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Abstract 

The continuously increasing demand for energy has resulted in the fast depletion of 

conventional energy sources, resulting in a high degree of environmental issues 

worldwide. This thesis consists of a review and model development to determine the 

opportunities and impacts (i.e. cumulative equivalent CO2 emissions produced) of 

implementing various clean and transitional energy systems within the context of a large 

scale power facility (the Boundary Dam Plant, in Canada). Based on conducted work, it 

was recommended that there was potential for co-generation facilities using renewable 

energy systems (i.e. biogas) equipped with carbon capture and storage. An emission 

forecasting model was developed to incorporating the long term production of emissions 

from the construction, operations and potential closure of an existing coal-fired and 

NGCC facilities, while considering the emission impacts of technological 

implementation, demand market requirements, and long term emission impacts within the 

atmosphere. The technologies had been evaluated on the basis of effective plant capacity 

(GW) and cumulative plant equivalent CO2 emissions (tonnes/GWh). Modelling metrics 

were applied to the Boundary Dam Power Station in Saskatchewan, Canada, an existing 

coal-fired power plant and site of the world’s first commercial CCS facility. The plant 

has been assessed on the basis that natural gas conversion of the facility will happen 

within the next 4 years, due to provincial and national regulatory and demand constraints. 

Based on the results provided by means of the developed model for the 15 year 

projection, it was concluded that the best development for the Boundary Dam facility 

(lowest cumulative equivalent CO2 emissions while meeting downstream energy demand 



 
 

II 

over the projected timeframe) was to begin the construction and operation of a Natural 

Gas Combined Cycle (NGCC) plant equipped with CCS on the operating turbines. 

Alternatively, if these cases were analysed at a 35 year scenario, the best development 

was through the construction and operation of a NGCC biogas integrated plant equipped 

with CCS on the operating turbines. 
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CHAPTER 1: Introduction 

1.1 Clean Energy Philosophy 

Today's increasing energy demands have resulted in the depletion of conventional energy 

sources, bringing about a high degree of economic, societal, and environmental issues 

across various climates. Since the protection of the environment has been a concerning 

issue across the globe, the use of cleaner fuels, and transitional systems have been 

considered as potential systems for clean energy development (Singh, 2013). Through the 

drive of government and public initiatives, intensive research into new and more efficient 

means of producing energy is underway. The International Energy Agency (IEA, 2011) 

has determined that the world demand for energy will rise within the foreseeable future. 

This increase has been largely driven by the developing world. With this expansion in 

energy demand, the creation of multi-billion dollar opportunities and industries to ensure 

the stable, economical, and environmentally feasible production of energy is under way. 

While alternative energies have fallen short with respect to the cost of conventional fuels, 

the aid due to government subsidies for research and development have increased the 

potential for these new technologies to become more efficient and accessible on 

individual and/or industry wide scales. It is important that the development of both 

incremental and revolutionary innovations occur to ensure greenhouse gas (GHG) 

reduction targets can be met effectively within a respective time frame. Bosetti et al., 

(2009) predicted that increases in public expenditures for alternative energy research and 

development should continue to occur (i.e. an upward trend) for the next 30 years. Over 

the last ten years, Canada has focused mainly toward the development of its resources to 

drive the economy, but has a dearth on technologies that may utilize those resources 
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(Kimber and Gibbins, 2011). As development and regulation within the country turn 

towards clean energy alternatives, the choices made over the next 15 years will be critical 

regarding the reduction or progression of climate change processes (NCE, 2014). Within 

the province of Saskatchewan, the use of clean energy technologies over conventional 

coal power production is under consideration to meet ambitious emission targets. 

Therefore, based on the potential growing demand for clean power production, it is 

pertinent to assess the potential for new energy development, cleaner fuels and 

transitional systems that best balance the province's economic, social and environmental 

goals. 

1.2 Nature and Scope of Work 

As the global shift from fossil fuels to clean and green energy progresses, it is paramount 

to consider how the development and use of these technologies affects social, economic 

and environmental climates over time. Based on results of previous research (Council of 

Canadian Academics, 2015; Skea and Nishioka, 2008), significant emission reductions 

are achievable within the coming decades, provided that a balance of flexible and 

stringent policies and regulations are in place. To make the transition to low-emission 

systems in Saskatchewan, the focus for improvement resides initially in improved 

technologies and modelling for coal power production, which currently comprises of 

approximately 21% of the province’s greenhouse gas emissions (Environment Canada, 

2015). One of the technological breakthroughs in focus is the implementation of Carbon 

Capture and Storage (CCS) and co-generation potential with renewable sources within 

the global energy marketplace. This "marriage" between both renewable and non-

renewable technologies has the potential to create an effective transition as energy 
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production and demand change. Based on the social and environmental need for 

technological adaptation, there is an inherent need to develop a model for analysing this 

“marriage of systems” to ensure that the environmental impacts are minimized while 

production potential meets the demand market. This thesis is split into two distinct topics 

outlining the following:  

The evaluation of the overlying opportunities regarding co-generative and clean energy 

technologies including transitional systems within Saskatchewan and Canada 

Review of the current and emerging environmental research (i.e. emissions), impacts, 

projections, challenges, and global needs for knowledge and understanding as to clean 

energy technologies and transitional energy systems will be discussed. This will be 

conducted through an extensive review of the two currently implemented technologies 

within the Canadian climate: Carbon Capture and Storage (CCS) and Natural Gas 

Systems. In addition to these energy systems, emphasis on the development and impacts 

of biogas technology provincially and nationally will also be addressed. 

Emission forecasting the future of clean energy from conventional fossil fuel development 

This chapter focuses on the development and results obtained for the emission forecasting 

model for the future of clean energy, given its application to the Boundary Dam coal-

fired facility. The model addresses and incorporates various components including the 

production of emissions from the construction, operations and potential closure of an 

existing coal-fired facility; while considering the emissions impacts of technological 

implementation, demand market requirements, and long term emission impacts within the 

atmosphere.  

This model can be applied to meet the projected demand of the Saskatchewan 
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downstream energy markets, ensuring long term forecasted power production with 

minimized emissions. The technologies are evaluated on the basis of effective plant 

capacity (GW) and cumulative plant equivalent CO2 emissions (tonnes/GWh).  

Modelling metrics were applied to the case study, which includes the Boundary Dam 

Power Station in Saskatchewan, Canada, an existing coal-fired power plant and site of the 

world’s first commercial post-combustion CCS facility for a coal-fired plant. The plant 

has been assessed on the basis that natural gas conversion of the facility will happen 

within the next 4 years, due to provincial and national regulatory and demand constraints. 

This timeframe can be justified through the report provided by National Energy 

Technology Laboratory (2012), which assumed a one year planning and two year 

construction period for a facility of similar proportions and output.  

Research efforts for this section were conducted in a joint collaboration with the 

Sustainable Gas Institute at Imperial College London1. Although the model was targeted 

toward the Boundary Dam Power facility, the proposed methodology has the potential to 

be extended to other power generation facilities aimed at reducing their emissions over 

time, under increasing climate change constraint policies, etc.  

 

 

 

 

                                                            
1 Under the supervision of Dr. Adam Hawkes and Dr. Sara Budinis 
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CHAPTER 2: An Evaluation of the Overlying Opportunities Regarding Co-

generative and Clean Energy Technologies Including Transitional Systems within 

Saskatchewan, Canada 

2.1 Canada's Current Energy Resources 

Canada resides on an extensive array of energy resources including both fossil fuels as 

well as low carbon emission sources. The main supplies for power generation within the 

country include fossil (coal, natural gas), nuclear and renewable (hydroelectric, wind, 

solar, and biomass) sources. Based on a report published by the International Energy 

Agency (2014a), Canada is regarded as the fifth largest producer of energy in the world. 

While Canada has an abundance of energy resources, the distribution of those resource 

deposits are not uniform throughout the country. Oil and natural gas production for the 

country occurs primarily in the West, with some offshore reserves to the East and in 

Arctic regions. With respect to hydroelectric power, Canada's existing hydropower 

production mainly occurs within the provinces of: Manitoba, British Columbia, Ontario, 

Quebec, as well as Newfoundland and Labrador. The potential for hydroelectric power 

has been promising for all provinces with the exception of Prince Edward Island (CAE, 

2012b; TEFP, 2013 - as cited in CCA, 2015).  

Much of Canada's energy system is dominated by fossil fuel energy systems as it 

accounts for the highest in energy production as well as consumption overall (CCA, 

2015). Additionally, it is prevalent that Canada is a major exporter of energy overall as 

large amounts of energy leave the country.  

For the successful implementation of energy production systems, Canada relies on the 

capacity to extract energy from its plentiful resources and transport it to related 
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infrastructure for processing to meet consumer demand (CAE, 2012). For example, the 

Canadian Academy of Engineering (2012) published a report outlining that 19 oil and gas 

refineries are present throughout the country with the combined capacity to process a 

total of two million barrels of oil per day. When it comes to transporting these materials 

to the consumer, the country's oil and gas pipeline network (extending over 700,000 

kilometres) brings these materials to the east and U.S. for processing and ultimately 

distribution. Furthermore, with respect to Canada's uranium industry, the raw compounds 

are mined within Saskatchewan and then transported to Blind River and Port Hope for 

processing, distribution, as well as usage within nuclear power technologies such as the 

Deuterium Uranium (CANDU) Reactor.  

The overall management of the various types of resource extraction, transportation, and 

electricity production systems falls under provincial jurisdiction and are dependent on the 

intra-provincial resources available. These regimes for regulating energy are also based 

on provincial jurisdiction, in which some areas contain vertically integrated crown 

corporations (i.e. Saskatchewan), while others have adopted to evolve toward partial 

market liberalization (i.e. Ontario and Alberta). 

2.1.1 Saskatchewan's Energy Development 

Luiken (2015) states that the structure of electricity markets from province to province 

have an effect on how greenhouse gas emissions and energy production are managed. 

Within the province of Saskatchewan, the adoption of renewable energy resources such 

as solar, wind, and biomass energy have a bright future but do not play a large enough 

role in the grand scheme of energy production. Solar power production potential within 

Saskatchewan varies depending on the solar radiation and climate of the area but has the 
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potential to be adopted throughout southern regions of the country. With respect to wind 

power, many regions within the province have the potential (harness-able wind speeds) 

for adoption of these technologies but lack the funding and/or developmental "push" to 

make them more of a presence within the energy grid system (TEFP, 2013). For bio-

energy production, Canada has a wide range of resources that can be directly used as fuel 

sources, varying from liquids (i.e. biodiesel), solids (i.e. wood products), and gasses (i.e. 

bio-methane). To make these technologies more prevalent on the energy production 

market, Saskatchewan is planning to adopt the use of smart grid systems (Smart 

Metering) for energy development in an effort to improve the reliability, efficiency, and 

sustainability of their energy services. 

The continued development for clean energy within the province and the country overall 

will be one that requires compromise based on the vast landscape and varying climate. 

For the province of Saskatchewan, the development of existing systems with the co-

generative development of new systems is an option to ensure effective economic 

development through resource extraction, while still meeting stringent emissions targets 

over the next 10 to 35 years. The following sections will describe the current clean 

energy technologies available within Saskatchewan, as well as the new and emerging 

research for potential technologies within the next 15 years. These technologies have the 

potential to be co-generative in nature, therefore acting as possible cleaner energy 

alternatives for a province reliant on fossil fuels for energy production.  

2.2 The Need for Improvement and Development - Current Available Technologies 

Low-emission sources of electricity have been prevalent and established within Canada 

for decades. It has been estimated that approximately 80 % of the Canadian population 
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lives in areas that already benefit from low-emission power generation systems 

(Environment Canada 2015). For the country, the challenge is to transition provinces that 

are reliant on high-emission energy production into low-emission generation while still 

meeting the growing demand of consumers. Transitional energy technologies, as well as 

government policy, become high priorities to ensure the wide and effective conversion of 

energy sources.  The transition and/or development of low-emission electricity systems 

within Canada's high emitting provinces are important in order to reach global emission 

standards for two distinct reasons:  

1. The current electrical grids rely heavily on fossil fuels to produce thermal power for 

conversion into electricity. As a result of this electrical production, power generation 

facilities emit a large share of the total emissions for the country. Based on a report 

published by Environment Canada (2015), the generation of electricity within the 

provinces of Saskatchewan and Alberta accounts for approximately 21 and 18 % of 

the total greenhouse gas emissions for those areas.  

2. The overall availability of low-emission power production enables the effective 

reduction of emissions by giving sectors and individuals the opportunity to switch 

from fossil fuels to electrical energy sources (ex. conventional gas vehicles to 

electric). This principle of system-wide reduction has been widely studied (IPCC, 

2014b; Sachs et al., 2014 - as cited in CCA, 2015) and shown to be instrumental for 

lowering emissions.  

A number of technologies can be incorporated to transition high-emission energy 

production into low-emission generation. Within the province of Saskatchewan, for 

example, 55 to 62 % of the energy produced for the province comes from coal sources 
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(Prebble, 2011). With the high use of coal-fired power plants, the goal of adapting coal-

burning facilities has been key in reducing greenhouse gas emissions to meet short term 

emissions standards. To increase efficiencies within coal generation facilities, the use of 

newer coal-fired power plants are an option for facilities under construction. These units 

have greater efficiencies to that of conventional plants due to the use of steam at higher 

pressures and temperatures. Based on work conducted by Larson et al., (2012), a 

conventional (sub-critical) pulverized coal plant has an efficiency of approximately 38 %, 

while advanced coal plants (supercritical and ultra-supercritical) have the potential to 

achieve efficiencies of 40 to 45 %. For older conventional coal-fired power plants, 

adaptations can be made to increase efficiency and therefore produce more power with 

less resources and emissions (Campbell, 2013). Increasing the efficiency of these fossil-

fuel plants will lead to emission reductions approximately proportional to that of the 

efficiency difference (5 % efficiency increase = 5 % emissions reduction) (Linn et al., 

2013).     

Aside from adaptation, a large number of technologies currently have the potential to be 

incorporated as a low-emission addition or replacement for the current high-emission 

production. The following sub-sections will discuss two current alternative technological 

groups that have the potential to be incorporated and/or replace coal fired power plant 

technology within the province of Saskatchewan. What makes these systems unique is 

their potential for integration through transition (co-generation) within the province 

allowing for the successful and subtle changeover without drastic economic or social 

impacts to the province or consumers.       
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2.3 Carbon Capture and Storage Systems 

2.3.1 An Overview of Carbon Capture and Storage Systems 

The use of carbon capture and storage technologies has substantial potential for reducing 

greenhouse gas emissions within Saskatchewan. These systems consist of a set of 

technologies that are used in combination to reduce emissions (specifically carbon 

dioxide) from large point source facilities (e.g. coal-fired, gas-fired and natural gas 

facilities). As adapted from Bruckner et al., (2014), a complete carbon capture and 

storage system consists of four key elements: 

1. The separation, capture, and compression of gaseous carbon dioxide taken from a 

large, stationary point source, into a liquid or liquid-like state. 

2. Transporting the compressed carbon dioxide to a location that can accommodate 

long-term geologic storage. 

3. Successful injection of the carbon dioxide into deep, stable, underground geologic 

formations. 

4. The use of measuring, monitoring, and verification practices/technologies to 

safeguard permanent storage occurs without migration.  

There is still a high degree of debate as to the effectiveness of CCS and the technology’s 

ability to reduce carbon emissions effectively without creating other long-term 

consequences later on. Some of these pros and cons with developing CCS technology are 

listed shown in Table 2.1.  
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Table 2.1: Pros and Cons of Developing and/or Implementing CCS Technology 

Pros of Development Explanation 
Dramatically Reduce 
Fossil Fuel Emissions 

With the use of CCS technology, in theory, carbon emissions should be cut by 
approximately 80 to 85 percent without any renewable development and 
implementation (DOE, 2009).  
 

Widely Deployable to 
Large Energy Sources 

As political commitment becomes more widespread for using and developing 
CCS technology, large scale deployment will be likely universal (DOE, 2009).   
 

Low Risks with Storage 
and Minor Impacts for 
Leaked CO2 

Based on a study conducted by Ansolabehere et al., 2007, it was estimated that 
the fraction of CO2 stored after 100 years would be greater than 99 % and 
would continue to exceed this percentage for the next 1000 years. Even at the 
estimated leakage rate of 1 % every 100 years, it would take until 20,000 A.D. 
before the CO2 levels in the atmosphere would be as bad as no storage at all 
(IPCC, 2005). 
 

Cons of Development Explanation 
Delays the Transition to 
More Renewable 
Systems 

Montague (2008) states that the ideal solution for the issue of global climate 
change would be to progress the acquisition of energy from all renewable forms 
(sunlight, hydro-power, dams) and stop making waste CO2. The solution needs 
to be applied to the source of pollution (i.e. emission generators) instead of 
managing the wastes produced.  
 

Requires Significant 
Energy (inefficient) 

Based on an article by Bryce (2014), the process of capturing carbon dioxide 
from the flue gas stream is an energy intensive process, reducing the plant 
output by as much as 28 %. Since the global energy sector is straining to meet 
the downstream demand for electricity, the option of CCS at its current 
development may place financial strains on businesses open to incorporating it.  
  

CCS Will Not Spread 
Without Carbon Pricing 

Norris (2010) explains in an article that the implementation of CCS 
technologies will be challenged due to the high capital costs of plant 
construction and retrofits to existing facilities. Additionally, operational costs 
are high due to reductions in plant efficiency which end up declining revenue 
for power agencies or being pushed as an additional cost to the downstream 
consumer.  

 

2.3.2 Impacts of Carbon Capture and Storage Technology 

Through work conducted by the GCCSI (2011), carbon capture and storage has been 

recognised as being critically important toward de-carbonization within areas that are 

heavily dependent on coal as a fuel for electricity production.  Realizing the changes 

needed to reduce global climate change, the International Energy Agency (2012) 

developed a model (2DS scenario) that focuses on the technological change. This 

scenario is focused on an 80 % chance of limiting the overall global temperature to a 
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maximum increase of two degrees Celsius within the long term. Based on 2DS 

projections, it was estimated that by the 2050s, approximately 63% of coal fired power 

plants (~630 GW) will be equipped with carbon capture and storage facilities worldwide. 

Additionally, the projections indicate that aside from coal generation adaptations, CCS 

systems will be adapted to approximately 18 % of all gas-fired plants (~280 GW) and 9 

% of all biomass plants (~50 GW) worldwide (IEA, 2012).   

 

If carbon capture and storage technologies were to be removed as an emission reduction 

option for electricity generation, based on the 2DS model, it would require an additional 

capital investment of 40 to 57 % to ensure the regulation targets were met. Additionally, 

in response to this removal, there would be approximately a 13 and 30 % increase in 

renewable and gas-fired generation with approximately a 5 % decrease in coal-fired 

generation (IEA, 2012). Therefore, under this scenario, the development of CCS 

technologies would be beneficial as an economic investment for the successful reduction 

of carbon dioxide emissions. For Saskatchewan, the impacts and process of implementing 

CCS systems are already underway. As a province that has been a world innovator in 

CCS technology, Saskatchewan had established the world's first commercial scale coal-

fired post-combustion carbon capture and storage system, which was adapted to the 

Boundary Dam Power Station in the fall of 2014 (CCA, 2015). With continued 

development into CCS systems within the province, Saskatchewan is in the process of 

achieving desired emission standards without resorting to major changes in energy 

production.  
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2.3.3 Global Needs for Carbon Capture and Storage 

Overall, the integration of CCS technologies will have a high degree of effect on the 

global market, accounting for a large reduction in emissions worldwide. As summarized 

from Schlömer et al., (2014), the integration of these technologies within power facilities 

alone have the potential to reduce direct emissions by approximately 85 to 90 %. 

Additionally, when implemented on a global scale, CCS technology has the potential to 

reduce equivalent CO2 emissions to roughly the same magnitude of energy efficiency and 

energy substitution combined (Benson et al., 2012).  

With a future using CCS technology, based on the 2DS prediction scenario, 55 % of the 

total carbon dioxide produced will be captured between the periods of 2015 and 2050. 

Unfortunately, this amount of capture has been predicted to be variable based on the 

region in which the technology is being used. For example, in Organisation for Economic 

and Co-operation and Development (OECD) Asia and Oceania, it has been predicted that 

only 29 % of their carbon dioxide produced will be captured; while in non-Organisation 

for Economic and Co-operation and Development (non-OECD) America and China, 

capture will be greater than 70 % (IEA, 2012). Under this 2DS scenario, the success of 

implementation relies heavily on non-OECD countries (i.e. China). The projections state 

that by 2050 approximately one-third of power generation should be equipped with 

carbon capture and storage technology within China alone (61 % of coal-fired production 

plants). North America falls second to China with respect to implementation and is 

expected to have almost all coal fired plants and 36 % of natural gas fired plants to be 

equipped with the technology (IEA, 2012).  

Based on the 2DS scenario (IEA, 2012), it was predicted that the effective deployment of 
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CCS technologies between 2015 and 2030 would result in the capture of 1.60 GtCO2 in 

non-OECD countries and 860 MtCO2 in OECD countries (accounting for approximately 

30 % of the cumulative mass of CO2 within OECD countries). From this simulation data, 

it is pertinent that non-OECD countries implement CCS technology effectively to ensure 

that reduction targets can be met. 

2.3.4 Challenges for Incorporating Carbon Capture and Storage Systems 

With the potential for further incorporating CCS systems within the province of 

Saskatchewan, there are numerous challenges regarding technological 

reliability/efficiency, costs, public acceptance and management systems, etc. that need to 

be addressed. Through recent research and full scale operation of CCS systems, some 

concerns have been prompted regarding formation suitability and injection well integrity. 

