeline, 7 Km Dedicated Geological Storage, 
Onshore Deep Saline 
Formations 
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Project Name Project 
Lifecycle 
Stage 

Year Of 
Operation 

Location Industry Capture Type Capture 
Capacity 
(Mt) 

Transport 
Type 

Primary Storage Option 

Petra Nova Carbon 
Capture Project 
(Formerly NRG 
Energy Parish CCS 
Project) 

Execute 2016 Texas, United 
States 

Power 
Generation 

Post-Combustion 
Capture 

1.4 Pipeline, 
132 Km 

Enhanced Oil Recovery 

Abu Dhabi CCS 
Project (Formerly 
Emirates Steel 
Industries (ESI) CCS 
Project) 

Execute 2016 Abu Dhabi, 
United Arab 
Emirates 

Iron And 
Steel 
Production 

Industrial Separation 0.8 Pipeline, 45 
Km 

Enhanced Oil Recovery 

Alberta Carbon 
Trunk Line 
("ACTL") With 
North West 
Sturgeon Refinery 
CO Stream 

 

Execute 2017 Alberta, Canada Oil Refining Pre-Combustion 
Capture 
(Gasification) 

1.2-1.4 Pipeline, 
240 Km 

Enhanced Oil Recovery 

Sinopec Qilu 
Petrochemical CCS 
Project (Formerly 
Sinopec Shengli 
Dongying CCS 
Project) 

Define 2016 Shandong 
Province, China 

Chemical 
Production 

Pre-Combustion 
Capture 
(Gasification) 

0.5 Pipeline, 
75 Km 

Enhanced Oil Recovery 

Yanchang 
Integrated Carbon 
Capture And 
Storage  
Demonstration 
Project 

Define 2016 Shaanxi 
Province, 
China 

Chemical 
Production 

Pre-Combustion 
Capture 
(Gasification) 

0.46 Pipeline, 
150 Km 

Enhanced Oil Recovery 
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Project Name Project 
Lifecycle 
Stage 

Year Of 
Operation 

Location Industry Capture Type Capture 
Capacity 
(Mt) 

Transport 
Type 

Primary Storage Option 

Petrochina Jilin Oil 
Field EOR Project 
(Phase2) 

Define 2016-2017 Jilin Province, 
China 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

0.8 Pipeline, 35 
Km 

Enhanced Oil Recovery 

Futuregen 2.0 Project Define 2017 Illinois, United 
States 

Power 
Generation 

Oxy-Fuel Combustion 
Capture 

1.1 Pipeline, 45 
Km 

Dedicated Geological Storage, 
Onshore Deep Saline 
Formations 

Rotterdam 
Opslag En 
Afvang 
Demonstratieproject 
(ROAD) 

Define 2017 Zuid-
Holland, 
Netherlands 

Power 
Generation 

Post-Combustion 
Capture 

1.1 Pipeline, 25 
Km 

Dedicated Geological Storage, 
Offshore Depleted Oil And/Or 
Gas Reservoir 

Sinopec Shengli 
Power Plant Ccs 

 

Define 2017 Shandong 
Province, China 

Power 
Generation 

Post-Combustion 
Capture 

1.0 Pipeline, 
80 Km 

Enhanced Oil Recovery 

Sargas Texas Point 
Comfort  Project 

Define 2017 Texas, United 
States 

Power 
Generation 

Post-Combustion 
Capture 

0.8 Pipeline, 
80 Km 

Enhanced Oil Recovery 

Medicine Bow Coal-
To- Liquids Facility 

Define 2018 Wyoming, United 
States 

Coal-To- 
Liquids 
(CTL) 

Pre-Combustion 
Capture 
(Gasification) 

2.5 Pipeline, 
Distance Not 
Specified 

Enhanced Oil Recovery 

Spectra Energy's 
Fort Nelson Ccs 
Project 

Define 2018 British Columbia, 
Canada 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

2.2 Pipeline, 15 
Km 

Dedicated Geological Storage, 
Onshore Deep Saline 
Formations 

White Rose Ccs 
Project 

Define 2019-20 North Yorkshire, 
United Kingdom 

Power 
Generation 

Oxy-Fuel Combustion 
Capture 

2.0 Pipeline, 
165 Km 

Dedicated Geological Storage, 
Offshore Deep Saline 
Formations 

Don Valley 
Power Project 

Define 2019 South 
Yorkshire, 
United 
Kingdom 

Power 
Generation 

Pre-Combustion 
Capture 
(Gasification) 