Shaffer (2010) conducted a theoretical study to calculate the potential leakage rate for 

CCS projects to ensure that low-emission future targets could be met. Based on the 

Shaffer's theoretical calculations, to meet these reduction targets, the leakage rate would 

need to be less than 1 % of the stored carbon dioxide per thousand years of storage. It 

was also noted by Shaffer that the realities of meeting these targets present new 

challenges, as small, un-monitored leaks have the potential to lead to large cumulative 

releases over time.   

With respect to the widespread, large-scale deployment of CCS technology, the concept 

faces several barriers. The incorporation of CCS into power plant facilities significantly 

increases the costs for capital and operations relative to their original baselines. With 

respect to a coal-fired energy production scenario, the implementation of a CCS system 

resulted in a reduction of overall electricity output (known as parasitic load) by 
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approximately 15 to 30 % (Benson et al., 2012). This range in power usage is dependent 

on the type of energy production facility used with CCS. For example, a report from the 

International Energy Agency (2011) estimated the energy usage for integrating CCS with 

coal-fired and gas-fired production plants. The results of the report indicate that for a 

typical coal-fired power plant with a post-combustion capture process, the increase in 

resources required was increased by approximately 25 to 30 %; for a pre-combustion 

capture integrated gasification combined-cycle (IGCC) plant, the increase in resources 

was approximately 20 to 25 %; for a post-combustion natural gas combined-cycle 

(NGCC) plant, the increase in resources was approximately 15 to 17 %.    

Based on these estimations, the current available capturing processes requires substantial 

amounts of energy to ensure that the carbon dioxide is separated from the flue gas stream, 

therefore posing an economic challenge for effective implementation. This additional 

energy requirement (i.e. energy penalty) for incorporating the CCS process results in 

increased consumption of fuel, resources, and water required by the power facility to 

maintain the same energy production, to ensure consumer demand is effectively met. It is 

important to keep in mind that a plant with CCS will always be more expensive than a 

plant without CCS, unless the reduction in CO2 emissions has economic benefits (ex. 

governmental incentives for CO2 emissions reduction). 

With respect to consumer costs, the impacts of incorporating the additional capture 

equipment (capital), as well as the impact to power plant energy, results in an increased 

Levelized Cost of Electricity (LCOE - the present unit-cost of electricity over the lifetime 

of its generating source) between 33 (for NGCC facilities - post combustion capture) and 

64 % (for pulverized coal plants - post-combustion or oxy-combustion capture). The 



Chapter 2: The Overlying Opportunities of Co-generative and Clean Energy 

16 
 

following table gives a visual representation of the average cost and performance impacts 

of adding CCS within OECD countries.  

The research conducted by McGlashan and Marquis (2007) as well as Bhown and 

Freeman (2011) (as cited in IEA, 2012) states that there is strong potential for innovation 

within the CCS process. Their claims were supported by calculating the theoretical 

minimum work required to 

capture the carbon dioxide from the post-combustion process at a coal fired power plant.  

Table 2.2: Average Cost and Performance Impacts of Adding CCS within OECD 
Countries (Adapted from IEA, 2011) 

 

Capture Route Post-combustion 
Coal Pre-

combustion 
Oxy-Combustion 

Natural Gas-Post-
combustion 

Reference plant 
without capture 

PC IGCC (PC) PC NGCC 

Net efficiency with 
capture (LHV, %) 

30.9 33.1 31.9 48.4 

Net efficiency penalty 
(LHV, %) 

10.5 7.5 9.6 8.3 

Relative net efficiency 
penalty 

25 – 30 % 20 – 25 % 20 – 23 % 15 – 17 % 

Overnight cost with 
capture (USD/KW) 

3808 3714 3959 1715 

Overnight cost 
increase (USD/KW) 

1647 1128 1696 754 

Relative overnight 
cost increase 

75% 44% 74% 82% 

LCOE with capture 
(USD/MWh) 

107 104 102 102 

LCOE increase 
(USD/MWh) 

41 29 40 25 

Relative LCOE 
increase 

63 % 39 % 64 % 33 % 

Cost of CO2 
avoided(US$/tCO2) 

58 43 52 80 

 

This value was at approximately 4 % (~160 MJ/tonne of carbon dioxide) of a plant's 

electrical power output, a potential 11 to 26 % decrease from our conventional CCS 

technology.  

Currently technologies and performance improving techniques are available to effectively 
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reduce the energy penalty brought on by CCS on the power production system. One 

option is to increase the performance efficiency of both the carbon dioxide separation and 

power generation processes to ensure the maximal power is being produced with minimal 

resources. For processes such as oxy-combustion and pre-combustion capture, this would 

involve increasing the efficiency of air separation (Zhai and Rubin, 2010). With respect 

to the consumption of water resources, there are numerous approaches that can be 

adopted to limit water usage (i.e. dry cooling). For Saskatchewan, these techniques for 

water conservation may not need to be considered during implementation, as water 

availability is currently not a limiting factor for power generation. 

The economics of implementing CCS technology are more beneficial within newer 

facilities over old ones due to factors such as age, existing flue gas treatment, equipment 

space, size, and potential access to storage and transportation options (IEA, 2012). With 

respect to decreasing consumer cost, the LCOE can be reduced by directly reducing the 

energy penalty, capital and contingency costs for plants equipped with CCS (specifically 

those with new technologies). The conclusions from McDonald and Schrattenholzer 

(2001) (as cited in IEA, 2012) suggest that as many of the other technologies lean off, the 

overall effects tend to decrease as the capacity increases. This has been seen by Rubin et 

al., (2007) who determined that as the installed capacity doubles for CCS technologies, 

the costs for implementation within coal fires power plants decreases between 3 and 5 %.  

The use of CCS technologies also increases the cost of power generation though parasitic 

load. For new plant developments, the cost of incorporating CCS technologies results in 

an increased cost of approximately 80 % from an average cost of $0.061/kWh to that of 

$0.11/kWh (BP, 2013). For use of CCS technology in combined-cycle natural gas 
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facilities, the cost would increase to approximately 21 %, resulting in an average cost 

increase from 7.1¢/kWh to 8.6¢/kWh (BP, 2013). These costs depend on the distribution 

and storage of carbon dioxide, although they are small increases compared to the full cost 

of implementing the technology. Additionally, the costs do have potential to decline as 

time and technological development progresses specifically within CCS.  

The conclusions regarding fugitive emissions impacts as determined from Bruckner et 

al., (2014), were based on environmental assessments conducted for both research and 

full-scale injection sites. In areas that exhibit long term geologic stability, the risk of any 

form of leakage is low and declines substantially once the injection well has been closed 

off (Bruckner et al., 2014). A review conducted by Benson et al., (2012) supports this 

claim, stating that the geologic storage reservoirs for CCS injection were considered very 

likely to retain nearly all of the carbon dioxide long enough to provide the intended 

benefits that the technology was intended to accomplish. Additionally, Benson et al., 

(2012) concluded that the risk of leakage within the capping formation had the potential 

to be mitigated through the use of long-term monitoring and storage facilities and 

equipment.   

2.3.5 Future Projections for Carbon Capture and Storage Technology 

To meet the Canadian emissions targets, Saskatchewan will have to rely on a 

combination of conventional, transitional, and clean energy technologies to ensure an 

effective reduction in greenhouse gas emissions. A study conducted by the National 

Round Table on the Environment and the Economy (2009) predicted that CCS will 

account for the greatest single source of emission reduction with respect to the generation 

of electricity across the globe. For Canada this statement is further supported through an 
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inventory on carbon sequestration potential conducted by the NACSA (2012). The 

research concluded that the formation storage capacity for the country was approximated 

to be 132 gigatonnes, providing Canada 600 years of emissions storage space. It is 

important to note that the location and accessibility of these locations are variable based 

on the geographical region within Canada. With this high degree of storage capacity, 

there is great potential for the implementation of CCS technology for use in long term 

development of clean energy and transitional energy solutions. This effective storage 

capacity for carbon emissions may prove useful in meeting the countries target to reduce 

GHG emissions to 30% below their 2005 levels by 2030. 

One potential technology that is gaining major headway with CCS technology is through 

the use of gas-fired power generation. One technique involves applying the CCS process 

within the post-combustion process of the combined cycle gas turbine (CCGT) plant, 

reducing carbon dioxide emissions by approximately 90 % (CCA, 2015). This process 

selectively separates the carbon dioxide, compressing and transporting the compound to a 

permanent storage facility. Within this combined process, the amount of carbon dioxide 

is reduced to a volumetric concentration of 3 to 5 % (GCCSI, 2012a) compared to that of 

coal-fired generation at 10 to 15 %. Additionally, the energy consumed using the capture 

process is higher, attributing to a higher cost of energy production than that of coal-fired 

facilities (CCA, 2015).  

An alternative to using the post-combustion process for gas fired facilities, as described 

by the GCCSI (2012b), is to use CCS within the pre-combustion process, which is easier 

than that of post-combustion. This capture process involves converting the natural gas, by 

means of steam reforming, into carbon dioxide and hydrogen. The carbon dioxide 
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product is at a greater concentration than that of the post combustion process, as 

separation of the components are achieved using the acid gas compounds. Finally, the 

remaining hydrogen is then fired within the gas turbine.  

Finally, the third system of incorporating CCS within the gas-fired process is through the 

use of oxy-combustion, a process that produces end-products containing up to 90 % of 

captured carbon dioxide (dry). Once this product is dried, it requires no further 

processing and therefore can be transported and stored within the formation. Although 

the cost of this capture process combination is lower than that of the pre and post 

combustion processes, these savings are currently being offset by the requirement of 

additional oxygen brought through an air separation unit (GCCSI, 2012c). Currently 

research is taking place at Lacq in southwest France (GCCSI, 2012c), in which a 30 

megawatt terminal pilot oxy-combustion plant has been retrofitted to inject carbon 

dioxide into a depleted natural gas reservoir. 

The use of CCS with gas-fired energy production has the potential to effectively reduce 

emissions for the province of Saskatchewan. However, these emission reductions come at 

greater costs associated with energy and operation of the energy production system.  

Therefore, the development and implementation of this technology may need to occur 

through government incentives as well as improvements in efficiency through 

technological advancements.  
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2.4 Natural Gas Technology 

2.4.1 Overview of Natural Gas Technology 

Natural gas has been a versatile energy source for numerous sectors including the power 

generation, transportation, building, and industrial process. The components of natural 

gas fuels are clean burning (producing mainly carbon dioxide and water after 

combustion) and requires little post-combustion treatments for CCS injection compared 

to the same energy equivalent of coal. Natural gas contains a low carbon-to-hydrogen 

ratio, essentially producing substantially less carbon dioxide emissions than that of other 

fossil fuels. Additionally, when using this fuel in high-efficiency CCGT plants, when 

compared to other energy alternatives, emissions are further reduced, adding flexibility 

for responsive power demand fluctuations. Compared to coal-fired power, natural gas 

offers shorter construction times, as well as lower capital costs and emissions (CCA, 

2015). Gas-fired power plants are currently preferred over renewable power due to 

economic and technical considerations. The following table gives a visual comparison of 

the flexibility of gas-fired production plants over other energy facilities. 

Table 2.3: Flexibility of Gas with Other Energy Facilities (Adapted from CCA, 2015) 

  CCGT 
Coal 

(Conventional)
Hydro  Nuclear 

Start-up time (hot 
start) 

40 to 60 minutes  1 to 6 hours  1 to 10 minutes  13 to 24 hours 

Ramp Rate 
5% to 10% per 

minute
1% to 5% per 

minute
20% to 100% per 

minute
1% to 5% per 

minute
Time from zero to 

full load 
1 to 2 hours  2 to 6 hours  < 10 minutes  15 to 24 hours 

Minimum stable 
load factor 

25%  30% to 40%  15% to 40%  30% to 50% 

 

The demand and supply of energy is required to be constantly balanced in real-time to 
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ensure adequate downstream consumer demand is met. This demand fluctuates 

throughout the day requiring the production plants to meet base and peak loads. It has 

been shown that natural gas-fired facilities have the potential to operate under these load 

demands effectively and efficiently (CCA, 2015).  

Due to recent constraints within the investment environment, the lower associated risks 

attributed with gas power generation have sparked major investment over the past 10 

years. Additionally, there is a public and governing push for energy conservation as well 

as the development of renewable and clean energy technologies. This has resulted in 

slower demand increases for energy and declining nuclear support, pushing the 

development of natural gas fueled energy production (CCA, 2015). 

With respect to technical development, there are various types of gas-fired technologies 

that allow for the expansion of applications within large scale energy development. The 

following three technologies can be applied for a power production scenario:  

1. Combined Cycle Gas Turbine (CCGT) Equipped with Fuel Cells: 

CCGT equipped with fuel cells consist of solid oxide fuel cells (SOFCs) paired with 

gas turbines in a hybrid configuration for energy production. The high operating 

temperatures of the fuel cells as well as the hybrid configuration (cascading the 

energy potential of the natural gas fuel from a SOFC to the CCGT) increase the 

efficiency of the plant system to up to 70 %. The emerging technology of SOFC 

presents its own challenges which may impact the hybrid configuration and overall 

energy production. Further research needs to be conducted for high pressure operation 

(heavy use) of the plant configuration.  
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2. Integrated Solar Combined Cycle (ISCC) Gas Turbine:  

An ISCC plant comprises of a simple cycle plant, as well as a solar field used to 

produce steam for operation of the steam turbine and/or to raise the inlet temperature. 

This combination has the potential to be 10 % more efficient than conventional 

combined cycle plants (IEA, 2009). Additionally, the costs for incorporating this 

combination are relatively low, as the steam turbine as well as the generator are 

already part of the existing facility. The mechanical energy needed for turbine 

movement is provided from the heat recovery steam generator as well as the energy 

produced by the solar field, therefore increasing the capacity of the plant. What's 

unique about this system is that it can be operational when solar energy is not 

available. In this situation, the plant would operate at a reduced thermal and economic 

efficiency. The full scale use of these facilities are currently in planning and/or under 

construction in areas of Egypt, Algeria, Mexico, Iran, India, Morocco, Tunisia, Italy, 

and the United States. The defining factor that ensures the success of this technology 

combination is the choice in location. Operational efficiencies for these facilities are 

greatest in regions with high numbers of full sun days. Efficiencies for this 

technological combination range from approximately 61 to 90 % based on plants 

under 500 MW (US DOE, 2011).  

3. Humid Air Turbine System (HATS): 

A humid air turbine system (HATS) consists of a regenerative-gas turbine cycle plant 

(using humidified air) paired with a steam-removed CCGT system. The removal of 

the stream turbine system results in a more simplified plant configuration allowing for 

lower nitrous oxide emissions from the combustor, lower capital costs and ease of 
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operation. Additionally, due to the removal of the steam turbine system, start-up time 

is shorter, ramp up rate is higher and stable minimum load is lower than that of the 

CCGT. Due to the nature of this system configuration, the power output as well as the 

efficiency of the system are similar to that of the CCGT process. Currently 

efficiencies for these systems are over 50 % but have potential for improvement. One 

challenge of large scale incorporation of these technologies is through the 

development of a mechanism to inject moisture into the compressor system. One way 

to manage this challenge is through the employment of an advanced water-atomizing 

cooling system (created by Higuchi et al., 2008), further simplifying the cooling 

process. Pilot-scale, practical testing has begun in a facility within Japan (IEA, 2012).     

2.4.2 Impacts of Natural Gas Technology 

Natural gas has made a significant strives for using in energy production and 

development across the world. Its integration has been incorporated across industrial 

uses, heating buildings, and electricity generation, providing approximately 60 % 

(disregarding coal-intensive countries) of the new energy since 1990 (Lazarus, 2014).  

Conventional coal fuels are considered to be the most emission intensive, when compared 

to the same amount of energy produced from natural gas, due to the fuel’s high carbon 

content. The use of natural gas over coal releases approximately half (50 %) of the carbon 

dioxide emissions overall (when compared to coal emissions) in energy production 

(CCA, 2015).  These natural gas facilities, at their current operation, have the potential to 

play a role as transitional energy sources in energy development. This potential is through 

the use of a less carbon dense fuels, adaptive capacity for CCS systems as well as the 

potential for co-generation opportunities with renewable energy technologies.  
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Additionally, these units can potentially perform as load following or for peaking power 

during periods of high consumption (which may be unable to be met by renewable 

sources). Through the development of natural gas energy production, the potential for 

coal construction decreases as it becomes less economical due to increasingly stringent 

regulatory restrictions. Aside from effectively reducing carbon dioxide emissions, the 

principle of natural gas power generation allows for the incorporation of variable 

renewable energy resources (i.e. biogas). Natural gas facilities have the potential adaptive 

use for biomass sourced fuels, therefore extending their lifetimes and providing a net zero 

and/or net negative (with CCS) contribution to greenhouse gas emissions overall (Smith 

et al., 2014).  

Through research conducted by Lazarus (2014), it is probable that natural gas power 

generation will provide net climate benefits through the use of enforced robust climate 

policies as well as environmental regulations. To ensure the success of natural gas 

development for large-scale energy production, the following must be considered:  

1) The use of natural gas for energy production may provide a limited role due to its 

fluctuating market price over coal. The incorporation of policies and regulations to 

represent the social and environmental costs are essential to ensure the use of natural 

gas for energy development is utilized (Lazarus, 2014).  

2) Without the incorporation of carbon pricing as well as other emission reductions, 

abundant and cheap natural gas and coal supplies have the potential to displace lower-

carbon (i.e. biofuel) options while meeting an increasing energy demand. 

Additionally, the high capital investment as well as the long infrastructure life will 

lock out the potential of other zero carbon emitting options (Lazarus, 2014).  
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With these considerations in mind, policy makers should not be promoting gas as an 

emission reduction solution without supporting policies (i.e. carbon taxes). In addition, 

natural gas technologies should not be relied as the sole solution to the issues of climate 

change. Therefore, policies and regulation should be developed in an effort to regulate 

emission production practices by placing costs on carbon emissions and supporting low-

carbon/renewable technologies (Lazarus, 2014).  

2.4.3 Global Need for Natural Gas Technology 

Through the benefits of using this technology, natural gas has been the choice for energy 

production in many OECD countries including Russia, the Middle East, and North 

America. Globally, the overall generation capacity from natural gas power facilities has 

grown to approximately 150 % since 1990 (4,300 terawatt hours (TWh) in 2009), 

bringing its world generation share from 15 to 21 %. Aside from the exponential 

expansions of solar and wind energy production, natural gas has been regarded as the 

strongest power generation source within OECD countries (CCA, 2015).  

With respect to the current global market, natural gas represents a large share of the total 

energy supply, accounting for 24 % within OECD countries, 52 % in the former Soviet 

Union, 44 % within North Africa, 54 % in Russia, and 48 % within the Middle East (IEA, 

2014). China, being the 4th largest gas producer, has had the fastest growing market for 

natural gas fuel, with a 20 % increase per year between the years of 2009 and 2011. 

Demand for this resource is region specific, with approximately half of it coming from 

OECD countries from both the building and power sectors. Within the other high demand 

countries (Russia, the Middle East, and North Africa), demand for this resource has been 

majorly attributed to the power sector. For all of the countries discussed, their use of 
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natural gas for power generation has been the fastest-growing sector within the last 

decade (IEA, 2014). 

It is projected by the IEA (2012) that by 2035, China has the potential to produce 

approximately 400 billion cubic meters per year of unconventional gas, while India has 

projected to be producing one quarter of this level. This would increase the likeliness of 

gas having a larger role on the world market through the expansion of the liquefied 

natural gas (LNG) market as well as pipeline infrastructure. The expansion of these 

industries would potentially allow abundant low cost gas resources to reach areas that 

may be constrained from their availability. This would allow for the possible production 

of gas-fired facilities in areas that were originally fuel resource limited.   

The challenges associated with the above scenario are that there are numerous 

uncertainties that contest with the predictability of natural gas development. The 

relatively slow and capital intensive development of these industries is prevalent 

worldwide. Additionally, with the slow development of the natural gas market, the supply 

streams may be confined therefore struggling to meet the substantially growing demand 

within the energy production sector (NCE, 2014).  

2.4.4 Challenges of Implementing and Using Natural Gas Technology 

The expansion and growth of the natural gas industry would be greater if it weren't for a 

number of key challenges. With respect to today's technology and development, natural 

gas transport and usage amounts for a high degree of the challenges faced economically, 

socially and environmentally. Based on a report published by International Energy 

Agency (2014), numerous key challenges were identified with regards to the 

implementation and utilization of natural gas and its associated power production 
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technologies including:  

1) Difficult and dangerous to transport over long distances.   

2) The end-to-end cost of transporting liquefied natural gas (regarded as the only option 

in which  pipelines cannot be effectively built) are generally substantial and has been 

increasing sharply over the last decade. These increasing costs have been attributed to 

the high cost of capital intensive infrastructure along with an escalation of demand for 

the resource.  

Environmentally and socially, there are multiple concerns related to ethical practices of 

attaining and consuming natural gas fuels (NCE, 2014). With respect to emissions, the 

combustion of natural gas resources results negligible levels of mercury, sulphur and 

particulates compared those of coal combustion which are substantially higher. 

Additionally, the process does produce nitrous oxide, but at levels that are smaller than 

that of vehicular combustion as well as coal combustion processes (UCSUSA, 2013). By 

switching to natural gas from conventional coal, emissions reductions will result in public 

health benefits through reductions in conditions such as asthma, bronchitis, lung cancer, 

and heart disease for those within high exposure zones. Socially, the issues with natural 

gas come from the acquisition of this resource. Through sensitive processes such as 

fracking, development of oil and gas resources may cause individual and/or community 

wide health risks by means of source drinking water contamination. This contamination 

occurs through the migration of hazardous chemicals used in wellbore drilling, hydraulic 

fracturing, oil and gas processing and/or wastewater disposal. Additionally, these 

drinking water wells may become contaminated through the improper casing processes 

causing the leakage of naturally radioactive materials, methane, or other underground 
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gasses. Finally, the large volumes of water associated with fracking processes pose a 

concern regarding water availability for communities impacted. These risks regarding 

natural gas acquisition may intensify as increasing demand for this resource as a result of 

energy production is established (UCSUSA, 2013).   

2.4.5 Future Projections for Natural Gas 

Based on the 2DS scenario for 2030, the increase in power generation from natural gas 

sources is expected to occur. It has been predicted that after the 2030 period, this 

implementation tapers off within the OECD countries but becomes more prominent 

within non-OECD countries. These gas-fired plants will replace existing plants, providing 

and effectively meeting base-load power demands. Through the incorporation of gas-

fired technologies to produce electricity, the 2DS scenario predicts that this will not be 

enough to meet the required levels outlined in 2030 (IEA, 2012). These technologies will 

only be sufficient to providing a short to medium term solution as they effectively 

displace more carbon-intensive energy sources. Therefore, it is pertinent that 

development into renewable energies (i.e. wind, biomass, solar, hydro, etc.), carbon 

capture systems, as well as nuclear research occur alongside the development and 

incorporation of natural gas technologies. Nonetheless, natural gas has the best chance of 

reducing the peak demand loads while providing backup energy to ensure efficient and 

effective energy supply is met. The growth of natural gas will be dependent on a number 

of factors. The following table highlights these factors and their contribution to the future 

success of natural gas technology. 

While natural gas will improve energy security and reducing carbon emissions during the 

next 15 years IEA (2011), growth of this industry has been predicted to be slow as fossil 
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fuel use declines. Within the 2DS prediction scenario, the growth of natural gas is slow, 

with demand peaking in the year 2030, followed by a period of decrease. Based on these 

predictions, globally the 2030 production of natural gas will be 28 % higher than that of 

2009, with a 16 % increase within the year 2050 (IEA, 2012). Further projections within 

the 2DS scenario indicate that natural demand within non-OECD countries will increase 

by approximately 126 % for sections involving end users (end-use), as well as 24 % 

within the energy production sector. Within OECD countries, this demand is significantly 

lower, declining by 11 and 44 % for end-use and energy production respectively. Most of 

this decrease over the projected period (i.e. 2015 to 2035) will come mainly from 

renewable fuel transitioning (IEA, 2012).  
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Table 2.4: Factors that Influence the Development of Natural Gas Technologies (IEA, 
2012) 

 

Factors That Influence 
Development 

Supporting Evidence 

Competitiveness of natural gas 
prices versus other sources 

● High versatility allowing for competition within multiple 
demand markets. 

● Price of natural gas determines how competitive the fuel is 
with other power production fuels: 

 Lower prices of natural gas on the market encourage 
demand and increase competition but may also have 

an effect on the expenditure of capital. 
 Natural gas favours carbon taxation/pricing (low 

carbon fuel). 

Economic development 

● Economic development has generally translated into 
increased demand for gas related fuels. 

● As the economy develops, personal incomes and activities 
increase, resulting in increased demand for heat and 

electricity. This translates into increased demand for natural 
gas. 

● Natural gas growth has been the greatest within the power 
sector. 

Environmental impact of using 
other forms of energy 

● Depending on environmental policies, influence pricing 
and/or penalties, natural gas may be the most 

environmentally feasible alternative. 
● Combustion of natural gas does not require solid waste 

management and/or processing, compared to coal (disposing 
of coal ash) or nuclear (handling spent nuclear fuel) fuels. 

 

Government policies 

● National and provincial governing laws, regulations and 
support low-carbon technologies will have an effect on the 

demand for natural gas. 
● The goals of national and international bodies will affect the 

determination as to whether natural gas can be classified as a 
low-carbon technology. 

Access to supply and 
infrastructure 

● The current and future use of natural gas and its associated 
technologies are influenced by its overall supply. The supply 

is influenced by: 
 Fuel production from other sources 

 Availability of gas resources 
 Existing and future infrastructure and distribution 

both upstream and downstream

Changes in technology 

● Reductions in the energy demand for natural gas may occur 
through increased in power generation efficiency. 

● The need for more flexibility in the power sector (renewable 
and non-renewable energy) is pertinent for the success of 

natural gas technology. 
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2.5 Emerging Research within Renewable Energy Systems 

The use of renewable energy resources have come full scale at unexpected speeds within 

the energy market. Based on information provided by the International Energy Agency 

(2014), during the period of 1996 to 2001, only a 7 % increase in energy production came 

from renewable sources globally.  Within the period of 2006 to 2011, this figure had 

grown to almost a 27 % growth increase in energy production. Most of this renewable 

energy expansion has been attributed to the use and development of hydro-power, but 

large-scale options with respect to solar, wind and biomass energy production have also 

been brought to the energy production market.  Decades ago, forecasters did not expect 

wind, solar and biomass power to expand at such a rate until the 2030s (in which they 

would be marginal at best); these sources are now seen as key contributors to providing 

for the future global energy requirements (Turkenburg et al., 2012).  

While renewable systems have been undergoing several cost reductions within the last 

couple of decades, developing renewable energies have the potential to strengthen energy 

security for a country. This overall reduces the dependence on fossil fuels as well as 

exposure to global market volatility. Various types of renewable energies can be found 

worldwide in all economies across the globe (IRENA, 2014). Studies suggest that these 

renewable energy technologies have the potential to double its current market share in 

energy at a low cost by the year 2030 (IRENA, 2014).  Additionally, it has been further 

projected that renewable energies may supply approximately 70-75 % of the global 

energy demands by the year 2050 (Turkenburg et al., 2012). With respect to biofuel 

development, there have been major advancements within the technological and 

economic progressions of various technologies involving bio-fuels. The following sub-
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sections give a brief overview and analysis for the implementation of biogas 

technologies. 

2.6 Biogas Technology  

2.6.1 Overview of Biogas Technology 

The incorporation and/or expansion of biogas energy technologies are dependent on 

improvements in cost and performance, as well as through the implementation of 

government initiatives and policies.  

The production of biogas is conducted through the digestion of an organic feed-stock in 

anaerobic conditions. These materials are broken down through the use of methanogens 

(methanogen bacteria) in a process called bio-digestion. For practical purposes, a bio-

digester is used to react the components of the feed-stock and the methanogens as well as 

to provide the anaerobic conditions for efficient digestion. The bacteria required to 

perform the anaerobic digestion are typically found within the organic materials 

themselves (generally no additional bacteria required) but require the conditions to thrive 

and produce biogas.  

As a result of the physical breakdown of the feed-stock by means of the methanogens, an 

effluent (i.e. bio-slurry) is produced. This bio-slurry contains mainly digested matter and 

water, containing high concentrations of mineral substances and nutrients (i.e. 

phosphorous (P), nitrogen (N), magnesium (Mg), and potassium (K)) (Rakotojaona, 

2013). Due to its valuable fertilizing properties, uses for this effluent can be 

predominantly toward the agriculture markets. Numerous studies have been performed on 

the fertilizing properties and applicability of bio-slurries as a replacement for manure and 
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inorganic fertilizers.  In agriculture rich areas of Ethiopia, crop yields increased 64 % for 

wheat and 72 % for barley after applying bio-slurry composts (Ejigu and Edwards, 2012). 

The resulting biogas is created consisting of the following chemical compositional 

components (Table 2.5). 

Table 2.5: Typical Composition of Biogas (Adapted from Rakotojaona, 2013) 

Component of Biogas Molar Composition (%) 
Methane (CH4)  45 to 65 

Carbon Dioxide (CO2) 25 to 45 
Water (H2O)  2 to 7 
Oxygen (O2)  Minor Traces 

Hydrogen Sulfide (H2S) Minor Traces 
Chlorine (Cl)  Minor Traces 
Fluorine (F)  Minor Traces 

 

The main component of biogas is methane, which makes up approximately 45 to 65 % of 

the total biogas composition. Due to its methane concentration, biogas is flammable, 

therefore making it a suitable fuel for heating and lighting. Biogas has also the potential 

to be used as a feed fuel for combustible engines, pending it meets fuel requirements 

based on the engine specifications. The combustion of biogas depends on the fuel 

utilization efficiency (i.e. the use and utilization of the fuel for a specific task or 

component) (Rakotojaona, 2013). The following table summarizes the typical efficiencies 

with regards to biogas use. 

Table 2.6: Efficiencies of Biogas Combustion Devices (Adapted from Rakotojaona, 
2013) 

 

Biogas Use  Combustion Efficiency (%) 
Heaters  88 
Stoves  55 

Engines  24 
Lamps  3 
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For Saskatchewan, as well as Canada as a whole, developments into using biogas for 

energy generation have been in development and operations for over a decade. Within 

Saskatoon, SK, (and Regina, SK as of November 2016) its Landfill Gas Collection & 

Power Generation System has been utilizing landfill biogases produced as a source of 

power to provide back to the electrical grid. Currently the power production plan reduced 

greenhouse gas emissions by over 45,000 tonnes per year, producing enough energy to 

power approximately 1,300 homes annually (City of Saskatoon, 2014).  

2.6.2 Challenges for Implementing Biogas Technology 

The challenges with successfully implementing biogas and bioenergy systems for large 

scale use are attributed mainly to providing a sustainable, sufficient and reliable supply of 

biomass for energy consumption. This becomes a challenge as there are numerous steps 

to develop the feed stock (from growing to harvest, gathering, transporting, and 

preparation) so as it can be suitable for large scale energy production purposes.  This 

challenges sets apart bioenergy production from other renewable energies as it has an 

extensive set of supply side technical steps to ensure a sufficient and quality fuel is 

developed for energy production. Additionally, when it comes to feedstock preparation 

for biogas, critical aspects of the supply chain have the potential to vary greatly from 

location to location and change as environmental, social and economic conditions alter. 

Therefore, based on the supply challenges, there is not a “one size, fits all solution” but 

rather a site specific solution (accounting for the biophysical and socioeconomic 

circumstances of each developed region) that should occur when it comes to feedstock 

biogas development. Generally, when it comes to biogas and bioenergy development, 

there are seven key areas that must be addressed given below (Kartha et al., 2005). 
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Table 2.7: Key Concerns with Large-scale Biogas Development  
(adapted from Kartha et al., 2005; Bond and Templeton, 2011)   

  
Areas of Concern  Effect on Biogas Development 

Resource Competition 

● Feed-stocks have alternative energy uses and there two 
different price markets 

● Difference in prices result in high biogas prices when 
compared to natural gas. 

● Determining the economic impacts of biogas is complex 
as it is difficult to assign a monetary cost without market 
values for the fuel.

Land Competition 

● Feed-stock crops have to compete with other production 
markets (i.e. food crops and/or livestock) 

● Based on the region, crop land may be expensive and in 
short supply, therefore resulting in crop producers 
favouring other markets for better prices. 

Land Intensity 
● Compared to other renewable sources, bioenergy crops 

typically require approximately 100 times more land than 
photovoltaic (PV) for the same electricity output.

Labour Intensity 
● Labour intensity per unit of biofuel energy produced is 

approximately 100 or more times greater than for fossil 
fuel extraction.

Handling Requirements 

● Feed-stock units may be relatively bulky and have a high 
water content, therefore requiring drying and storage. 

● Processes to store and process feed-stock materials 
require a high degree of management, capital costs and 
labour to be ready for power generation. 

Environmental Concerns 
● Current biomass activities can either positively or 

negatively affect the environments in which they are 
grown in.

Supply Uncertainty and Risks 
● Biomass supply has the potential to vary greatly 

depending on regional attributes and conditions.

 

2.6.3 Global Needs for Biogas Technology 

Based on work conducted by Jacobson and Delucchi (2011), renewable energy 

development is growing and has the potential to produce comparable, and even superior 

production of energy compared to present day fossil fuels. With respect to global 

application for biogas, the sourced feedstock has the potential to be diverse in nature (i.e. 

manure, organic fractions of municipal solid waste, biodegradable fractions of industrial 

wastes, as well as crop by-products such as straw) (WBA, 2013). The following table 

summarizes the feedstock options and potential for biogas worldwide. 
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Table 2.8: Potential for Biogas Development Worldwide (adapted from WBA, 2013): 

Resources 
Worldwide Production Potential 

(PJ)
Worldwide Production Potential 

(Gm3 of CH4)
Agriculture (manure, crop residuals, 

and energy crops) 
22674  630 

Waste materials (organics from 
municipal solid waste (MSW), agro-

industry and sewage sludge) 
13316  370 

Total feedstock potential 
(Agriculture and waste materials)

35990  1000 

 

Based on data for the European Union (EU), the potential for biogas without using 

energy crops is approximately 3.6 PJ per 1 Million inhabitants. Additionally, the 

availability of biogas would be sufficient to cover approximately 6.7 % of the global 

primary energy supply (532 EJ) (WBA, 2013).  

Globally the benefits of biogas switching can be seen environmentally, socially and 

economically, resulting in reductions in natural biomass resource use (i.e. switching from 

natural forests feedstock sources to agriculture waste) as well as greenhouse gas 

emissions overall (Rakotojaona, 2013). Through the reduction in natural biomass 

resources, specifically on an individual level (i.e. heating and cooking), demand for 

natural resources has the potential to be reduced to levels that can be naturally managed.  

Additionally, greenhouse gas emissions have the potential to be greatly reduced as biogas 

consumption generally is neutral with regards to these emissions. This can only be 

obtained provided that renewable feed-source fuels are used and process components can 

be controlled to the point where there is negligible methane leakage. In countries where 

burning wood or coal products is non-sustainable, the production and consumption of 

biogas allows for an environmentally feasible alternative (Rakotojaona, 2013).  
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2.6.4 Future Projections for Biogas and Renewable Energy Systems 

Based on numerous projections for the future development of solar, wind, and renewable 

energy, the overall growth will likely vary across multiple countries. With respect to high 

income areas, the predicted electricity generation from renewable sources will jump 

between 50 to 100 % (from between 10 to 70 %) in the year 2030 based on the region, 

economics, and policies in place (IEA, 2013). By 2030, based on the 2DS projection 

scenario (IEA, 2012), renewable energies will provide approximately a one third 

emissions reduction. The International Renewable Energy Agency (IRENA, 2014) 

projected that the total biomass primary energy supply would range between 97 and 147 

EJ per year worldwide by 2030.  The following table breaks down the different supply 

markets based on the IRENA (2014) projections for the year 2030. 

Table 2.9: Projected Supply Markets for Biomass Energy in 2030 (IRENA, 2014) 

Supply Market  Projected Global Energy Supply for Biofuel
Agricultural Residues and Waste Materials 37-66 EJ/yr (38-45% of total supply)

Bioenergy Crops 33-39 EJ/yr (34-26% of total supply)
Forestry Residues 27-43 EJ/yr (28-29% of total supply)

 

Based on the projection table above, the highest potential feedstock for biogas and 

biofuel generation resides in residues and waste materials produced from the agriculture 

industry. With Saskatchewan’s expansive agriculture industry within the south and 

central portions of the province, the production of a biogas feedstock is possible through 

the use of agricultural wastes and bioenergy crops.  

Over the past decade, under strong policy for biofuel development, Europe has seen 

increases within its installed biomass power capacity overall. In addition to Europe’s 

development, capacity additions are projected to occur within regions of the Asian 
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Pacific and Latin Americas by 2020 (Viresco Solutions, 2015). The growth of biofuel has 

occurred in North America mainly from the enhanced development of bio-refineries to 

produce advanced biofuels. Over the past decade, production of biofuel components have 

increased by approximately 6% per year (IRENA, 2014).  

The following table projected by IRENA (2014) gives a global representation of the 

estimated biomass applications as well as the demand growth between 2010 and 2030. 

Table 2.10: IRENA Projections for Biomass Demand and Supply Growth from 2010 to 

2030 (Adapted from Viresco Solutions, 2015) 

Projected Sector IRENA (2014) Growth Projection for 2030
% per year EJ per year

Buildings Traditional -4.1 -0.8
Buildings Modern 2.6 0.3

Industry  4.9 0.7
Transport  9.7 1.3

Power Generation 10.0 1.3
Total Demand  3.7 2.8

Total Supply 
Low 2.8 2.1
High 4.9 4.6

 

Based on these projections, in 2030 all modern uses of biomass will be available and in 

use within all different regions of the globe. Within the power generation sector alone, 

the demand for biofuels is projected to increase by approximately 10 % (1.3 EJ/year) 

accounting for approximately 46 % of the total biofuel growth demand. The figure below 

gives a visual representation of the demand growth for 2030 broken down by specific 

countries worldwide.   
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Figure 2.1: Average Global Annual Biomass Demand Growth Estimates (IRENA, 2014) 

As seen in the figure above, the largest annual growth can be seen within the 

transportation sector, accounting for between 115 and 240 PJ per year in the highest 

demand growth countries (Viresco Solutions, 2015). With respect to the worldwide 

supply of bioenergy, it is estimated to grow between 2.8 (low) and 4.9 % (high) by 2030. 

At a minimum, the low end supply estimation meets the demand growth of all modern 

power and heat generation (Viresco Solutions, 2015). 

Currently, most of the installed capacity resides within the European Union (28.3GW), 

United States (17GW), China (4.4 GW), and Japan (3.3 GW) (IRENA, 2014). Locally the 

province of Alberta has projected to see substantial growth within their biogas sector by 

the end of 2016. Currently the province is seeing major investment within anaerobic 

digestion as well as other bioenergy production technologies for the purposes of waste 

management. According to the projections, at the end of the year 2020 Alberta will see an 

electricity production from biogas from less than 20,000 MWh/year (seen in 2015) to 
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more than 150,000 MWh/year. With respect to emissions in 2020, Alberta is projected to 

see a reduction from 8,173 tonnes eCO2 per year (seen in 2015), to more than 85,000 

tonnes eCO2 per year (IRENA, 2014).  

2.6.5 Research Conclusions and Recommendations 

In conclusion, the purpose of this section was to review the current and emerging 

environmental research, impacts, projections, challenges and global needs for knowledge 

and understanding as to how/where clean energy technologies and transitional energy 

systems will be developing over the next 10-35 years both provincially and nationally. 

Based on the literature reviewed, it is clear that the province of Saskatchewan as well as 

Canada as a whole will require a multi-metric, regional approach for clean energy 

development to ensure sufficient and effective emissions reductions. The plan for 

Saskatchewan will likely involve the use of existing resources and industries found 

within the regional area, to ensure the efficient development of clean energy systems that 

reduce undesirable cumulative impacts on the economy, society and the environment. 

Based on the systems discussed, it is recommended that the province further the 

development of CCS technology for use in the potential integration of natural gas-fired 

facilities. As the development of renewable energy systems continues to expand, these 

existing natural gas systems have the potential to accommodate co-generation 

opportunities, allowing for the gradual and efficient transition to renewable energies. The 

problem comes with integrating and developing the technology to meet the needs of 

consumers. This problem overall is not so much a technological one, but lies in the fact 

that our infrastructure within the province and country is not adapted to these new forms 

of energy (Bardi, 2013). To solve this issue, we would need to incorporate transitional 
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energy systems and co-generation to ensure that the needs of consumers and our 

economies are met for years to come. The following chapter of this thesis will analyse the 

potential transition from coal with CCS to gas and biogas with CCS for power generation 

within the Saskatchewan region. 
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CHAPTER 3: Forecasting the Future of Clean Energy from Conventional Fossil 
Fuels 

 

The previous chapter investigated and reviewed the current and new technologies for 

emissions reduction within large-scale energy production within the Saskatchewan (and 

Canadian) climate. This chapter will model and project how these chosen transitional and 

clean energy systems will impact the production of emissions (with respect to equivalent 

CO2) over the next 25 to 35 years.  

To understand the effects of air pollution, research into these impacts have been 

necessary into understanding the links between what is emitted and what is affected. 

Current research has supported the need to devise and implement convincing, rational 

and effective policies in order to improve air quality and decrease unfavourable changes 

in atmospheric composition. One aspect in determining and projecting long term 

emissions reduction through technological innovation is through modelling these systems 

and scenarios within an artificial environment. While this environment can only provide 

an estimation as to how the natural environment will behave over the long term, it can 

paint a picture as to what may happen while allowing for potential expansion and 

refinement as more information comes available.  

3.1 The Modelling Process  

With regards to the outcomes of this model created, it was important to project the 

possible scenarios for the Boundary Dam facility as it represents one of the largest coal-

based energy systems within Saskatchewan. In addition, the facility is leading the world 

in providing a proof of concept, commercial sized Carbon Capture and Storage (CCS) 

system which, upon its successful implementation, has the potential to be applied 
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globally. By modelling this system, we are able to predict the potential future outlook for 

the facility and determine how that development will be represented with respect to long 

term emission reductions. The process for developing this projection model was based on 

a flow-network chart as represented in the Figure 3.1 

 
 

Figure 3.1: Breakdown of the Modelling Process 
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Based on the figure, there are four major processes that were considered when it came to 

modelling and evaluating the emissions and performance impacts for a given technology. 