5.0 Pipeline, 
165 Km 

Dedicated Geological Storage, 
With Potential For Enhanced 
Oil Recovery, Offshore Deep 
Saline Formations 

Hydrogen 
Energy 
California 

  

Define 2019 California, 
United States 

Power 
Generation 

Pre-Combustion 
Capture 
(Gasification) 

2.7 Pipeline, 5 
Km 

Enhanced Oil Recovery 



 

245 
 

Project Name Project 
Lifecycle 
Stage 

Year Of 
Operation 

Location Industry Capture Type Capture 
Capacity 
(Mt) 

Transport 
Type 

Primary Storage Option 

Texas Clean Energy 
Project 

Define 2019 Texas, United 
States 

Power 
Generation 

Pre-Combustion 
Capture 
(Gasification) 

2.7 Pipeline, 
Distance Not 
Specified 

Enhanced Oil Recovery 

Peterhead CCS 
Project 

Define 2019 Aberdeenshire
, United 
Kingdom 

Power 
Generation 

Post-Combustion 
Capture 

1.0 Pipeline, 
120 Km 

Dedicated Geological Storage, 
Offshore Depleted Oil And/Or 
Gas Reservoir 

Quintana South 
Heart Project 

Evaluate 2018 North 
Dakota, 
United 
S  

Power 
Generation 

Pre-Combustion 
Capture 
(Gasification) 

2.1 Pipeline, 
Distance Not 
Specified 

Enhanced Oil Recovery 

Korea-CCS 1 Evaluate 2018 Either 
Gangwon 
Province Or 
Chungnam 
Province, 

 

Power 
Generation 

Post-Combustion 
Capture 

1.0 Shipping, 
Distance Under 
Evaluation 

Dedicated Geological Storage, 
Offshore Deep Saline 
Formations 

Indiana Gasification Evaluate 2019 Indiana, United 
States 

Synthetic 
Natural 

 

Pre-Combustion 
Capture 

 

5.5 Pipeline, 
>700 Km 

Enhanced Oil Recovery 

Riley Ridge Gas 
Plant 

Evaluate 2018-2020 Wyoming, 
United States 

Natural Gas 
Processing 

Pre-Combustion 
Capture (Natural Gas 
Processing) 

2.5 Pipeline, 
Distance Not 
Specified 

Enhanced Oil Recovery 

Mississippi Clean 
Energy Project 
(Formerly 
Mississippi 
Gasification) 

Evaluate 2019 Mississippi, 
United States 

Chemical 
Production 

Pre-Combustion 
Capture 
(Gasification) 

4.0 Pipeline, 
Distance Not 
Specified 

Enhanced Oil Recovery 

C.Gen North 
Killingholme 
Power Project 

Evaluate 2019 North 
Lincolnshire, 
United Kingdom 

Power 
Generation 

Pre-Combustion 
Capture 
(Gasification) 

2.5 Pipeline, 
151-200 Km 

Under Evaluation 

Bow City Power 
Project 

Evaluate 2019 Alberta, Canada Power 
Generation 

Post-Combustion 
Capture 

1.0 Pipeline, 40-
90 Km 

Enhanced Oil Recovery 
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Project Name Project 
Lifecycle 
Stage 

Year Of 
Operation 

Location Industry Capture Type Capture 
Capacity 
(Mt) 

Transport 
Type 

Primary Storage Option 

Korea-CCS 2 Evaluate 2020 Korea Power 
Generation 

Pre-Combustion Or 
Oxy- Combustion 

1.0 Shipping, 
Distance Under 
Evaluation 

Dedicated Geological 
Storage, Offshore Deep 
Saline Formations 

Shenhua Ordos 
CTL Project 
(Phase2) 

Evaluate 2020 Inner 
Mongolia 
Autonomous 
Region, 

 

Coal-To- 
Liquids 
(CTL) 

Pre-Combustion 
Capture 
(Gasification) 

1.0 Pipeline, 201-
250 Km 

Dedicated Geological Storage, 
Onshore Deep Saline 
Formations 

Carbonnet Project Evaluate 2020's Victoria, Australia Under 
Evaluati
on 

Subject To 
Industry Partner 
Selection 

1.0-5.0 Pipeline, 
130 Km 

Dedicated Geological Storage, 
Offshore Deep Saline 
Formations 

Captain Clean 
Energy Project 

Evaluate 2021 Scotland, United 
Kingdom 

Power 
Generation 

Pre-Combustion 
Capture 
(Gasification) 