Each of these processes could be broken down into various sub-processes, further 

refining the model. Given these sub-processes, it was necessary to determine what the 

model was going to analyse based on user input as well as inputs from other sup-process 

components. Therefore these sub-processes were further broken down into components 

presented in the Table 3.1. 

Table 3.1: Breakdown of Model Subcategory Components 

Sub-Processes  Examples of Sub-Process Components
Breakdown of Sub-processes into components 

(Initial Conditions) 
Temporal Boundary, Projection of Future Energy 
Demand by Sector, Growth of Energy Demand by 

Sector, Projected Residential Growth Factor
Component contributions to emissions (Plant 

Assumptions) 
Construction Time Period, Construction Emissions 
(CO2, NOx, CH4), Extraction Location, Fuel Feed-

Stock 
Assumptions justified regarding sub-process 

components (Plant Assumptions)
Coal Source, Current Plant Capacity

Emissions contribution of each sub-process to the 
scenario process (Plant Assumptions) 

 

Mining Emissions, Emissions Produced from Power 
Generation System, Power Plant Emission Rate 

Determination of time dependant atmospheric 
breakdown of emissions (Emission Assumptions) 

eCO2 Emissions (CH4) = Decreasing as time 
progresses 

eCO2 Emissions (NO2) = Increasing as time 
progresses 

eCO2 Emissions (CO2) = Remains constant as time 
progresses 

Contribution of additional factors that may affect 
the time dependant emission concentration 

(Emission Assumptions)

Climate-Carbon Feedback 

Projection of emission scenarios (Plots for 2030 
and 2050) (Modelling) 

Facility Start-up Timeframe, Facility Closure 
Timeframe, Biofuel Implementation Timeframe, CCS 

Implementation Timeframe 
Formulating equations for plot curves to 

determine their cumulate areas respectfully 
(Modelling) 

Area Under the Curve = GWP over the projected time 
frame 

Ranking scenarios based on minimized area 
(cumulative volume of eCO2 emissions per GWh) 

(Modelling) 

Lowest area under the eCO2 curve plot = Lowest 
GWP scenario 

 
 

Since the modelling components relied on user input as well as inputs from other 

components over the projected timeframe, it was important to distinguish how these 
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systems would interact with one another. Therefore these components were grouped into 

four major systems linked by a fifth system as shown in Figure 3.2. These four 

components (user input, atmospheric effects, technological implementation, current 

facility) rely on input from outside systems (technology options, emissions production, 

supply capacity, etc.) in order to relay the information back to the main body of the 

model (projected Boundary Dam power facility). Outside components include production 

emissions for a simplified facility (IECM Model provided by CMU, 2015), fuel feedstock 

supply markets, and end-use energy demand markets. All of these regions interact with 

one another based on the information inputted by the user. The main body of the model 

(i.e. projected Boundary Dam power facility) processes the calculated outputs from the 

other systems (changes in emissions, cumulative emissions production, etc.) and outputs 

the resultant (total cumulative emissions, ranking of suitable technologies). Based on the 

total cumulative equivalent carbon dioxide (eCO2) emissions determined by the model 

components, the identified technology scenarios are ranked and the lowest value is 

outputted. The following diagram gives a visual depiction as to how these particular 

systems interact to produce the outcome. 
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Figure 3.2: Flow-Network Diagram of System Component Interactions 
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3.2 General Model Assumptions 

Before the modelling scenarios could be applied to the Boundary Dam facility, it was 

important to define the assumptions to be used within the entire modelling environment. 

These assumptions incorporated parameters such as change in population demographics, 

atmospheric conditions and external power demands (interprovincial and international) 

over the projected time period. Table 3.2 breaks down these generalized assumptions to 

be applied to each of the modelling scenarios outlined. 

It is important to note that the temporal boundary was divided into 2 projection years 

(2030 and 2050) to determine the short term and long term impacts for each of the 

facilities. Depending on the condition of the plant (i.e. the operating lifetime left on the 

turbine units), the future projection(s) may not reflect the actual case over the long term 

and can only be represented over the short term time frame.  
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Table 3.2: Breakdown of General Modelling Assumptions 

Primary Subject  Assumptions  Source 

General Model Boundaries 

Temporal Boundary 
From the year 2016 to 2050 

(projecting to the year 2030 and 
2050)

Set Study Parameters 

Population Energy Characteristics 

Projection of Future Energy 
Demand by Sector 

Projected for 2016 based on 2009 
and 2016 Statistics

Bigland-Pritchard, 2010 

Growth of Energy Demand by 
Sector 

Residential (0.3%/yr); 
Commercial (1.0%/yr); Industrial 

(0.9%/yr)

National Energy Board Canada 
(NEB), 2016 

Projected Residential Growth 
Factor 

Average 1.5%/yr  Bigland-Pritchard, 2010 

Current Supply of Electricity 

Interprovincial and International 
Power Exports 

US: 30.818 MW = 0.030818 GW   
Provinces: 62.527 MW = 

0.062527 GW
SaskPower, 2015 

Power Operating Reserve  Operating reserve = 0.291 GW  SaskPower, 2015 

% of Coal Generated Electricity 
34 per cent of the electricity 

generated from coal
SaskPower, 2015 

Boundary Dam Power Station 
(Estevan) 

672 MW = 0.672 GW 
Set study parameters based on 

SaskPower, 2015

Shand Power Station (Estevan) 
276 MW = 0.276 GW (Does not 
change during projected period)

Set study parameters based on 
SaskPower, 2015

Poplar River Power Station 
(Coronach) 

582 MW = 0.582 GW (Does not 
change during projected period)

Set study parameters based on 
SaskPower, 2015

Atmospheric Degradation of Pollutants 

CH4 Global Warming Potential 

Decreasing as time progresses – 
With Climate-Carbon Feedback 
(GWP = 0.0105(t)2 - 1.91(t) + 

120 
Where t = years after release)

IPCC, 2007 

N2O Global Warming Potential 

Increasing as time progresses – 
With Climate-Carbon Feedback 
(GWP = 0.0023(t)2 + 0.105(t) + 

265 
Where t = years after release)

IPCC, 2007 

CO2 Global Warming Potential 
Remains constant as time 

progresses – With Climate-
Carbon Feedback

IPCC, 2007 
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3.2.1 Standard Scenario - Existing Plant Assumptions 

In addition to the general assumptions made about the modelling environment, the 

existing conditions regarding the Boundary Dam facility needed to be determined. These 

conditions only reflected the current power station which included the #3 turbine CCS 

unit within the plant set-up. These initial conditions were applied to all scenarios and 

were shortened based on the projected time-frame to clean energy development and/or 

transitioning. Table 3.3 provides a breakdown of these assumptions. 

In order to properly model the existing emissions coming from the Boundary Dam 

Facility, it was recommended by the International CCS Knowledge Centre (an initiative 

of BHP Billiton and SaskPower) to use the Integrated Environmental Control Model 

(CMU, 2015).  Developed by Carnegie Mellon University and the Department of 

Engineering and Public Policy, this computer-modelling program incorporates with user-

plant configuration (applied at coal-fired and natural gas fired power facilities) at the 

instant control equipment is implemented to produce a systematic cost and performance 

analysis.  

The IECM laid out the existing operating conditions, technical consideration and 

associated emissions from a power facility similar to that of Boundary Dam. Based on the 

modelling software, a number of assumed parameters needed to be determined and 

imported before the system could estimate the emissions produced. Tables 3.4 and 3.5 

give the major parameters assumed within the IECM modelling software.  
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Table 3.3: Breakdown of Boundary Dam Initial Condition Assumptions 

Primary Subject  Assumptions  Source 

Power Plant Characteristics 

Power Plant Location  Boundary Dam  SaskPower, 2015 
CFPP Net Electrical Output (1 

CCS unit) 
672 MW = 0.672 GW 

Set study parameters based on 
SaskPower, 2015

Combustion Fuel  Pulverized Lignite Coal  SaskPower, 2015 

Extraction of Fuels 

Extraction Location 
Open Pit - Westmoreland Coal 

Estevan Mine
Study Parameters 

Fuel Feed-Stock  Lignite Coal  SaskPower, 2015 

NG Infrastructure Construction 
Included within Emissions 

Values
Spath et al., 1999 

NG Processing 
Included within Emissions 

Values
Spath et al., 1999 

Transportation of Extracted Fuels 
CO2 Transportation Emission 

Assumptions 
Account for 5% of the global 

warming potential
Mbohwa, 2013 

CO2 Transportation Emissions  32.15 tonnes/GWh  Mbohwa, 2013 

Power Plant Operation 

Capacity Factor  72%  Glennie, 2014 

SOx Control  Wet FGD  SNC-Lavakin Inc., 2010 

Particulate Control  Cold-Side ESP  SNC-Lavakin Inc., 2010 

Power Plant Emission Rate  Constant for all emissions  Study Parameters 

CO2 Emissions  702.14 tonnes/GWh  IECM Interface 9.2.1 

NOx Emissions  0.1225 tonnes/GWh  IECM Interface 9.2.1 

CH4 Emissions 
Approx. 0 tonnes/GWh (Low 

levels - Negligable)
IECM Interface 9.2.1 

SOx Emissions  2.020 tonnes/GWh  IECM Interface 9.2.1 

Facility Start-up 

Facility Start-up Time  1 Year  Mbohwa, 2013 
Energy Production at Facility 

Start-up 
60% of Full Production Potential  Mbohwa, 2013 

Emissions on Facility Start-up  60% of Full Production Potential  Mbohwa, 2013 

Facility Closure 

Facility Closure Time  1/4 year  Spath et al., 1999 
Energy Production at Facility 

Closure 
45% (75% of 60%) of the time 

during the last quarter
Spath et al., 1999 

Emissions on Facility Closure 
45% (75% of 60%) of the time 

during the last quarter
Spath et al., 1999 
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Table 3.4: Conditions Set within the IECM Model 

Parameter Set Condition
Plant Configuration: ESP+FGD 

Fuel Type Coal 
NOx Control None 
NOx Control None 
Particulates Cold-Side ESP
SOx Control FGD 

Mercury None 
CO2 Capture None 

Cooling System Once-Through
Wastewater Ash Pond 

Flyash Disposal No Mixing 
Gross Electrical Output (MWg): 650.0 

Capacity Factor (%): 72 
Ambient Air Temperature (Dry Bulb Average) (deg. C): 18.89 

Ambient Air Pressure (Average) (MPa): 0.1014 
Relative Humidity (Average) (%): 50 

Coal Properties
Coal Rank: Lignite 

Higher Heating Value (kJ/kg): 1.40E+04 
Carbon (wt %): 35.04 

Hydrogen (wt %): 2.68 
Oxygen (wt %): 11.31 
Chlorine (wt %): 9.00E-02 
Sulfur (wt %): 1.16 

Nitrogen (wt %): 0.77 
Ash (wt %): 15.92 

Moisture (wt %): 33.03 
Total (wt %): 100.0 

Base Plant Performance
Gross Electrical Output (MWg): 650.0 

Unit Type: Sub-Critical 
Steam Cycle Heat Rate, HHV (kJ/kWh): 8219 

Boiler Firing Type: Tangential 
Gas Temperature Exiting Economizer (deg. C): 371.1 

Gas Temperature Exiting Air Preheater (deg. C): 148.9 
Base Plant Power Requirements  

Steam Cycle Performance
Boiler Blowdown (%): 6 

Miscellaneous Steam Losses (%): 0.4 
Demineralizer Underflow (%): 8.5 

Furnace Factors
Concentration of Carbon in Collected Ash (%): 0 

% of Burned Carbon as CO (%): 0 
Wet FGD

Reagent: Limestone 
Flue Gas Bypass Control: No Bypass 

Demister for Outlet Flue Gas: No Demister 
 

 



Chapter 4: Results and Discussion 

53 
 

Table 3.5: Conditions Set within the IECM Model (Continued) 

Parameter Set Condition
Performance

Maximum SOx Removal Efficiency (%): 98 
Scrubber SO3 Removal Efficiency (%): 50 

Particulate Removal Efficiency (%): 50 
Absorber Capacity (% acmm): 100 

 

Based on the modelling outputs from the IECM, the system emissions for the 

hypothetical coal-fired power plant were determined. What set apart the hypothetical 

situation from that of Boundary Dam was that they did not incorporate multiple turbine 

systems which posed challenges as the actual scenario incorporated 4 turbines and 1 CCS 

unit (See Figure 3.3).  

 

 

Current Boundary Dam Facility IECM Modelled Facility 

 
Figure 3.3: Comparison Between Boundary Dam and IECM Facilities 

To overcome this difference, the hypothetical situation was scaled to incorporate the split 

in power production as well as the integration of the CCS unit on one of the turbine 

generators. This breakdown and scaling can be seen in Table 3.6. 
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Table 3.6: Scaling of Hypothetical IECM Results to Match Boundary Dam 

Boundary Dam Emissions Based on IECM Model 
MW 

Generation 
672 MW (4 

turbines) 
557 MW (3 turbines) 

115 MW (1 turbine 
without CCS) 

115 MW (1 turbine 
with CCS)

CO2  830  688  142  14.2 

NO2  0.115  0.095  0.020  0.027 

SOx  2.43  2.02  0.417  0.002 

Emissions Estimation for Boundary Dam 

  IECM Model 
Boundary Dam (Scaled 
Model Case- No CCS)

Boundary Dam (Scaled Case with CCS on 
Turbine 3) 

MW  650  672  672 

CO2  803  830  702 
NOx 

(as NO2) 
0.111  0.115  0.122 

SOX 
(As SO2) 

2.35  2.43  2.02 

 

Based on the table above, the emissions were adjusted from the IECM model to fit the 

Boundary Dam Power Plant case. The following equation can be applied for any 

emissions produced from the IECM model to be adjusted for the Boundary Dam Case: 

(3.1) 

	 ,			 	
, ∗ 	 , 	

,
 

 

Where:  

	 , 	 	 	 	 	 	 	 	 	 	 	 	 2, ,  

, 	 	 	 	 	 	 	 2, ,  

	 , 	 	 	 	 	 	 	 	 	  

, 	 	 	 	 	  

 

Based on Equation 3.1, the emissions regarding the Boundary Dam facility, without the 

use of CCS technology, was estimated. Since the actual case incorporated the use of CCS 

technology on one of the turbine generators (i.e. on turbine #3), an adjustment factor was 

applied. This ensured the reduction and/or increase in emissions from implementing this 



Chapter 4: Results and Discussion 

55 
 

transitional technology was accounted. CCS technology could be applied within the 

IECM software but was restricted as it could not account for individual turbine systems 

within a plant. Therefore, in order to solve this issue, emission and performance 

adjustment factors were applied to the Boundary Dam model so as it could best represent 

the facilities’ current operating conditions. These adjustment factors (indicated as a 

percentage change in emissions) are given in Table 3.7.  

Table 3.7: Assumptions for CCS Impacts on a Coal-Fired Facility 

Primary Subject  Assumptions  Source 

CO2 Emissions 
90 % reduction in CO2 emissions per 

generator
Piewkhaow et al., 

2014

NOx Emissions 
37.5 % increase in NOx emissions per 

generator
Piewkhaow et al., 

2014

SOx Emissions 
99.5 % removal (with CCS) of SF4 

Emissions
Piewkhaow et al., 

2014
CO2 Capture Impact on Power 

Production 
67.3 % of original turbine operating 

power production
Piewkhaow et al., 

2014
 

From this review literature, the CCS implementation factors were applied to the 

Boundary Dam Plant by means of the following equation:  

(3.2) 

	 ,			 	 	
	 ,			 	 ∗ 	

	 , 	
 

Where:  

	 , 	 	 	 	 	 	 	 	3	 	 	 	 	 2, ,  

	 , 	 	 	 	 	 	 	 	 	 	 	 	 2, ,  

	 , 	 	 	 	 	 	 	 	 	  

	 	 	 	#3	  

 

The above equation allowed for an estimation of emissions for Turbine #3 based on its 

power production capacity of the entire plant. Once these emissions were known, they 

were multiplied by the emission factors for implementing the CCS technology resulting 

in increases and decreases of particular emissions from the Turbine #3 unit. Once the 
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emissions were known, they were incorporated back into the Boundary Dam case, 

therefore better reflecting the current scenario at the coal-fired facility. 

To compare with the possible implementations of transitional and/or clean energy 

systems within the Boundary Dam Facility, a standard scenario was developed. This 

scenario assumed the "do nothing" approach which projected the continued use of the 

power station without any changes in technology. It is important to note that there were 

no technological replacements within the turbine generator units or changes in the 

existing plant operating procedures. Additionally, while this scenario allowed for a 

comparative (in order to see the effect of implementing other options), it would be 

unrealistic to implement over the long term as the current generator units have 

approximately 20 years or less of usable life remaining.  

3.2.2 Coal-Fired Production and Full CCS Implementation 

For this plant scenario to become a reality within the existing Boundary Dam facility, 

Turbines four, five and six would need to be changed over to CCS. Although energy 

intensive to operate, conversion to this facility would allow for the extensive reduction of 

carbon dioxide emissions, ensuring the continued and progressive development of coal-

fired power within the province of Saskatchewan. Since the basis of this projection was 

on the standard scenario, the assumptions made were done strictly on the performance of 

the CCS systems in place. Based on the projected time frame of 15 years, it was possible 

to predict the number of CCS units that could be implemented before the downstream 

demand market could not be satisfied. Table 3.8 breaks down these assumptions made 

with respect to the implemented CCS systems. 
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Table 3.8: Assumptions for CCS Impacts on a Coal-Fired Facility 

Primary Subject  Assumptions  Source 

CO2 Emissions  90% reduction in CO2 emissions 
Piewkhaow et al., 

2014

NOx Emissions  37.5% increase in NOx emissions 
Piewkhaow et al., 

2014

SOx Emissions 
99.5% removal (with CCS) of SF4 

emissions
Piewkhaow et al., 

2014
Impacts on Coal-Fired Power 

Production 
67.3 % (reduction) 

Piewkhaow et al., 
2014

Construction Time Frame (1 Turbine)  1 year per turbine generator  Set Study Parameter 

Implementing CCS Systems Online  Turbines are implemented in series  Set Study Parameter 

 

It is important to note that these assumptions were made in addition to the modelled 

standard scenario. Emissions data was based on the IECM framework and was adjusted 

to fit the Boundary Dam facility. In addition to the literature factors applied, a number of 

set study parameters were implemented within the model to ensure accuracy for 

predicting the plant performance impacts. A time frame construction of 1 year was 

determined to be adequate as the current injection and technical systems were already 

implemented and would need to be adjusted to incorporate additional coal-fired turbines 

on the system. In addition, each of the turbine CCS systems were implemented in series 

in order to observe the impacts of emissions production for each individual turbine. From 

the assumptions made as well as factors implemented based on reviewed literature, the 

CCS scenario was successfully applied within the developed model by means of the 

following equations:  

(3.3) 

	 , 	 , ,
	 , 	 	 ∗ 	 , ,

	
 

Where:  

	 , 	 , , 	 	 	 	 	 	 	4,5,6	 	 	 	 2, ,  

	 , 	 	 	 	 	 	 	 	3	 	 	 	 	 2, ,  
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	 , , 	 	 	 	 	 	 	 	  

	 	 	 	#3	  

The above equation allowed for an emissions estimation for turbines four, five and six 

based on the power production capacity of the facility analysed. Once these emissions 

were known, they were multiplied by the factors representing the implementation of CCS 

technology for each of the turbines observed. By doing so, emissions for the plant 

increased and/or decreased based on the type and performance impacts of implementing 

CCS. Once emissions were known, the values were incorporated back into the standard 

Boundary Dam case based on the year they were constructed. Equation 3.4 was used to 

determine the impacts to capacity (assuming no additional fuel was used) with 

implementing CCS systems: 

(3.4) 

	 , 	 , ,
	 , 	 	 ∗ 	 , ,

	
 

Where:  

	 , 	 , , 	 	 	 	 	4,5,6	 	  

	 , 	 	 	 	 	 	 	3	 	 	  

	 , , 	 	 	 	 	 	 	 	  

	 	 	 	#3	  

	 	 	 	   

To observe the impacts of implementing a CCS system on an individual turbine unit 

(assuming no additional fuel was used), the following equation was used: 

(3.5) 

	 , 	 	 , ∗ ,  

Where:  

	 , 	 	 	 	 	 	 	 	 	  

	 , 	 	 	 	 	 	 	 	 	  

, 	 	 	 	 	 	 	 : 
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0 , 1	 	 	 	 	 	 	  

, 1	 	 	 	 	  

 

To determine the effect on plant capacity (resulting in how much additional fuel was to 

be consumed) an impact factor (ECCS) was developed. Since it was assumed that CCS 

was implemented on each turbine individually, the impact factors were applied on the 

turbines themselves. These values ranged between 0 and 1 (lowering the turbine capacity, 

increasing fuel use) for those with CCS and 1 for those without the technology. Based on 

the above equations, the effect on production facility performance was observed as each 

of the CCS units were added over the projection timeframe. This allowed for a stepwise 

comparison of performance impacts as well as associated emissions levels for the 

implementation of CCS on the facility.  

3.2.3 Natural Gas Combined Cycle (NGCC) Scenario 

With respect to the implementation of Natural Gas Combined Cycle (NGCC) technology, 

a separate set of assumptions were applied in addition to the general model assumptions 

discussed. These initial conditions were applied to all scenarios involving the 

incorporation of NGCC technology. Tables 3.9 and 3.10 provide a summary of these 

assumptions made. 
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Table 3.9: Breakdown of Boundary Dam NGCC Scenario Assumptions 

Primary Subject  Assumptions Source
Construction of a NGCC Power Facility

Construction Time Period  2 Years NETL, 2012
CO2 Emissions  0.294 kg/MWh NETL, 2012
NOx Emissions  1.06 x 10-5 kg/MWh NETL, 2012
CH4 Emissions  2.38 x 10-4 kg/MWh NETL, 2012

Well Installation
CO2 Emissions  7.66 g CO2/kg NG NETL, 2012
NOx Emissions  2.52 x 10-4 g N2O/kg NG NETL, 2012
CH4 Emissions  8.31 x 10-3 g CH4/kg NG NETL, 2012

SF6 as SOx  1.41 x 10-7 g SOx/kg NG NETL, 2012
Extraction + Processing of Fuels

Extraction Location  Hatton, SK Transgas, 2010
Fuel Feed-Stock  Natural Gas Transgas, 2010

NG Infrastructure Construction  N/A - Already Constructed 
Spath & Mann, 

2000

NG Processing  Included within Emissions Values 
Spath & Mann, 

2000
CO2 Emissions  4.620 g CO2 / MCF-km NETL, 2014
NOx Emissions  2.80 x 10-5 g NO2 / MCF-km NETL, 2014
CH4 Emissions  0.3504 g CO2 / MCF-km NETL, 2014

Transportation of Extracted Fuels
Pipeline Construction Emissions  N/A - already constructed/little adaptation  Study Parameters

Pipeline Operation Emissions  0.219 g CH4 /MCF-km NETL, 2014
Extraction Distance from Plant  635 km - NPS 6" and Larger Transgas, 2010
CO2 Emissions - Compressor   0.3504 g CO2 / MCF-km NETL, 2014
NOx Emissions - Compressor 

Stations 
1.26 x 10-5 g NO2 / MCF-km  NETL, 2014 

CH4 Emissions - Fugitive 
Emissions 

0.084 g CH4 /MCF-km  NETL, 2014 

Methane conversion factor  MCF = 12.03 KWh IGU 2012
Power Plant Characteristics

Power Plant Location  Boundary Dam SaskPower, 2015
NGCC Net Electrical Output (no 

CCS) 
2 - 7HA.01 units at (419 MW  - Solo CC) (842 

MW - 2 x CC) generators - Built in series 
General Electric 

(GE) Power, 2015
NGCC Net Electrical Output 

(CCS) 
N/A  Study Parameters 

Combustion Fuel  Natural Gas Transgas, 2010
CO2 Pipeline Length (CCS)  N/A Study Parameters

CO2 Loss Rate (CCS)  N/A Study Parameters

CO2 Capture Rate  90% 
Spath & Mann, 

2000
Turbine Non-Recoverable 
Performance Deterioration 

0.3% per 2.75 years 
Meher-Homji, 

2001
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Table 3.10: Breakdown of Boundary Dam NGCC Scenario Assumptions (Continued) 

Primary Subject  Assumptions Source
Facility Production Start-up

Facility Start-up Time  1 year 
Spath & Mann, 

2000
Energy Production at Facility Start-

up 
40% of the time due to start-up activities (50% 

of year, capacity of 80%) – Year 1
Spath & Mann, 

2000

Emissions on Facility Start-up 
40% of the time due to start-up activities (50% 

of year, capacity of 80%) – Year 1
Spath & Mann, 

2000
Power Plant Operation

Power Plant Emission Rate  Constant (Focus on CO2, NOx and CH4)  Study Parameters
Capacity Factor  72% Glennie, 2014

CO2 - Direct Plant Emissions  502 kg/MWh 
Calculated from 
IECM Interface 

9.2.1

NOx - Direct Plant Emissions  5.61 x 10-6 kg/MWh 
Calculated from 
IECM Interface 

9.2.1

CH4 - Direct Plant Emissions  3.88 x 10-6 kg/MWh 
Calculated from 

Zhang et al., 2014
Facility Closure

Facility Closure Time  0.25 years 
Spath & Mann, 

2000
Energy Production at Facility 

Closure 
In operation 60% of the last year (in last 

quarter)
Spath & Mann, 

2000

Emissions on Facility Closure  In operation 60% of the last year (last quarter) 
Spath & Mann, 

2000
CO2 Emissions - Closure 

Emissions 
9.05 x 10-2 kg/MWh  NETL, 2012 

NOx Emissions - Closure 
Emissions 

1.50 x 10-6 kg/MWh  NETL, 2012 

CH4 Emissions - Closure 
Emissions 

3.12 x 10-4 kg/MWh  NETL, 2012 

 

A number of assumptions outside of the literature material were made to ensure the 

model could create a long term emissions profile. The overall capacity of the hypothetical 

NGCC plant was 20 % higher than that of the existing coal-fired facility to ensure future 

demand could be met by the facility while sustaining electrical production as transitional 

systems (i.e. CCS) were implemented. Since the Boundary Dam facility resides near an 

existing natural gas pipeline, it was assumed that negligible emissions would result from 

the construction and/or retrofitting of the existing pipeline network. Additionally, since 

the implementation of CCS was not accounted within this scenario, factors and 
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assumptions related to this technology were not required. Finally, based on the average 

annual emission production from the hypothetical facility, it was assumed that direct 

emissions produced from the production of power were constant. 

In order to properly model the emissions produced from a hypothetical NGCC plant, the 

Integrated Environmental Control Model (IECM) for an NGCC facility was used. The 

model itself is used for the estimating the costs and process effects of implementing 

control equipment at an energy production facility.  

  

Boundary Dam NGCC Facility IECM Modelled NGCC Facility 

Figure 3.4: Comparison Between Boundary Dam and IECM Facilities 
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Table 3.11: Conditions Set within the IECM Model With Respect to a Hypothetical 
NGCC Plant 

 

Configuration: Typical New NGCC Plant
CO2 Capture: None 

Cooling System: Cooling Tower
Performance

Number of Gas Turbines: 2 
Gross Electrical Output (MWg): 605.7 (calculated)

Capacity Factor (%): 72 
Ambient Air Temperature (Dry Bulb Average) (deg. C): 18.9 

Ambient Air Pressure (Average) (MPa): 0.101
Relative Humidity (Average) (%): 50 

Ambient Air Humidity (Average) (kg H2O/kg dry air): 6.77 x 10-3 (calculated)
Fuel Properties

Higher Heating Value (kJ/kg): 5.36 x 104 (calculated)
Natural Gas Composition   
Methane (CH4) (vol %): 95 
Ethane (C2H6) (vol %): 3.28 

Propane (C3H8) (vol %): 0.2 
Carbon Dioxide (CO2) (vol %): 0.5 

Oxygen (O2) (vol %): 2.00 x 10-2

Nitrogen (N2) (vol %): 1 
Hydrogen Sulfide (H2S) (vol %): 0 

Total (vol %): 100.0 (calculated)
Natural Gas Density (kg/cu m): 0.712 (calculated)

Gas Turbine Performance
Gas Turbine Model: GE 7FB

Number of Gas Turbines: 2 
Total Gas Turbine Output (MWg): 390 (calculated)

Turbine Inlet Temperature (deg. C): 1370 (calculated) 
Turbine Back Pressure (MPa): 1.38 x 10-2

Adiabatic Turbine Efficiency (%): 85.7 (calculated)
Shaft/generator Efficiency (%): 98 

Air Compressor  
Pressure Ratio (outlet/inlet) (ratio): 18.5 (calculated)

Adiabatic Compressor Efficiency (%): 87.5 
Combustor  

Combustor Pressure Drop (MPa): 2.76 x 10-2

Excess Air For Combustor (% stoich.): 143 (calculated)
Combustor Inlet Pressure (MPa): 1.88 (calculated)

Steam Cycle
Heat Recovery Steam Generator  

HRSG Outlet Temperature (deg. C): 121 
Steam Cycle Heat Rate, HHV (kJ/kWh): 9500 (calculated)

Cooling Water Temperature Rise (deg. C): 11.1 (calculated)
Auxiliary Heat Exchanger Load (%): 1.41 (calculated)

Steam Turbine  
Total Steam Turbine Output (MWg): 216 (calculated)

Power Block Totals  
Power Requirement (% MWg): 2.000 (calculated)
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Table 3.12: Conditions Set within the IECM Model With Respect to a Hypothetical 
NGCC Plant (Continued) 

 

Configuration: Typical New NGCC Plant
Emission Factors

% SOx as SO3 (vol %): 0 
NOx Emission Rate (ppmw): 9 

% NOx as NO (vol %): 95 
% Total Carbon as CO (ppmv): 0 

Performance
Wet Cooling Tower  

Ambient Air Temperature (Dry Bulb Average) (deg. C): 18.90
Air Wet Bulb Temperature (Average) (deg. C): 13.0 (calculated)

Cooling Water Inlet Temperature (deg. C): 32.2 
Cooling Water Temperature Drop (deg. C): 11.1 (calculated)

Cycles of Concentration: 4 
Tower Drift Loss (%): 1.00 x 10-3

Auxiliary Cooling Load (*2) (%): 1.41 (calculated)
Tower Overdesign Factor (% total load): 0 

Power Requirement (% MWg): 0.605 (calculated)
 

This ensured that the data acquired from this scenario was consistent with that of the 

standard Boundary Dam facility scenario. Additionally, use of this model would rule out 

specific technical considerations within the plant as the purpose of this model was to 

analysis the emissions at their sources over time. Tables 3.11 and 3.12 provide the major 

parameters assumed within the IECM.   

Based on the modelling results from the IECM, the system emissions for the hypothetical 

NGCC power plant were determined. The difference between the hypothetical situation 

and that of the required Boundary Dam NGCC scenario was that the modelled plant 

capacity was lower than that of the required capacity for the scenario (Figure 3.4). To 

overcome this difference, the hypothetical situation was scaled (see Table 3.10) to 

incorporate the difference in capacity and overall emissions production. 
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Table 3.13: Scaling of Hypothetical IECM Results to Match the Boundary Dam NGCC 
Scenario 

 

  IECM Model  Boundary Dam NGCC Plant 

Plant Capacity (MW)  605  842 
CO2 Emissions 
(tonnes/GWh) 

361  502 

NOx (as NO2 – 
tonnes/GWh) 

4.03 x 10-6  5.61 x 10-6 

CH4 (tonnes/GWh)  -  9.35 x 10-6 (coal pre-firing) 

 

Based on the table above, the emissions were adjusted from the IECM (NGCC) model to 

fit the Boundary Dam hypothetical NGCC power plant case. To calculate the facility 

adjustment, the following equation was applied: 

(3.6) 

	 ,			
, ∗ 	 ,

,
 

Where:  

	 ,			 	 	 	 	 	 	 	 	 	 	 2, ,  

, 	 	 	 	 	 	 	 	 2, ,  

	 , 	 	 	 	 	 	 	  

, 	 	 	 	 	 	  

 

The conversion to a NGCC plant at Boundary Dam would ensure a higher capacity for 

power production therefore resulting in a higher potential for technological 

implementation (ensuring emissions reduction) while meeting the demand constraints for 

power over the projected time period. When considering the standard non-transitional 

scenario (NGCC only), it was paramount to ensure that the capacity of the facility was 

not compromised during construction. Therefore a two turbine power system was 

assumed which would operate at full capacity once the closure of the coal-fired facility 

had occurred. Based on this assumption, each turbine of the NGCC plant was to be 
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constructed in series, ensuring the appropriate capacity met the downstream demand 

market. The facility was assumed to be constructed over two years (1 turbine fully 

functional per year) beginning the last year that the coal-fired facility was functional. 

Another major consideration accounted for within the model, was the long term 

permanent degradation of the turbine generator system over the assumed time frame. 

These were applied as a decrease in plant turbine efficiency, resulting in increased 

emissions overall from additional fuel use. This permanent degradation factor was 

estimated through research conducted by Meher-Homji et al., (2001) given in the 

following figure. 

 

Figure 3.5: Determination of Non-recoverable Performance within NGCC Turbines  
(Meher-Homji et al., 2001) 

 

Based on Figure 3.5, due to non-recoverable performance deterioration, the hypothetical 

Boundary Dam NGCC facility was projected to see a decrease in efficiency of 0.3 % 

every 2.75 years (or 0.11 % every year).  

3.2.4 Natural Gas Combined Cycle (NGCC) and Full CCS 

The implementation of a full-CCS plant at the hypothetical Boundary Dam NGCC plant 
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involved developing and constructing a facility that incorporated and processed all of the 

emissions from both turbine units. Although less energy intensive to operate compared to 

the previous coal-fired plant with CCS, the NGCC with CCS combination allowed for 

effective carbon emissions reduction over the projected timeframe.   

Since the basis of this technological implementation was on the standard NGCC scenario, 

the assumptions made were strictly on the CCS systems in place. Based on the long-term 

projected timeframe of 35 years, it was estimated that the facility could hypothetically 

operate in a full CCS situation while ensuring the demand market energy needs were met. 

The following table (Table 3.14) breaks down these assumptions with respect to the 

implanted CCS systems within the scenario. 

Table 3.14: Assumptions for CCS Impacts on a Hypothetical NGCC Facility 

Primary Subject  Assumptions  Source 

CO2 Pipeline Length (CCS)  2 km 
Study 

Parameters
CO2 Loss Rate (CCS)  1% in 100 years  NETL, 2012 

CO2 Capture Performance 
Efficiency 

85.5 % of original turbine operating efficiency 
Piewkhaow, 

2014
CO2 Emissions  87.1% reduction in CO2 emissions  NETL, 2012 

NOx Emissions  14.1% increase in N2O emissions  NETL, 2012 

CH4 Emissions  14.6% increase in CH4 emissions  NETL, 2012 
Construction Time Frame  

(1 Turbine) 
1 year per turbine generator 

Set Study 
Parameter

Implementing CCS Systems 
Online 

Turbines are implemented in series 
Set Study 
Parameter

 

It is important to note that the assumptions made were in addition to that of the standard 

scenario modelled. Emissions data was based on the IECM-NGCC framework and was 

adjusted to fit the hypothetical Boundary Dam NGCC facility. In addition to the literature 

emission factors, there were a number of set study parameters that needed to be 

implemented within the model to ensure accuracy of predicting the plant performance 
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impacts. A time frame construction of 1 year was determined to be adequate as the 

current injection and technical systems were already implemented and would need to be 

adjusted to incorporate the NGCC turbines on the system. In addition, within a full-CCS 

scenario, each of the turbine CCS systems were implemented in series in order to observe 

the impacts of each turbine CCS system on the energy supply stream. 

From the assumptions made, the CCS implementation factors were applied to the 

Boundary Dam NGCC plant by means of the following equation:  

(3.7) 

	 , 	 	 , ∗  

Where:  

	 , 	 	 	 	 	 	 	 	 	 	 	 	 	 2, ,  

	 , 	 	 	 	 	 	 	 	 	 	 2, ,  

	 	 	 	 	 	 2, , 4 		 

 

Once the emissions (using CCS technology) were known, they were incorporated back 

into the Boundary Dam case on the years the CCS conversions were implemented. With 

respect to the performance impacts of implementing CCS systems on the Boundary Dam 

NGCC facility, the following equation was used: 

 (3.8) 

	 , 	 	 , 	 ∗ , 	 , 	 ∗ ,  

 

Where:  

	 , 	 	 	 	 	 	 	 	 	  

	 , 	 	 , 	 	 	 	 	3	 	 	 	 	 2, ,  

	 	 	 	   

, 	 	 	 	 	 	 	 	 : 

0 , 1	 	 	 	 	 	 	  

, 1	 	 	 	 	  
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Based on the observed equation, the effect on performance for the entire production 

facility was determined for each turbine CCS unit. This allowed for a stepwise 

comparison of the impacts and associated emission levels as the CCS technology was 

implemented on the NGCC facility.  

3.2.5 Natural Gas Combined Cycle (NGCC) and Biogas 

The integration of biogas within the hypothetical Boundary Dam NGCC plant has the 

potential to be challenged mainly from upstream supply and availability of fuel. Since the 

focus of the project involved the determination of emissions from the process life cycle, it 

was assumed that the fuel used was of sufficient volumes and quality. With these 

considerations, the opportunity to improve biogas production was based on the market 

demand, ensuring that the supply chain for energy was sufficient enough to provide fuel 

until the year 2050.   

Since the basis of this technological implementation was on the standard NGCC scenario, 

the assumptions made were done strictly on the integration of biogas systems within the 

existing natural gas stream. Table 3.15 breaks down these assumptions with respect to the 

implemented biogas scenario. 

In addition to the literature emission factors, there were a number of set study parameters 

implemented within the model to ensure accuracy for predicting plant performance and 

emissions impacts. The time frame for biogas fuel incorporation was assumed to start 

during the year 2024 at a concentration of 5 % by volume of natural gas compounded per 

year until the 100 % biogas target was met.  Another important study parameter assumed 

was with respect to the feed stock source. Since the location of the Boundary Dam NGCC 

facility is within southern Saskatchewan (a region that relies mainly on agriculture), the 
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best suitable feed source was straw (Eriksson, 2010). Alternatively biogas from waste 

processing facilities may have also been considered but, due to the relatively low 

population density and high distribution, these sources may have been more of a 

challenge to utilize for power production.  

To implement biogas within the supply stream, the gas heating value was analysed with 

that of the natural gas heating value. Since these heating values were not the same, 

depending on the ratio or biogas/natural gas, it was assumed that additional fuel would be 

needed to compensate. This would result in the release of additional emissions (delegated 

by means of an emission factor) as more fuel burned to produce the same amount of 

electricity to that of natural gas (Table 3.16). 
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Table 3.15: Assumptions for Biogas Performance/Emissions Impacts on a NGCC Facility 

Primary Subject  Assumptions  Source 

General Assumptions 

Methane content range  87-97 %  Union Gas, 2015 

Sask. natural gas minimum methane content  87.50 %  Transgas, 2006 

Biogas @ 97% methane 
1 Nm3 biogas (97 % methane) 

= 9.67 kWh
Eriksson, 2010 

Biogas @ 60% methane  1Nm3 biogas = 6.0 kWh/Nm3  Eriksson, 2010 
Processing methane emissions (increase methane 

concentration) 
2% by volume of CH4  Eriksson, 2010 

Natural gas heating value  11  kWh/Nm3  Eriksson, 2010 

Processing Biogas 

Pre-processed gas  Biogas @ 60% methane  Eriksson, 2010 

Post-processing (CH4)  CH4: 96-98 %  Serfass, 2015 

Post-processing (CO2)  CO2 : 1-2 %  Serfass, 2015 

Post-processing (H2S)  H2S: < 4 ppm  Serfass, 2015 
Processing methane emissions (increase in methane 

concentration) 
2 % by volume of CH4  Eriksson, 2010 

Biogas @ 96% methane  9.57 
Cuéllar and 

Webber, 2008
Biogas Adjustment Factor (emissions not absorbed / 

total emissions) 
0.15  Clark, 2013 

Biogas Feed Stock 

Feed Stock Type  Straw  Study Parameters 
Production CO2 Emissions (% change from natural 

gas processing) 
75.4 % (Reduction)  Eriksson, 2014 

Production NOx Emissions (% change from natural 
gas processing) 

87.1 % (Increase)  Eriksson, 2014 

Production CH4 Emissions (% change from natural 
gas processing) 

10.0 % (Reduction)  Eriksson, 2014 

Production CO2 Emissions  50.4 kg/MWh  Eriksson, 2014 

Production NOx Emissions  0.306 kg/MWh  Eriksson, 2014 

Production CH4 Emissions  6.48 x 10-3 kg/MWh  Eriksson, 2014 
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Table 3.16: Natural Gas/Biogas Combinations and Affiliated Emissions Factor  

  Biogas 
Methane 

concentration 
(%)

Heating value 
(kWh/Nm3) 

Amount of fuel 
needed (%) 

Increase in 
Emissions (% 
from fuel use)

0% Biogas 
(100% Natural 

Gas) 
0  87.50  11.0  100  0.00 

5% Biogas  0.05  87.93  10.93  101  0.65 

10% Biogas  0.1  88.35  10.86  101  1.30 

15% Biogas  0.15  88.78  10.79  102  1.95 

20% Biogas  0.2  89.20  10.71  103  2.60 

25% Biogas  0.25  89.63  10.64  103  3.25 

30% Biogas  0.3  90.05  10.57  104  3.90 

35% Biogas  0.35  90.48  10.50  105  4.55 

40% Biogas  0.4  90.90  10.43  105  5.20 

45% Biogas  0.45  91.33  10.36  106  5.85 

50% Biogas  0.5  91.75  10.29  107  6.50 

55% Biogas  0.55  92.18  10.21  108  7.15 

60% Biogas  0.6  92.60  10.14  108  7.80 

65% Biogas  0.65  93.03  10.07  109  8.45 

70% Biogas  0.7  93.45  10.00  110  9.10 

75% Biogas  0.75  93.88  9.93  111  9.75 

80% Biogas  0.8  94.30  9.86  112  10.40 

85% Biogas  0.85  94.73  9.78  112  11.05 

90% Biogas  0.9  95.15  9.71  113  11.70 

95% Biogas  0.95  95.58  9.64  114  12.35 

100% Biogas  1  96.00  9.57  115  13.00 

 

Based on the table above, the addition of processed biogas within the supply stream 

resulted in increased fuel use due to a number of factors related to the fuel composition 

and system considerations. Table 3.17 summarizes the research conducted by Bhatia 

(2014) regarding the technical bottlenecks of implementing biogas (production) in an 

energy system as well as how to potentially overcome them. 
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Table 3.17: Technical Bottlenecks of Implementing Biogas in an Energy System 

Bottlenecks Within the System Bottleneck Explanation 

Changes in Temperature 
Careful and constant regulation of temperature is 
needed to ensure fuel is produced to meet heating 

standard. 