3.8 Pipeline, 
358 Km 

Dedicated Geological Storage, 
Offshore Deep Saline 
Formations 

China Resources 
Power (Haifeng) 
Integrated Carbon 
Capture 
And Sequestration 
D t ti  

 

Identify 2018 Guangdong 
Province, China 

Power 
Generation 

Post-Combustion 
Capture 

1.0 Pipeline, 
150 Km 

Dedicated Geological Storage, 
Offshore Deep Saline 
Formations 

Dongguan  
Taiyangzhou IGCC 
With CCS Project 

Identify 2019 Guangdong 
Province, China 

Power 
Generation 

Pre-Combustion 
Capture 
(Gasification) 

1.0-1.2 Shipping, 200-
250 Km 

Dedicated Geological Storage, 
Offshore Depleted Oil And/Or 
Gas Reservoir 

Datang Daqing CCS 
Project 

Identify 2020 Heilongjiang 
Province, 
China 

Power 
Generation 

Oxy-Fuel Combustion 
Capture 

1.0-1.2 Pipeline, 
Distance Not 
Specified 

Dedicated Geological Storage, 
Onshore Deep Saline 
Formations 

Shenhua / Dow 
Chemicals Yulin 
Coal To Chemicals 
Project 

Identify 2020 Shaanxi Province, 
China 

Chemical 
Production 

Industrial Separation 2.0-3.0 Pipeline, 
<150 Km 

Dedicated Geological Storage, 
Onshore Deep Saline 
Formations 
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Project Name Project 
Lifecycle 
Stage 

Year Of 
Operation 

Location Industry Capture Type Capture 
Capacity 
(Mt) 

Transport 
Type 

Primary Storage Option 

South West Hub 
(Formerly South 
West CO2  
Geosequestration 
Hub) 

Evaluate 2020 Western 
Australia, 
Australia 

Fertilizer 
Production 

Industrial Separation 2.5 Pipeline, 80-
110 Km 

Dedicated Geological Storage, 
Onshore Deep Saline 
Formations 

Huaneng  Greengen 
IGCC Project (Phase 
2) 

Evaluate 2020 Tianjin, China Power 
Generation 

Pre-Combustion 
Capture 
(Gasification) 

2.0 Pipeline, 50-
100 Km 

Enhanced Oil Recovery 
Important, Dedicated 
Geological Storage 
Options Under Review 

Shanxi 
International 
Energy Group 
CCUS Project 

Identify 2020 Shanxi Province, 
China 

Power 
Generation 

Oxy-Fuel 
Combustion 
Capture 

2.0 Pipeline, 
Distance Not 
Specified 

Not Specified 

Shenhua Ningxia 
CTL Project 

Identify 2020 Ningxia Hui 
Autonomos 
Region, 
China 

Coal-To- 
Liquids 
(CTL) 

Pre-Combustion 
Capture 
(Gasification) 

2.0 Pipeline, 200-
250 Km 

Not Specified 
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 Appendix B  

IGCC Aspenplus® Modeling Data  

 
Table B1- Data from Air Separation Unit (ASU) 

Mole Flow Rate mol/hr AIR O2out N2 out N2 Vent 

N2 180243.46 811.21 107659.35 71772.90 

O2 110526.47 109983.91 325.50 217.00 

AR 6137.87 4918.04 731.89 487.93 

H2O 12321.84 0.00 0.00 0.00 

Total Flow kg/hr 309229.64 115713.16 108716.75 72477.83 

Temperature ºC 4.76 13.04 13.04 13.04 

Pressure kPa 1.28 109.97 109.97 109.97 
 

 

Table B2- Data from Coal Sizing Unit 

Input LIGNITE SL-WATER 

Mass Flow kg/hr 126024.80 58000 

Temperature 59 59 

Pressure 101.28 101.28 

Output SLURRY-A SLURRYC1 SLURRYC2 SLURRY-D FUELOUT 

Mass Flow kg/hr 67859.50 33929.75 33929.75 67859.50 67859.50 

Temperature ºC 39.21 39.21 39.21 39.21 39.21 

Pressure kPa 101.28 101.28 101.28 101.28 101.28 
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 Table B3- Data from Gasifier Unit 

   

 

 