Slurry Retention Time 
Dependent on the dilution ratio, influent loading 

rate as well as the digestion temperature.

Proper Bacterial Seeding for Biogas Generation 
Required for the development of specific and potent 

cultures. 

Improper preparation of influent solids leading to 
blockage and scum formation 

Proper treatment measures required (milling, pre-
soaking, adjustment of C/N ratio). Removal of inert 

particles including sand and rocks.

Maintenance of pH and C/N ratio for optimal 
growth 

Regulation of C/N ratio, raw materials and dilution 
rate. Efficient mixing of N-rich and N-poor 

substrates. 

Potential gas holder corrosion 
Construction from cheap materials (i.e. glass, fibre 

reinforced plastic) and/or regular layering with 
protective solutions (e.g., lubricating oil).

Dilution ratio of influent solids content 
Proper treatment of raw materials (avoids 

stratification and scum formation).
Higher concentrations of CO2 reducing the heating 

value of biogas 
Reducing the CO2 content through the use of

lime-water. 
Occurrence of water vapour in the gas

supply stream (resulting in blockages and rusting)
Implementation of a drainage system using 

condensate traps. 

Occurrence of H2S within the supply system 
Removed by passing the gas over iron filings or 

ferric oxide. 
Improper combustion of gas Designing of air-gas mixing appliances necessary.

Challenges of maintaining gas supply at a constant 
pressure 

Regulation of distribution and use of gas, removal 
of water vapours from supply systems and an 
appropriate choice of gas holder (weight and 

capacity). 
 

As a result of these factors currently found within the production stream, the amount of 

heat generated from biogas within the firing system is lower than that of natural gas (due 

to differences in heating values), resulting in higher fuel requirements to produce the 

same supply of electricity. 

From the assumptions made, the fuel adjustment factors, as well as the percent increase in 

emissions, were determined for the Boundary Dam NGCC plant. Since there were 

different methane concentrations and associated heating values from each of the feed 

fuels, their combined representative heating value was determined by means of Equation 

3.9: 
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(3.9) 

%	 	 ∗ 1 	
	

100% 100%
∗ %	  

Where: 

	 	 	 	 	 	  

%	 	 	 	 	 	 	 	 	  

%	 	 	 	 	 	 	  

	 	 	 	 	 	 	 	 	 	 	 %  

 

Once the representative heating value was determined, the values were compared to that 

of the overall heating value for natural gas (Equation 3.10) to attain a fuel adjustment 

factor (i.e. the ratio of how much of the combined fuel would be needed to attain the 

same energy production).  

(3.10) 

%	 	 ∗ 100% 

Where: 

	 	 	 	 	 	 . . 	 	 , %  

	 	 	 	 	 	  

%	 	 	 	 	 	 	 	 	  

%	 	 	 	 	 	 	  

Based on the literature reviewed (Eriksson, 2014), it was concluded that agriculture based 

biogas had a lower heating value than that of the natural gas resources within 

Saskatchewan. The fuel adjustment factor determined the amount of extra fuel needed to 

produce the same amount of equivalent heat overall. For example, if 100 % natural gas 

fuel was needed to produce a given unit of power, it may require 108 % of a 60 % biogas, 
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40 % natural gas combination fuel to produce the same amount of heat and energy.  

Once these values were determined, the affiliated volume of emissions from the 

additional use of fuel was determined. It was assumed that the emissions generated of a 

unit of natural gas was equal to that of biogas, as this difference was negligible when the 

fuels were scaled to a plant sized energy production scheme. Therefore, based on this 

assumption, Equation 3.11 was developed in order to determine the system operations 

emissions: 

(3.11) 

, 	 	 ∗
100%

	 	 ∗ 1
100%

∗
100%

∗
100%

 

Where: 

, 	 	 	 	 	 	 	 	  

	 	 	 	 	 	 2, , 4  

	 	 	 	 	 	 2, , 4  

	 	 	 	 	 	 	 	 	 2, , 4  

	 	 	 	 	 	 	 	 	 2, , 4  

	 	 	 	 	 	 	 	 	 	 	 %  

	 	 	 	 	 	 %  

	 	 	 %  

Since biogas comes from biological sources (i.e. organic/decomposable material), it was 

assumed that there was a change in reference frame for how the emissions were viewed 

within the system. Based on the reference frame, the use of biogas was cyclic in nature 

when it came to the production of emissions (i.e. it was recycled back into fuel). Biogas 

would be produced from the plants within the environment to be used within the NGCC 
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facility. Once burned, the emissions went into the atmosphere, only to be re-uptaken by 

the plants being used to produce biogas. If everything used biogas and/or biofuel within 

the production process, it was assumed that there would be zero emissions produced due 

to the closed nature of the system. When it comes to modelling these emissions, this was 

not the case as there are emissions from other non-renewable fuel sources in order to 

produce the fuel. Therefore, based on the work conducted by Clark (2013), the biofuel 

environmental adjustment factor was determined by the following equation: 

(3.12) 

	 	 	
	 	 	 	 	

	
 

 
As adapted from Clark (2013), the biofuel adjustment factor was determined to be a 

range between 0.10 and 0.20 (average = 0.15) representing the emissions not 

incorporated within the closed system loop. It is important to note that the adjustment 

factor was only applied to CO2, NOx (as NO2) and CH4 as they directly affected the 

global warming potential related to the equivalent carbon dioxide (eCO2) emissions. 

When applying this factor to determine the emissions produced by the system, the 

following equation was used: 

(3.13) 

, 	 	 ∗
100%

∗

	 	 ∗ 1
100%

∗
100%

∗
100%
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Where:  

, 	 	 	 	 	 	 	 	 ,  

, 	 	 	 	 	 	 	 	 ,  

	 	 	 	 	  

	 	 	 	 	  

	 	 	 	 	 	 	 	  

	 	 	 	 	 	 	 	  

	 	 	 	 	 	 	 	 	 	  (%) 

	 	 	 	 	 	 %  

	 	 	 %  

	 	 	 	 	  

 

By applying the equation above to each of the produced emissions, the representative 

emissions that cannot be absorbed/recycled within the system was determined. 

3.2.6 Natural Gas Combined Cycle (NGCC), Biogas and CCS 

The implementation of biogas along with a full-CCS plant at the hypothetical Boundary 

Dam NGCC facility would involve developing and constructing a facility that was 

capable of incorporating a series of technological and transitional changes for emissions 

reduction. This combination co-generative facility would allow for an effective emissions 

reduction while integrating renewable fuels over the long term. Implementing both 

technologies would allow for an effective emissions reduction while integrating 

renewable fuels over the long term but shift the industry development of biogas to the 

large scale.  

Since the focus of the project involved the determination of emissions from the process 
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life cycle, it was assumed that the fuel used was of sufficient volumes and quality. With 

these considerations, the opportunity to improve biogas production was based on the 

market demand, ensuring that the supply chain for energy was sufficient enough to 

provide fuel until the year 2050.   

Since the basis of this technological implementation was on the standard NGCC scenario, 

the assumptions made were done strictly on the integration of biogas systems during the 

development of CCS at the facility. The assumptions made for these individual 

technologies were compiled within this scenario (Table 3.18). 

Similar to that of the previous NGCC based scenarios, emissions data was based on the 

IECM emission and performance framework and was adjusted to fit the hypothetical 

Boundary Dam NGCC facility. In addition to the literature emission factors, there were a 

number of set study parameters that were implemented.  

Based on the long-term projected time frame of 35 years, it was estimated that the facility 

could hypothetically operate in a full CCS and biogas situation while ensuring the 

demand market energy needs were met. Scenarios were run at replacing 5 % biogas by 

volume of natural gas compounded per year until the 100 % biogas target was met 

starting at the year 2024 (similar to that of the NGCC-biogas only scenario). CCS 

technology was added within this time period to determine the available capacity of the 

facility to the demand market trends and associated emissions produced over the 

projected timeframe. It was assumed within the model that the implementation CCS 

systems were projected to be in place by 2024 (Turbine #1) and 2026 (Turbine #2). 
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Table 3.18: Assumptions for Biogas and CCS Impacts on a Hypothetical NGCC Facility 

Primary Subject  Assumptions Source
General Assumptions

Methane content range 87-97% Union Gas, 2015
Saskatchewan Natural Gas Minimum methane 

content 
87.50%  Transgas, 2006 

Biogas @ 97% methane 
1 Nm3 biogas (97 % methane) 

= 9.67 kWh/Nm3 Eriksson, 2010 

Biogas @ 60% methane 1Nm3 biogas = 6.0 kWh/Nm3  Eriksson, 2010
Processing methane emissions (increase methane 

concentration) 
2 % by volume of CH4  Eriksson, 2010 

Natural gas heating value 11  kWh/Nm3 Eriksson, 2010
Processing Biogas

Pre-processed gas Biogas @ 60% methane  Eriksson, 2010
Post-processing (CH4) CH4: 96-98 % Serfass, 2015
Post-processing (CO2) CO2 : 1-2 % Serfass, 2015
Post-processing (H2S) H2S: < 4 ppm Serfass, 2015

Processing methane emissions (increase in methane 
concentration) 

2% by volume of CH4  Eriksson, 2010 

Biogas @ 96% methane  9.57 
Cuéllar and 

Webber, 2008
Biogas adjustment (emissions not absorbed / total 

emissions) 
0.15  Clark, 2013 

Biogas Feed Stock
Feed Stock Type Straw Study Parameters

Production CO2 Emissions (% change from NG) 75.4 % (Reduction) Eriksson, 2014
Production NOx Emissions (% change from NG) 87.1 % (Increase) Eriksson, 2014
Production SOx Emissions (% change from NG) 79.31 % (Increase) Eriksson, 2014
Production CH4 Emissions (% change from NG) 10.0 % (Reduction) Eriksson, 2014

Production CO2 Emissions 50.4 kg/MWh Eriksson, 2014
Production NOx Emissions 0.306 kg/MWh Eriksson, 2014
Production SOx Emissions 0.01044 kg/MWh Eriksson, 2014
Production CH4 Emissions 0.00648 kg/MWh Eriksson, 2014

Implementation of CCS Technologies
CO2 Pipeline Length (CCS)  2 km Study Parameters

CO2 Loss Rate (CCS)  1% in 100 years NETL, 2012
CO2 Capture Rate  90% NETL, 2015

CO2 Capture Performance 
Efficiency 

85.5 % of original turbine operating efficiency  Piewkhaow, 2014 

CO2 Emissions 
87.1% reduction in CO2 emissions (to 47.3 

tonnes/GWh)
NETL, 2012 

NOx Emissions 
14.1% increase in N2O emissions (to 0.00000241 

tonnes/GWh)
NETL, 2012 

CH4 Emissions 
14.6% increase in CH4 emissions (to 0.00000880 

tonnes/GWh)
NETL, 2012 

Construction Time Frame  
(1 Turbine) 

1 year per turbine generator  Set Study Parameter 

CCS Implementation Order  Turbines are implemented in series Set Study Parameter
 

Construction and operation of the NGCC plant had been projected to occur before the 

CCS and biogas systems could be added to the supply stream as a means to determine the 
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impacts of the technology on the performance of the system over time within the 

produced trends. A time frame of one year for construction was determined to be 

adequate for the proposed CCS systems as the current injection and technical systems 

were already implemented and needed to be adjusted to incorporate the NGCC turbines 

on the system. Similar to that of the “Natural Gas Combined Cycle (NGCC) and Biogas” 

section of this report, the best suitable feedstock for biogas production was straw due to 

the location of Boundary Dam within southern Saskatchewan.  

With regards to the production of emissions for the hypothetical facility, similar trends to 

that of the previous NGCC scenarios were followed when it came to implementing 

biogas alongside CCS technology. Fuel and CCS adjustment factors were used to 

determine the emissions production for the Boundary Dam NGCC Plant as the 

technologies were integrated within the system itself. In summary, this was because 

agricultural (straw) based biogas had a lower heating value than that of the natural gas 

resources within Saskatchewan (see section 3.2.6 for more information). This difference 

in heating values affect the amount of heat generated within the firing system due to the 

factors listed in Table 3.17. 

As with the previous “Natural Gas Combined Cycle (NGCC) and Biogas” scenario, an 

emissions adjustment factor was applied to the biogas components of the fuel to account 

for emissions that were cyclic (recycled) within the productions and operations of the 

NGCC energy process. In summary, this factor was applied to account for emissions that 

were outside of the cyclic cycle (Equation 3.12). Based on the parameters and fuel 

mixtures within this scenario, a biofuel adjustment factor of 0.15 was used to represent 

this closed system analysis. 
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With respect to plant performance, similar assumptions and equations were used to model 

the combination of biogas and CCS technologies over the long term. This meant that, 

with regards to biogas performance, additional emissions (delegated by means of an 

emission factor) were to be produced as more fuel burned to produce the same amount of 

electricity to that of natural gas. 

Additionally, with regards to CCS implementation, increased/reductions in emissions 

were seen by means of a stepwise comparison as the technologies were added to the 

system in series.  

 
3.3 Determining the Equivalent Carbon Dioxide Emissions 

The purpose of the analysis was to compare the cumulative equivalent carbon dioxide 

emissions (eCO2) among different technological scenarios in order to determine which 

one emitted over time the smallest amount of eCO2, given the relevant constraints within 

the model. 

When determining the equivalent carbon dioxide (eCO2) emissions for each of the 

modelling scenarios, it was important to consider how those emissions changed within 

the atmosphere over time to best represent the effect of certain emissions produced over 

others. To better approximate an emission’s atmospheric Global Warming Potential 

(GWP), equations were developed based on data provided by the IPCC, 2007 report. The 

following figures give a visual representation of the long term global warming potential 

over the projected time frame. 
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Figure 3.6: Long Term Changes in Global Warming Potential for Methane Emissions 

 
 

Figure 3.7: Long Term Changes in Global Warming Potential for Nitrous Oxide 
Emissions 

 

Based on the figures presented, the CH4 global warming potential decreases over the 

projected time frame, while the global warming potential of NOx increased. By 

incorporating the IPCC, 2007 trends within the model, Equations 3.14 and 3.15 were 

developed for each of the scenarios over the projected time frame: 

(3.14) 
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	0.0105 	1.91 	 	120 

Where: 

	 	 	 	 	 	 	  

	 	 	 	 	 	 . 2025  

	 	 . 2050  

 (3.15) 

	0.0023 	0.105 	 	265 

Where: 

	 	 	 	 	 	 	 	 	 	  

	 	 	 	 	 	 . 2025  

	 	 . 2050  

 

These equations aimed to determine the residual changes of a pollutant in the atmosphere 

as an amount of equivalent carbon dioxide (eCO2) produced. What is important about 

these equations is that the implementation of technologies (resulting in CO2 reductions) 

may produce higher concentrations of pollutants that are more harmful in the atmosphere 

over the long term compared to CO2.  

To determine the cumulative emissions for a particular scenario, the eCO2 emission 

contributions from CO2, NOx and CH4 over the projection year were compiled using the 

following equation.  

 (3.16) 

 

Where: 
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	=	 	 	 	 	 	 	 	 	 	 	 	  

	 	 	 	 	 	 	 	 	 	 ,  

 

By determining the area under the emissions curve, the total emissions contribution over 

the projection time frame was determined for a particular scenario. This was calculated 

using the following equation: 

(3.17) 

2 ∗
 

Where:  

	 	 	 	 	 	  

, 	 	 	 	 	 	 	 	  

, 	 	 	 	    

 

The results from this equation allowed for the determination and ranking of the clean 

and/or transitional energy scenarios modelled. By doing so, the lowest area represented 

the lowest long term emissions and therefore would be considered the best choice from 

an emissions perspective.  
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CHAPTER 4: Results and Discussion 

The results indicated from the model were developed based on publically available data 

and modelling software. The modelling software was provided by the National Energy 

Technology Laboratory (NETL) baseline model which was based on Cansolv 

(amine) technology implemented at the Boundary Dam Facility. Projections for the 

various scenarios were developed from a series of literature reports on similar plants 

studied, incorporating engineering judgement. The proceeding sections explain the 

modelling results and trends developed with application to the future development of the 

Boundary Dam power facility. 

4.1 Coal-Fired Production - Standard Scenario  

As stated previously, the standard scenario was developed to compare with the possible 

implementations of transitional and/or clean energy systems within the Boundary Dam 

Facility. This scenario assumed the "do nothing approach" which projected the continued 

use of the power station without any changes in technology.  

Performance measures for the facility were analysed on the basis of projected plant 

capacity and end-user demand. Metrics used for analysis of plant capacity, included the 

plant energy production capacity, operating reserve and unrepairable turbine damage. The 

projected energy demand was calculated by acquiring data from multiple sources 

regarding the current and future energy needs for Saskatchewan. A study on energy 

demand in Saskatchewan was conducted by Bigland-Pritchard (2010) and the National 

Energy Board of Canada (NEB, 2016), and projected how energy demand was going to 

change. These projections were incorporated within the developed energy projection 
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model for Boundary Dam (2030 and 2050 scenarios). These projections are broken down 

within Table 4.1. 

Table 4.1: Projected Coal Power Demand for Saskatchewan   

Power Demand Sector 
2016 
(MW) 

2030 
Projections 

(MW) 

2050 
Projections 

(MW)
Power account (potash, oil/gas pipelines, steel, chemicals, 

oil refining/upgrading, northern mining)
11453.3  13171.3  14316.6 

Oilfield  3284.7  3777.4  4105.9 

Commercial  3504.9  4030.6  4381.1 

Residential  3124.3  3592.9  3905.4 

Farm  1232.3  1417.1  1540.3 

Reseller (cities of Saskatoon and Swift Current)  1352.9  1555.8  1691.1 

SaskPower Internal  117.0  134.5  146.2 

Transmission losses  1988.6  2286.9  2485.8 

Interprovincial/International Power Use  933.5  1031.5  1096.8 

 

The energy demand growth for the province was estimated based on the particular 

industry present. These estimates were scaled to incorporate the 34 % (SaskPower, 2015) 

of the provinces’ coal-based power production. The projected growth for energy demand 

was incorporated within the model and was used as a comparable to plant capacity.  

The resulting model projections for the standard scenario and projected demand were 

plotted on the following figure. 

From the figure presented, the demand for power as well as the represented supply for 

Boundary Dam did not converge. This indicated that there will be sufficient supply for 

the growing population over the next 15 years. As noted in the methodology section for 

this scenario, this situation was non-representative of the actual case. The coal-fired units 

within the Boundary Dam Facility were assumed to have met the end of their useful life 

within the next 15 years, having been added to the facility in 1970 (2 units), 1973 (1 unit) 

and 1978 (1 unit) respectively 
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Figure 4.1: Standard Supply/Demand Forecasting Measure for Boundary Dam 

(SaskPower, 2016). Nonetheless, this scenario allowed for a comparative standard 

approach to observe the effects of implementing other options. With respect to the 

emissions produced within the standard scenario, data was incorporated within the model 

as CO2, NOx, and SOx emission concentrations. These emission values represented 

operations (estimated by means of the IECM model) and closure of the Boundary Dam 

facility (in 2030). In addition to these considerations, emissions for the mining and 

transportation of fuel were also considered within the scenario. The following figure 

below shows the modelled emissions over the projected time frame of 15 years.  
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Figure 4.2: Standard Emission Forecast for Boundary Dam 

Since this was considered the “do nothing scenario”, the only contributors to increased 

emissions was the unrepairable turbine damage, which resulted in lower turbine 

efficiencies and higher fuel usage with time (resulting in subtle increases in emissions 

over time). Within the last year of operating the facility (i.e. 2030) it was assumed that 

the plant would reach the end of its operating life and therefore would be operated at a 

reduced capacity while other facilities (the replacement facility starting production) 

compensated for the difference in energy demand.   

 

4.2 Coal-Fired Production and Full CCS Implementation  

As stated within the methodology section of this report, CCS at the Boundary Dam power 

plant incorporated the data implemented within the standard scenario. In addition, this 

scenario forecasted the effects on the performance and emissions of the facility as each 

turbine CCS unit was brought online. When implanting these CCS units onto the turbines 

at the conventional coal-fired facility, it was assumed that the units were changed over in 
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series at one year intervals to ensure the facility could accommodate the changeover 

effectively (Table 4.2).  

Table 4.2: Implementation Cycles of CCS at Boundary Dam  

Boundary Dam Turbines  Capacity (non-CCS) (MW)  Year Implemented 

Turbine 4  139  2018 

Turbine 5  139  2020 

Turbine 3 (already CCS implemented)  115 (net)  -  

Turbine 6  279  2022 

Totals  672   

 
Based on this implementation cycle, it was assumed that the smaller turbines would be 

implemented over to CCS first to ensure minor reductions in capacity (resulting in less 

fuel and emissions produced) could be observed initially and improved if necessary. The 

figure below gives a visual representation of the projection results of implementing 

further CCS units at the Boundary Dam power plant.  

 
 

Figure 4.3: Standard Supply/Demand Forecast for Boundary Dam (Full CCS) 
 

The figure above presents a series of step-wise impacts to performance as all turbines 

were brought online at the facility. Within the full-CCS scenario, each of the turbine CCS 
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systems were implemented in series in order to observe their individual impacts. As seen 

in the figure, both the implementation of three and four CCS units on the coal-fired 

turbines resulted in a capacity drop (if no additional fuel/energy was added to account for 

these systems) large enough to lag the facility enough to not meet demand constraints 

over the next 15 years. Similar trends can be seen when observing the emissions 

production as the CCS systems are implemented on the existing Boundary Dam coal-

fired facility (Figures 4.4, 4.5 and 4.6). 

 

Figure 4.4: CO2 Emission Forecasting Measure for Boundary Dam (Full CCS) 
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Figure 4.5: NOx Emission Forecasting Measure for Boundary Dam (Full CCS) 

 

 
 

Figure 4.6: SOx Emission Forecasting Measure for Boundary Dam (Full CCS) 
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It is important to note that the last CCS system was implemented on the largest turbine 

unit at the Boundary Dam Facility to ensure minimal parasitic load reduction over the 

short term projected time-frame. Based on the figures presented, further implementing 

CCS technology at the existing Boundary Dam Facility would result in large emissions 

reductions of CO2 by approximately 19 % overall when implemented on turbine #1 (2 

turbine CCS), 27 % when implemented on turbine #2 (after turbine #1 CCS systems were 

functioning – 3 turbine CCS) and 75 % when implemented onto turbine #4 (after turbines 

#1 and #2 CCS systems were functioning – 4 turbine CCS) respectively when compared 

to the conventional coal-fired scenario.  

With regards to SOx, reductions were seen across the board at approximately 22 % 

overall when implemented on turbine #1, 30 % when implemented on turbine #2 (after 

turbine #1 CCS systems were functioning) and 84 % when implemented onto turbine #4 

(after turbines #1 and #2 CCS systems were functioning) respectively when compared to 

the conventional coal-fired scenario. While these emissions were reduced, increases in 

NOx emissions were observed in the model output. Based on this scenario output, NOx 

emissions increased by approximately 7 % overall when implemented on turbine #1, 6 % 

when implemented on turbine #2 (after turbine #1 CCS systems were functioning) and 11 

% when implemented onto turbine #4 (after turbines #1 and #2 CCS systems were 

functioning) respectively when compared to the conventional coal-fired scenario.  

Based on the requirements of the projection model created, the technological 

implementation was required to meet the projected demand over the time frame observed. 

In this case it, would be reasonable to improve the existing Boundary Dam to a two 

turbine CCS system to match plant capacity with consumer demand while reducing 
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emissions output for the next 15 years. 

4.2.1 Improved Scenario – Coal – Fired Power with 2 CCS Units 

The improved scenario was developed for the CCS model to project how the Boundary 

Dam facility would perform (with respect to emissions production) if capacity were met 

downstream demand without the use of additional fuel. As with the full-CCS scenario, it 

was assumed that the smaller turbines would be implemented over to CCS first to ensure 

initial minor reductions in capacity. Figure 4.7 below gives a visual representation of the 

projection results for this particular case.  

 
 

Figure 4.7: Supply and Demand Forecasting Measure for Boundary Dam (Improved 
CCS) 

 

The figure above presented the improved version of converting one additional turbine to 

CCS by the year 2018. Within this improved scenario, the projected power output of this 

transitional system was observed to be above the downstream energy demand over 15 

years projected timeframe. By meeting the projected downstream energy demand, this 
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improved system was suitable over the time frame observed. Again, it is important to 

note that this development was only good for the 15 year projection period as the current 

turbine systems within the Boundary Dam coal-fired facility were assumed to be obsolete 

(i.e. not last due to mechanical degradation) over the 35 year projection period. Since the 

improved scenario met the performance requirements for the projection period, it was 

considered within the emissions model. Based on the emissions production of the 

improved system, the following trends were produced by the model as seen in the figures 

below. 

As a result of implementing the improved scenario within the model, there was a 

reduction in overall CO2 emissions by approximately 19 % overall when implemented on 

turbine #1 (2 turbine CCS) respectively if compared to the conventional coal-fired 

scenario.  

 
 

Figure 4.8: CO2 Emission Forecasting Measure for Boundary Dam (improved 2 CCS 
system) 
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Figure 4.9: NOx Emission Forecast for Boundary Dam (improved 2 CCS system) 
 

 
 

Figure 4.10: SOx Emission Forecast for Boundary Dam (improved 2 CCS system) 
 

With respect to the SOx emissions produced, emissions were reduced by approximately 

22 % overall after being implemented on turbine #1 (2 turbine CCS). Finally, based on 

the improved scenario output of the model, NOx emissions were projected to increase by 

approximately 7 % overall when compared to the conventional Boundary Dam coal-fired 
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plant scenario.   

 

4.3 Natural Gas Combined Cycle (NGCC) Scenario 

As previously noted, in order to properly model the emissions produced from a 

hypothetical NGCC plant, the IECM-NGCC model was used. This ensured that the data 

acquired from this scenario would be consistent with that of the standard Boundary Dam 

facility scenario. Additionally, use of this model would rule out specific technical 

considerations within the plant as the purpose of this model was to analysis the emissions 

at their sources over time and not those produced from specific components within the 

plant.  The following figure summarizes the performance measures for the hypothetical 

Boundary Dam Facility based on the supply and represented downstream demand for 

electricity. 

 

Figure 4.11: Standard NGCC Supply and Demand Forecast for Boundary Dam 
 

To ensure the most accurate estimations possible, the construction and initial operations 

(testing) of the facility occurred in concurrence with the operations and closure of the 
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coal-fired Boundary Dam plant. This is shown by the highest peak in capacity indicating 

that both facilities would be functional until the NGCC facility could successfully take 

over operations by the year 2022. Due to the nature and granularity of the forecasting 

time frame (years), the plant capacity is considerably higher than that required by the 

demand. By converting over to a NGCC facility from that of a coal-fired one, capacity 

for the facility increased from a four-turbine system at 672 MW to that of a two-turbine 

system at 842 MW. This allowed for additional capacity to meet the future population 

demands as well as to implement transitional emission controlling technologies and clean 

energy systems.  

 
 

Figure 4.12: Standard NGCC Emission Forecast for Boundary Dam 

With respect to emissions production within the hypothetical Boundary Dam NGCC 

facility, the following figure was produced. When compared to the standard Boundary 

Dam coal-fired power plant scenario, the projection results indicated significant short 

term changes in emissions over time. With respect CO2 emissions, reductions by 

approximately 30 % overall were observed. In addition to CO2 reductions, losses in NOx 
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emissions by approximately 100 % were also observed in the model outputs for this 

scenario. While these emissions are reduced, increases in CH4 emissions by 

approximately 764 % were forecasted due to the replacement of lignite coal with natural 

gas fuels, resulting in a higher potential for figurative leakage along the fuel production, 

transportation and combustion systems.   

 

4.4 Natural Gas Combined Cycle (NGCC) + Full CCS  

As noted within the methodology, the implementation of CCS within the hypothetical 

Boundary Dam NGCC facility involved incorporating and adjusting the NGCC scenario 

to account for the transition within the model. To establish a step-wise comparison 

regarding the impacts of CCS on the NGCC system, the technology was implemented in 

the order indicated by means of the following table. 

Table 4.3: Implementation Cycles of CCS at Boundary Dam  

Boundary Dam Turbines  Capacity (non-CCS) (MW)  Year Implemented 

Turbine 1  421  2024 

Turbine 2  421  2026 

 

In addition, the scenario outputs from the model forecasted the effects on the 

performance and emissions of the facility as each of the two turbine CCS units were 

brought online. Figure 4.13 shows the forecasted impacts determined by the model for 

implementing CCS technology in an NGCC based facility. 
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Figure 4.13: Supply/Demand Forecast for Boundary Dam (NGCC with Full CCS) 
 

The figure above presented a series of step-wise impacts to projected power output as all 

of the CCS turbines were brought online. Each of the turbine CCS systems were 

implemented in series (starting at the year 2024) in order to observe the impacts and 

emission production of each individual turbine system. Based on the model results, 

reductions in plant capacity occurred by approximately 7 % overall when implemented 

on turbine #1 (1 turbine CCS), and 23 % when implemented on turbine #2 (using the 

capacity after the turbine #1 CCS systems was functioning – 2 turbine CCS) respectively 

when compared to the standard NGCC scenario. As seen in the figure, transitioning the 

entire plant into CCS (without adding additional fuel to the combustion chamber) would 

drop the capacity of the facility to levels that could meet the growing demand over the 

long term (i.e. 35 years). Similar trends (seen in Figures 4.14, 4.15 and 4.16) were 

observed with respect to the facility’s emissions production as the CCS systems were 

implemented.  
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Figure 4.14: CO2 Emission Forecast for the Hypothetical NGCC Facility (Full CCS) 

 
 

Figure 4.15: NOx Emission Forecast for the Hypothetical NGCC Facility (Full CCS) 
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Figure 4.16: CH4 Emission Forecast for the Hypothetical NGCC Facility (Full CCS) 

Implementing CCS technology at the hypothetical Boundary Dam NGCC facility, based 

on the projection model outputs, resulted in emissions reductions for both CO2 and CH4 

compounds. With respect to overall modelled CO2 emissions for each of the turbines on 

the facility, reductions of approximately 38 % overall when implemented on turbine #1 (1 

turbine CCS), and 78 % when implemented on turbine #2 (after turbine #1 CCS systems 

were functioning – 2 turbine CCS) respectively when compared to the standard NGCC 

scenario. With respect to CH4, emissions reductions from the model outputs were at 

approximately 8 % overall when implemented on turbine #1 (1 turbine CCS), and 7 % 

when implemented on turbine #2 (after turbine #1 CCS systems were functioning – 2 

turbine CCS) respectively when compared to the standard NGCC scenario. While these 

emissions were reduced, increases in NOx emissions were observed in the model output. 

These emissions increased by approximately 3 % overall when implemented on turbine 

#1 (1 turbine CCS), and 10 % when implemented on turbine #2 (after turbine #1 CCS 

systems were functioning – 2 turbine CCS) when compared to the standard NGCC 
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scenario. 

4.5 Natural Gas Combined Cycle (NGCC) and Biogas 

The implementation of biogas at the hypothetical Boundary Dam facility would require 

potentially profound changes in the surrounding industries to ensure fuel supplies are 

constant and available for energy production. This scenario was modelled using emission 

estimates throughout the production, transportation and combustion of biogas assuming 

that the industries in place had been developed to accommodate the production of 

electricity. With respect to the power output of the facility, the incorporation of biogas 

had the potential to reduce the production capacity of the facility due to the factors 

discussed within Chapter three of this report. Since it was assumed that the fuel was of 

standard quality for energy production (leaving the processing facilities) and the 

adjustments for biogas implementation had been made (i.e. more oxygen available for 

firing), the effect on performance would be similar to that of natural gas fuels if more fuel 

and firing conditions compensated the difference in heating value. Figure 4.17 

summarizes the output profile for the hypothetical Boundary Dam Facility NGCC as a 5 

% per year change in fuel (natural gas to biogas) input occurred. 

As seen in the Figure 4.17, the use of biogas had little effect on the power output of the 

power plant. It is important to note that due to the difference in heating values between 

the natural gas used within Saskatchewan and the hypothetical biogas produced, more 

fuel would need to be burnt to produce the same production capacity to feed the 

downstream demand of power. Based on the model results, the implementation of biogas 

(from 100% natural gas fuel to 100% biogas) would result in approximately 15 % more 

fuel being burned. 
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Figure 4.17: Supply and Demand Forecast for Boundary Dam (NGCC + Biogas) 
 

 
 

Figure 4.18: CO2 Emission Forecast for the Hypothetical NGCC Facility (Biogas) 
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Figure 4.19: NOx Emission Forecast for the Hypothetical NGCC Facility (Biogas) 

 

 
 

Figure 4.20: CH4 Emission Forecast for the Hypothetical NGCC Facility (Biogas) 

While this doesn’t affect the power output of the facility (as determined by Gatrosi, 

2007), it does increase the amount of emissions produced (seen in Figures 4.18, 4.19 and 

4.20).  
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From the modelling output profiles for the emissions analysed, the steady implementation 

of biogas at the hypothetical Boundary Dam NGCC facility resulted in emissions 

reductions for both CO2 and CH4 compounds. It is important to note that for biogas, the 

magnitude of emissions reductions ranged based on the emissions reference frame (being 

adjusted or non-adjusted for biogas cycling). With respect to the overall modelled output 

for CO2 emissions, reductions of approximately 2 % (non-adjusted) and 85 % (adjusted 

for cycling) overall were observed respectively when compared to the standard NGCC 

scenario. With respect to CH4, emissions reductions were modelled and observed at 

approximately 96 % (non-adjusted) and 99 % (adjusted for cycling) were observed. 

While these emissions were reduced, large increases in NOx emissions were observed in 

the model output from 5.72 x 10-6 tonnes/GWh to 0.363 tonnes/GWh (non-adjusted) and 

0.0545 tonnes/GWh (adjusted for cycling). These large values in NOx emissions were 

attributed to low levels (compared to that of the biogas scenario) of NOx within the 

standard NGCC scenario along with relatively high values (~82% of all NOx emissions 

for biogas) for the production biogas within the biogas scenario.   

 

4.6 Natural Gas Combined Cycle (NGCC), Biogas and CCS 

The implementation of biogas and CCS at the hypothetical Boundary Dam NGCC facility 

would involve gradually changing over fuel components at the supply stream while 

implementing CCS technology at the stack. As biogas is switched into the fuel stream, 

the effect on power output is similar to that of natural gas fuels given that technical 

adjustments are made (i.e. more oxygen available for firing). CCS and biogas technology 

was implemented at the facility in the order indicated by means of the following table. 
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Table 4.4: Implementation Cycles of CCS at Boundary Dam  

Boundary Dam Turbines  Capacity (non-CCS) (MW)  Year Implemented 

Turbine 1  421  2024 

Turbine 2  421  2026 

Bio-gas (all-turbines)  842 
5% v/v per year starting 

in 2023
 

The units were added in this configuration to ensure the scenarios involving CCS could 

be compared on the basis of power output and emissions production (ruling out 

implementation time as a factor for reductions/increases in emissions produced). As CCS 

was implemented to this configuration, performance was negatively affected based on the 

number of turbines implemented with the system.     

Figure 4.21 summarizes the output profile for the hypothetical Boundary Dam Facility 

NGCC as a 5 % per year change in fuel (natural gas to biogas) input occurred alongside a 

series turbine implementation of CCS (without burning additional fuel for the CCS 

systems). 

As seen in Figure 4.21, the use of biogas in combination with CCS affected the power 

output of the power plant by approximately 13 % when implemented on turbine #1 (1 

turbine CCS), and 8 % when implemented on turbine #2 (using the capacity after the 

turbine #1 CCS system was functioning – 2 turbine CCS) respectively when compared to 

the standard NGCC scenario. 
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Figure 4.21: Supply and Demand Forecast for Boundary Dam (NGCC + Biogas + CCS) 

Similar to that of the biofuel only scenario, the implementation of biogas (from 100% 

natural gas fuel to 100% biogas) resulted in approximately 15 % more fuel being burned 

based on the assumptions made. In addition to the impacts of the fuel used, transitioning 

the entire plant into CCS effectively dropped the power output to levels that meet the 

growing demand over the long term (i.e. no additional fuel would be needed to 

compensate the drop in power output). The emission profiles from the 

NGCC/CCS/biogas combination are shown below (Figures 4.22, 4.23 and 4.24). 
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Figure 4.22: CO2 Emission Forecast for the Hypothetical NGCC Facility (Biogas + Full 
CCS) 

 

 
 

Figure 4.23: NOx Emission Forecast for the Hypothetical NGCC Facility (Biogas + Full 
CCS) 
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Figure 4.24: CH4 Emission Forecast for the Hypothetical NGCC Facility (Biogas + Full 
CCS) 

 

Based on Figures 4.22, 4.23, and 4.24 presented, the implementation of biofuel and CCS 

technology would result in reductions in CO2 and CH4 emissions. With respect to the CO2 

emissions model output (for each turbine), reductions of approximately 38 % (non-

adjusted) and 40 % (adjusted for cycling) were observed when implemented on turbine 

#1 (1 turbine CCS), as well as 65 % (non-adjusted) and 66 % (adjusted for cycling) when 

implemented on turbine #2 (after turbine #1 CCS systems were functioning – 2 turbine 

CCS) respectively. With respect to CH4 emissions, reductions were approximately 4 % 

(non-adjusted) and 9 % (adjusted for cycling) when implemented on turbine #1 (1 turbine 

CCS), as well as 5 % (non-adjusted) and 9 % (adjusted for cycling) when implemented 

on turbine #2 (after turbine #1 CCS systems were functioning – 2 turbine CCS) compared 

to the standard NGCC scenario. Similar to that of the biogas only scenario, large 

increases in NOx emissions were observed in the model output from 5.72 x 10-6 

tonnes/GWh to 0.0160 tonnes/GWh (non-adjusted) and 0.0153 tonnes/GWh (adjusted for 
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cycling) when compared to the standard NGCC scenario. These differences in NOx 

emissions were attributed to low levels (compared to that of the biogas scenario) of NOx 

within the standard NGCC scenario along with the relatively high values (~82% of all 

NOx emissions for biogas) for the production biogas within the biogas scenario.  

 

4.7 Cumulative Equivalent CO2 Emissions and Ranking  

Based on the modelled trends developed for each of the scenario emissions, the 

cumulative equivalent carbon dioxide emissions (eCO2) was determined. To account for 

long term changes in the atmosphere, emissions produced were converted based on their 

global warming potential (GWP) from IPCC, 2007. Using these global warming trends, 

the total eCO2 emissions (total area under the emissions curve) was calculated (Tables 4.4 

and 4.5).   

Table 4.5: eCO2 Emissions for Future Boundary Dam Development Scenarios (15 year) 

Scenario Model 
Cumulative eCO2 Emissions 

(15 years) 
(tonnes/GWh)

Meet 15 Year Demand 
Requirements 

Emissions 
Ranking 

Coal (Standard - 1 CCS 
Unit) 

10642  Yes  8 

Coal (4 CCS Units)  4598  No  - 

Coal (2 CCS Units)  8929  Yes  4 

NGCC  9316  Yes  5 

NGCC (CCS)  6537  Yes  1 

NGCC (Biogas)  9411  Yes  7 
NGCC (Biogas - 

Adjusted) 
9360  Yes  6 

NGCC (Biogas + CCS)  7175  Yes  3 
NGCC (Biogas + CCS - 

Adjusted) 
7087  Yes  2 
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Table 4.6: eCO2 Emissions for Future Boundary Dam Development Scenarios (35 year) 

Scenario Model 
Cumulative eCO2 

Emissions (35 years) 
(tonnes/GWh)

Meet 35 Year Demand 
Requirements 

Emissions 
Ranking 

Coal (Standard - 1 CCS 
Unit) 

-  No  - 

Coal (4 CCS Units)  -  No  - 

Coal (2 CCS Units)  -  No  - 

NGCC  19356  Yes  5 

NGCC (CCS)  8180  Yes  2 

NGCC (Biogas)  20367  Yes  6 

NGCC (Biogas - Adjusted)  12035  Yes  4 

NGCC (Biogas + CCS)  10996  Yes  3 
NGCC (Biogas + CCS - 

Adjusted)
8066  Yes  1 

 

Based on the results provided in Tables 4.4 and 4.5, the scenarios were ranked based on 

total cumulative equivalent carbon dioxide emissions over the projected timeframes, 

respectively. The 15 year scenario incorporated the rankings of 2 of the 3 coal-fired 

power facility scenarios while the 35 year scenario disregarded these projections due to 

their short turbine operating life remaining. Within the 15 year scenario rankings, the best 

projection output (lowest emissions area over the projected timeframe) was the 

construction and operation of a NGCC plant equipped with CCS on both operating 

turbines. Based on the model rankings for the 35 year scenarios, the best option (lowest 

emissions area over the projected timeframe) was through the construction and operation 

of a NGCC bio-fuel integrated plant equipped with CCS on both operating turbines. The 

outcomes are different for both of the projection frames due to the higher NOx emissions 

attributed to processing biogas within Saskatchewan.  
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CHAPTER 5: Concluding Discussion and Further Work 

In conclusion, this thesis focused on modelling and analysing the “marriage of systems” 

with developing clean and transitional energy systems for large scale energy production 

within Saskatchewan. Based on the literature review conducted (Chapter 2), it is clear 

that the province of Saskatchewan faces the problem of integrating and developing 

technology while trying to meet the needs of downstream energy consumers. To solve 

this issue, it was concluded that Saskatchewan will need to incorporate transitional 

energy systems and co-generation to ensure that the needs of consumers are met while 

meeting environmental targets set out by provincial and national regulators. For the 

purposes of modelling the future of clean and transitional energy systems, two currently 

implemented technologies within the Canadian climate were recommended: Carbon 

Capture and Storage (CCS) and Natural Gas Systems. In addition to these energy 

systems, emphasis on the development and implementation of biogas technology for 

energy production was also suggested. 

Within the third chapter, focus was placed on the development and results obtained from 

the emission forecasting model for the future of clean energy, given its application to the 

Boundary Dam coal-fired facility. The purpose of the analysis was to compare the 

cumulative equivalent carbon dioxide emissions (eCO2) among different technological 

scenarios in order to determine which one emitted over time the smallest amount of 

eCO2, given the relevant constraints within the model. This model addressed the 

production of emissions from the construction, operations and potential closure of an 

existing coal-fired facility; while considering the emissions impacts of technological 

implementation, demand market requirements, and long term emission impacts within the 



Chapter 5: Concluding Discussion and Future Work 

113 
 

atmosphere. The following sub-sections provides a summary of the model assumptions 

made, projected results as well as recommendations for future development.   