Mass Flow 
kg/hr ATOMS OXYGEN SYNGAS BLACKWTR HPS-OUT 

SYNGAS-
B 

N2 1080.85 811.21 2675.36 29.99   2675.36 

O2 13402.55 109983.91 148.50 3.42   148.50 

AR   4918.04 4782.84 132.83   4782.84 

H2O 107248.56   17858.05 164789.15 299374.04 17857.99 

CO     18725.29 210.36   18725.29 

CO2     123274.10 1633.78   123274.26 

S       0.51     

COS     0.24 0.24   0.02 

H2S     0.38 2.13   0.51 

O2S     1211.94 1280.45   1211.94 

O3S     0.25 0.51   0.25 

H2 3170.50   610.71     610.71 

NH4
+       48.06     

H3O+       23.86     

CL-       0.01     

OH-             

HSO3
-       317.67     

Total Flow 
kg/hr 124902.46 116609.76 169287.67 168472.96 299374.04 169287.67 

Temperature 
ºC 15.56 110.35 152.89 156.58 1255.98 1476.96 

Pressure 
MPa 4.96 4.1 2.8 2.75 13.2 2.1 
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 Table B4- Gas Cleaning Unit 

 Mass Flow kg/hr GAS-A N2-IN TREAT H2S 

N2 2673.179 107659.4 97371.86 233.005 

O2 148.3748 325.5 281.3931 0.881881 

AR 4778.934 731.89 4771.305 1.545017 

H2O 17843.42 - 316.3023 1.72E-16 

CO 18710.01 - 18086.2 - 

CO2 123173.7 - 57128.28 1226.561 

COS 0.023998 - 8.98E-07 2.35E-07 

H3N 0.002762 - - 1.36E-13 

H2S 0.505798 - 14.57317 0.140938 

O2S 1210.953 - - 9.26E-10 

O3S 0.250244 - - 4.97E-23 

H2 610.2153 - 611.0533 - 

CH4 1.15E-06 - 9.43E-07 - 

HCL 2.28E-07 - - - 

MEOH - - 16.44064 1.42E-19 

Total Flow kg/hr 169149.6 108716.7 178597.4 1462.134 

Temperature ºC 153 72 -37 -61 

Pressure MPa 2.76 2.76 2.76 2.76 
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Table B5- Desulfurization Unit  

Mass Flow 
kg/hr H2SFEED BURNAIR S SULFUR SS3LAST 

N2 233.0049669 0.217897 233.2228 1.82501E-05 233.41 
O2 0.881881436 0.066162 0.881881 7.15555E-08 0.8826 
AR 1.54501657 - 1.545016 1.38769E-07 1.5462 
H2O 1.71991E-16 - 0.074498 3.05534E-06 0.07 
CO2 1226.561294 - 1226.561 0.00045848 1227.562 

S - - 0.132602 - - 
COS 2.34812E-07 - 2.348E-07 - - 
H3N 1.36149E-13 - - - - 
H2S 0.14093842 - - - - 
O2S 9.25716E-10 - 9.256E-10 - - 
O3S 4.97009E-23 - - - - 
S-S - - - 0.132602302 - 

MEOH 1.42381E-19 - - - - 
Total Flow 

kg/hr 1462.134101 0.284059 1462.418 0.133082301 1463.475 
Temperature 

ºC -61 21.1 1148 149 149 
Pressure kPa 551 172 165 101.35 101.35 
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Table B6- Water Gas Shift Unit  

Mass Flow kg/hr SYNGAS SYN-CO2 

N2 97371.86 97363.69 

O2 281.3931 281.3027 

AR 4771.305 4771.256 

H2O 316.3023 0.9648 

CO 18086.2 4283.299 

CO2 57128.28 78750.91 

COS 8.98E-07 8.98E-07 

H2S 14.57317 14.52871 

H2 611.0533 1604.427 

CH4 9.43E-07 9.34E-07 

MEOH 16.44064 79.3568 

Total Flow kg/hr 178597.4 187149.7 

Temperature ºC 93 93 

Pressure MPa 2.7 2.7 
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Table B7- Selexol® Unit 

Mass Flow kg/hr SYN-CO2 CLEAN-SYN 

N2 97325.1 97325.1 

O2 281.3027 281.3027 

AR 4771.256 4771.256 

CO2 78815.2 3940.76 

H2S 14.52871 14.52871 

H2 1604.427 1604.427 

CH4 9.34E-07 9.34E-07 

MEOH 79.3568 79.3568 

CO 4283.299 4283.299 

H2O 0.964801 0.964801 

Total Flow kg/hr 187175.4 112301 

Temperature ºC 50 73 

Pressure MPa 2.7 1.8 
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