5.1 Summary of Key Model Assumptions and Study Results  

To summarize the development and testing of the model itself, the following key 

assumptions were made regarding each of the scenarios (Table 5.1). These key 

assumptions were important in determining the effect of changing the initial systems and 

how those systems would respond over the projected time frame.  

Alongside these assumptions made, the system was tested by projecting the future of the 

Boundary Dam Facility for the tested energy scenarios (Tables 4.4 and 4.5).  

The final output of these projections was a ranking of the total cumulative equivalent 

carbon dioxide (eCO2) emissions for each of the identified technology scenarios based on 

their lowest total cumulative equivalent CO2 emissions over the projection period. With 

respect to the Boundary Dam case study, the best projection scenario over the 15 year 

forecast period was to construct and operate an NGCC power facility equipped with CCS 

on both operating turbines. While this would be ambitious to perform on an economics 

and logistics standpoint (requiring the construction of a new NGCC facility with CCS 

within the next 10 years), this scenario would make the largest impact with respect to 

emissions production while creating the opportunity for integrating renewable sourced 

fuels (i.e. biogas) later on.  

 

Based on the forecast rankings for the 35 year scenario, the best option was through the 

construction and operation of a NGCC bio-fuel integrated plant equipped with CCS on 

both operating turbines. This scenario would be the most ambitious to perform on an 
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economics and logistics standpoint (aside from constructing a new NGCC with CCS 

plant within the next 10 years) as it would require expanding the current biogas  

Table 5.1: Summary of Model Assumptions for each Scenario 

Scenario  Key Assumptions Made Within the Model 

Standard 
Boundary Dam 

Coal Plant 
(1 CCS Unit) 

- Reflects the current conditions of Boundary Dam (including 1 CCS unit).
- Adjustment of the IECM model to layout the existing conditions and emissions 

from a power facility similar to that of Boundary Dam. 
- No technological replacements within the turbine generator units or changes in 

the plant operating procedures. 
- Modelled for the 15 year scenario as the operating life current generator units 

would not reach the 35 year projection. 

Standard 
Boundary Dam 

Coal Plant 
(4 CCS Units) 

- Modelled using the standard Boundary Dam Coal Plant as a basis. 
- Time frame construction of 1 year as injection and technical systems are 

currently implemented 
- Turbine CCS systems were implemented in series 

Standard 
Boundary Dam 

Coal Plant 
(2 CCS Units) 

Modelled using the standard Boundary Dam Coal Plant as a basis. 
- Time frame construction of 1 year as injection and technical systems are 

currently implemented 
- Turbine CCS systems were implemented in series 
- Improved to 2 CCS units to meet future energy demand 

Boundary Dam 
NGCC Plant 

- Capacity of hypothetical NGCC plant was 20 % higher than that of the existing 
coal-fired facility. 

- IECM – NGCC model was used to layout  existing conditions and emissions 
- Non-recoverable performance - decrease in efficiency of 0.3 % every 2.75 years 

(or 0.11% every year). 
 

Boundary Dam 
NGCC Plant 

(2 CCS Units) 

- Modelled using the standard Boundary Dam NGCC Plant as a basis. 
- Time frame construction of 1 year as injection and technical systems are 

currently implemented 
- Turbine CCS systems were implemented in series 

Boundary Dam 
NGCC Plant 
(Biogas Fuel) 

- Modelled using the standard Boundary Dam NGCC Plant as a basis. 
- Implemented during the year 2024 at a concentration of 5 % by volume of 

natural gas compounded per year until the 100 % biogas target was met. 
- Straw fuel feed source. 
- Additional biogas would be needed to compensate for high natural gas heating 

values (release of more emissions) 

Boundary Dam 
NGCC Plant 

(2 CCS Units, 
Biogas Fuel) 

- Modelled using the standard Boundary Dam NGCC Plant as a basis. 
- Implemented during the year 2024 at a concentration of 5 % by volume of 

natural gas compounded per year until the 100 % biogas target was met. 
- Straw fuel feed source. 
- Additional biogas would be needed to compensate for high natural gas heating 

values (release of more emissions). 
- Time frame construction of 1 year as injection and technical systems are 

currently implemented. 
- Turbine CCS systems were implemented in series. 
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production market within Saskatchewan to meet a large scale demand for energy use. 

This in itself would be a challenge as there are numerous constraints that can affect the 

availability of biogas within the province (i.e. slowed production in the winter months). 

Regardless of these challenges, based on the model forecast, this scenario would make 

the largest long-term impact (using the assumptions made within the model) with respect 

to emissions production compared to the other technologies observed. 

 

5.2 Recommendations for Future Work 

Based on the model developed, a number of recommendations were proposed to ensure 

the most accurate depiction for the future projection of implementing clean and 

transitional energy systems both provincially and nationally. Within the existing model 

developed, areas for model improvement were suggested by means of the following: 

1) Standard Emissions Module for Boundary Dam (Coal and NGCC) – 

Incorporation of more refined technical components for emissions modelling 

(finer areas (month projections) over key change regions). 

2) End Use Demand Market – Incorporating finer energy demand trends, new and 

developing (future) industries.   

3) Emission Attributes in the Atmosphere – Developing a finer more accurate trends 

for atmospheric impacts (i.e. global warming potential) of produced emissions. 

4) Technological Implementation - Expansion of additional technological options 

(i.e. Co-generation using renewable energies, energy storage technologies).  

With respect to developing new branches (modelling modules) to the developed model, 
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there are a number of considerations that should be addressed. These considerations 

would give a more accurate depiction regarding influencing factors present today and 

how they would change emissions for the future. The recommendations, in the form of 

additional modelling modules, include: 

1) Future Economic Changes - Resource market price changes 

(internally/provincially/internationally), shifts in industry investment and/or 

recovery.  

2) Carbon Taxation – National wide carbon tax, Provincial carbon taxes on emission 

production volumes.   

3) Climate Change – Changes in fuel/feedstock availability, process water 

requirement changes.  

4) Capital Cost of Development/Implementation – Construction, operations and 

closure costs for technological developments/enhancements. 

5) Policy Development – Long term changes in policy, changes in government both 

provincially and nationally. 

6) Long Term Facility Changes – Addition of emission scrubbers, changes to firing 

processes, changes to existing facility conditions.  

To address these recommendations, further development and implementation of these 

modules have the potential to be implemented within a PhD setting. This would consist 

of building upon and/or expanding a Canada-wide energy systems model for use in 

determining and forecasting the impacts of investment strategies over the long term.  
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APPENDIX A: NGCC with CCS and Biogas Scenario Output Results 

 

Appendix A1: Supply/Demand Analysis 

Summary of Results (5% Biogas/Year starting at 2024): 
Year Allowable Generation 
2016 0.629 
2019 0.629 
2020 0.790 
2021 0.937 
2022 0.546 
2023 0.793 
2024 0.692 
2025 0.692 
2026 0.635 
2027 0.635 
2028 0.635 
2029 0.635 
2030 0.635 
2031 0.635 
2032 0.635 
2033 0.635 
2034 0.635 
2035 0.635 
2036 0.635 
2037 0.635 
2038 0.635 
2039 0.635 
2040 0.635 
2041 0.635 
2042 0.635 
2043 0.635 
2044 0.635 
2045 0.635 
2046 0.635 
2047 0.635 
2048 0.635 
2049 0.635 
2050 0.635 
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Supply/Demand of Boundary Dam Electricity 

Projected Average Energy Usage  

Energy Usage (GW) 0.357 

Projected Energy Demand Growth (Residential) 1.5% per year 

Future Energy Usage (GW) - 15 Years 0.437 

Future Energy Usage (GW) - 35 Years 0.544 

Population Projections 

2009 2019 Slopes 2016
Power account (potash, oil/gas pipelines, steel, 
chemicals, oil refining/upgrading, northern mining) 6995.1 13363.9 636.88 11453.26 

Oilfield 2755 3511.7 75.67 3284.69 

Commercial 3274.5 3603.6 32.91 3504.87 

Residential 2779.4 3272.1 49.27 3124.29 

Farm 1256.4 1221.9 -3.45 1232.25 

Reseller (cities of Saskatoon and Swift Current)7 1288 1380.7 9.27 1352.89 

SaskPower internal 115 117.8 0.28 116.96 

Transmission losses 1808.5 2065.8 25.73 1988.61 

Total 20301.9 28567.5 26057.82 
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Incorporation of Bio-Gas (2024) 
Methane/Biogas Combinations Biogas Methane concentration Heating Value (kWh/Nm3) Amount of fuel needed % Increase in Emissions From Increased Fuel Use 

2023 0% biogas -100% Natural Gas 0 87.50% 11 1 0 
2024 5% Biogas  0.05 87.93 10.93 1.01 0.65 
2025 10% Biogas 0.1 88.35 10.86 1.01 1.30 
2026 15% Biogas 0.15 88.78 10.79 1.02 1.95 
2027 20% Biogas 0.2 89.20 10.71 1.03 2.60 
2028 25% Biogas  0.25 89.63 10.64 1.03 3.25 
2029 30% Biogas 0.3 90.05 10.57 1.04 3.90 
2030 35% Biogas 0.35 90.48 10.50 1.05 4.55 
2031 40% Biogas 0.4 90.90 10.43 1.05 5.20 
2032 45% Biogas 0.45 91.33 10.36 1.06 5.85 
2033 50% Biogas 0.5 91.75 10.29 1.07 6.50 
2034 55% Biogas 0.55 92.18 10.21 1.08 7.15 
2035 60% Biogas 0.6 92.60 10.14 1.08 7.80 
2036 65% Biogas 0.65 93.03 10.07 1.09 8.45 
2037 70% Biogas 0.7 93.45 10.00 1.10 9.10 
2038 75% Biogas 0.75 93.88 9.93 1.11 9.75 
2039 80% Biogas 0.8 94.30 9.86 1.12 10.40 
2040 85% Biogas 0.85 94.73 9.78 1.12 11.05 
2041 90% Biogas 0.9 95.15 9.71 1.13 11.70 
2042 95% Biogas 0.95 95.58 9.64 1.14 12.35 
2043 100% Biogas 1 96.00 9.57 1.15 13.00 
2044 100% Biogas 1 96.00 9.57 1.15 13.00 
2045 100% Biogas 1 96.00 9.57 1.15 13.00 
2046 100% Biogas 1 96.00 9.57 1.15 13.00 
2047 100% Biogas 1 96.00 9.57 1.15 13.00 
2048 100% Biogas 1 96.00 9.57 1.15 13.00 
2049 100% Biogas 1 96.00 9.57 1.15 13.00 
2050 100% Biogas 1 96.00 9.57 1.15 13.00 

 

        
Projected Energy Peak Loading 

Year 2015 (MW) 2015 (GW) 
Peak Loading 3,640 3.64 
 
Interprovincial/International Power Use 

Data: 
Year Demand for Energy (GW) 
2016 0.093 
2030 0.103 
2050 0.110 
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Commercial Power Use 
Province Wide Demand(GW) Demand for Coal Energy (GW) 

Commercial/industrial (2016) 2.618 0.890 
Commercial/Industrial (15 Years) 3.011 1.024 
Commercial/Industrial (25 Years) 3.272 1.113 

 
 
Total Energy Demand 

Year Total Energy Demand for Coal (GW) 
2016 1.105 
2030 1.275 
2050 1.407 

 
Electricity Supply: 

Station 
Capac

ity  
% of total energy 

production 
Demand for Coal 

Energy (GW) 
15 Year 

Demand (GW) 
35 Year 
Demand  

Operating 
Reserve (GW) 

Allowable Generation 
Threshold (GW) 

End of Life Generation 
Threshold 

Boundary Dam Power 
Station (Estevan) 

0.672 
0.439 0.485 0.560 0.618 0.043 0.629 0.542 

Shand Power Station 
(Estevan) 

0.276 
0.180 0.199 0.230 0.254 0.018 0.258 0.306 

Poplar River Power Station 
(Coronach) 0.582 0.380 0.420 0.485 0.535 0.038 0.544 0.521 

Totals 1.53   1.105 1.275   0.099 1.431 1.369 
Totals 2.388   1.724 1.991   0.154 2.234 2.196 

 
Year 2020:  

Capacity % of total energy production Operating Reserve (GW) Allowable Generation Threshold (GW) 
Boundary Dam Power Station (Estevan) -  1 Generator 

NGCC - Ramp Up 0.168 0.066 0.006 0.161 
 

 
Year 2021: 

Capacity % of total energy production Operating Reserve (GW) Allowable Generation Threshold (GW) 
Boundary Dam Power Station (Estevan) -  1 Generator NGCC  0.419 0.244 0.024 0.395 

Boundary Dam Power Station (Estevan) -  2 Generators NGCC (1 Ramp Up) 0.587 0.406 0.040 0.546 
 

 
Year 2022: 

Capacity % of total energy production Operating Reserve (GW) Allowable Generation Threshold (GW) 
Boundary Dam Power Station (Estevan) -  2 Generators NGCC 0.842 0.495 0.049 0.793 
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NGCC Impacts as CCS is 
Implemented: 

Allowable 
Generation (non-

CCS) (GW) 
Impacts to 

Production (%) 
Capacity (CCS) 

(GW) 
Cumulative Production 

Capacity (GW) 
Plant Operating 
Reserve (GW) 

Allowable Cumulative Production 
Capacity (GW) 

Year 
Implemented 

Turbine 1  0.395 0.855 0.338 0.736 0.043 0.692 2024 
Turbine 2  0.398 0.855 0.340 0.678 0.043 0.635 2026 
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Appendix A2: Emissions Analysis 

 
Summary of Emissions  (Bio-Gas + 
CCS @ 2024)        

Year 
 

CO2 
(tonnes/GWh) 

Nox 
(tonnes/GWh) 

CH4 
(tonnes/GWh) 

CO2  - Biogas 
Adj 

NOx (tonnes/GWh) - 
Biogas Adj 

CH4 (tonnes/GWh) - 
Biogas Adj 

2016 722 0.125 0.000 721.801 0.125 0.000 
2019 723 0.123 0.000 722.587 0.123 0.000 
2020 824 0.125 0.073 823.609 0.125 0.073 
2021 786 0.075 0.182 786.087 0.075 0.182 
2022 504 0.000 0.182 503.728 0.000 0.182 

2023 
0% biogas -100% 

Natural Gas 
504 0.000 0.182 504.275 0.000 0.182 

2024 5% Biogas 314 0.016 0.188 300.302 0.015 0.180 
2025 10% Biogas 313 0.032 0.180 286.664 0.030 0.165 
2026 15% Biogas 111 0.049 0.172 96.591 0.043 0.150 
2027 20% Biogas 111 0.066 0.164 91.781 0.054 0.136 
2028 25% Biogas 110 0.083 0.155 86.978 0.065 0.122 
2029 30% Biogas 110 0.100 0.146 82.184 0.074 0.109 
2030 35% Biogas 110 0.117 0.137 77.398 0.083 0.0965 
2031 40% Biogas 110 0.135 0.128 72.621 0.089 0.0848 
2032 45% Biogas 110 0.153 0.119 67.854 0.095 0.0737 
2033 50% Biogas 110 0.172 0.110 63.097 0.099 0.0632 
2034 55% Biogas 110 0.191 0.101 58.350 0.101 0.0535 
2035 60% Biogas 109 0.210 0.0910 53.615 0.103 0.0446 
2036 65% Biogas 109 0.229 0.0812 48.891 0.102 0.0363 
2037 70% Biogas 109 0.249 0.0713 44.179 0.101 0.0289 
2038 75% Biogas 109 0.268 0.0612 39.480 0.0973 0.0222 
2039 80% Biogas 109 0.289 0.0510 34.794 0.0924 0.0163 
2040 85% Biogas 109 0.309 0.0406 30.122 0.0859 0.0113 
2041 90% Biogas 108 0.330 0.0300 25.464 0.0776 0.00704 
2042 95% Biogas 108 0.352 0.0192 20.821 0.0677 0.00369 
2043 100% Biogas 108 0.373 0.00821 16.195 0.0560 0.00123 
2044 100% Biogas 108 0.374 0.00822 16.212 0.0561 0.00123 
2045 100% Biogas 108 0.374 0.00823 16.229 0.0561 0.00123 
2046 100% Biogas 108 0.375 0.00824 16.246 0.0562 0.00124 
2047 100% Biogas 108 0.375 0.00825 16.263 0.0562 0.00124 
2048 100% Biogas 109 0.375 0.00826 16.281 0.0563 0.00124 
2049 100% Biogas 109 0.376 0.00827 16.298 0.0564 0.00124 
2050 100% Biogas 109 0.376 0.00828 16.315 0.0564 0.00124 
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Methane/Biogas Combinations 
Biogas Methane concentration Heating Value (kWh/Nm3) Amount of fuel needed % Increase in Emissions From Increased Fuel Use 

0% biogas -100% Natural Gas 0 87.50% 11 1 0 
5% Biogas 0.05 87.93 10.93 1.01 0.65 
10% Biogas 0.1 88.35 10.86 1.01 1.3 
15% Biogas 0.15 88.78 10.79 1.02 1.95 
20% Biogas 0.2 89.20 10.71 1.03 2.6 
25% Biogas 0.25 89.63 10.64 1.03 3.25 
30% Biogas 0.3 90.05 10.57 1.04 3.9 
35% Biogas 0.35 90.48 10.50 1.05 4.55 
40% Biogas 0.4 90.90 10.43 1.05 5.2 
45% Biogas 0.45 91.33 10.36 1.06 5.85 
50% Biogas 0.5 91.75 10.29 1.07 6.5 
55% Biogas 0.55 92.18 10.21 1.08 7.15 
60% Biogas 0.6 92.60 10.14 1.08 7.8 
65% Biogas 0.65 93.03 10.07 1.09 8.45 
70% Biogas 0.7 93.45 10.00 1.10 9.1 
75% Biogas 0.75 93.88 9.93 1.11 9.75 
80% Biogas 0.8 94.30 9.86 1.12 10.4 
85% Biogas 0.85 94.73 9.78 1.12 11.05 
90% Biogas 0.9 95.15 9.71 1.13 11.7 
95% Biogas 0.95 95.58 9.64 1.14 12.35 

100% Biogas 1 96 9.57 1.15 13 
100% Biogas 1 96 9.57 1.15 13 
100% Biogas 1 96 9.57 1.15 13 
100% Biogas 1 96 9.57 1.15 13 
100% Biogas 1 96 9.57 1.15 13 
100% Biogas 1 96 9.57 1.15 13 
100% Biogas 1 96 9.57 1.15 13 
100% Biogas 1 96 9.57 1.15 13 

 
 
Production Emissions of Biogas 

CO2 (tonnes / GWh) NOx (tonnes / GWh) CH4 (tonnes / GWh) SO2 (tonnes / GWh) 
50.4 0.306 0.00648 0.0104 

Operation Emissions 
CO2 (tonnes / GWh) NOx (tonnes / GWh) CH4 (tonnes / GWh) 

367 0.00000207 0.00000388 

Biogas Adjustment (CH4 and NO2 not re-absorbed by growing new plants) 

Adjustment Factor (emissions not absorbed / total emissions) 0.15 NOTE: based on CO2e for CH4 and NO2 only 
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Summary of Emissions Results: Biofuel only 
Year CO2 NOx CH4 
2016 721.80 0.125 0.000 
2019 722.59 0.123 0.000 
2020 823.61 0.125 0.073 
2021 786.09 0.0748 0.182 
2022 504.00 0.0000329 0.182 
2023 503.46 0.0000328 0.182 % Reduction CO2 Turbine 1 % Increase NO2 Turbine 1 % Increase CH4 Turbine 1 

Turbine 1 2024 312.43 0.0000340 0.196 0.621 1.04 1.08 
2025 312.77 0.0000340 0.196 % Reduction CO2 Turbine 2 % Increase NO2 Turbine 2 %Increase CH4 Turbine 2 

Turbine 2 2026 68.66 0.0000377 0.210 0.220 1.11 1.07 
 

Unrepairable Turbine Damage 
Year Efficiency Reduction 
2020 0 
2021 0.00109 
2022 0.00218 
2023 0.00327 
2024 0.00436 
2025 0.00545 
2026 0.00654 
2027 0.00763 
2028 0.00872 
2029 0.00981 
2030 0.0109 
2031 0.01199 
2032 0.01308 
2033 0.01417 
2034 0.01526 
2035 0.01635 
2036 0.01744 
2037 0.01853 
2038 0.01962 
2039 0.02071 
2040 0.0218 
2041 0.02289 
2042 0.02398 
2043 0.02507 
2044 0.02616 
2045 0.02725 
2046 0.02834 
2047 0.02943 
2048 0.03052 
2049 0.03161 
2050 0.0327 
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Appendix A3: Atmospheric Effects and Cumulative eCO2 Emissions 

Natural Gas Combined Cycle (Biogas + CCS)            

Year 
Technolo
gy Used 

CO2 
(tonnes/G

Wh) 

Nox 
(tonnes/G

Wh) 

CH4 
(tonnes/G

Wh) 

CO2 
(tonnes/G

Wh) - 
Biogas 

Adj

Nox 
(tonnes/G

Wh) - 
Biogas 

Adj

CH4 
(tonnes/G

Wh) - 
Biogas 

Adj

Co2e 
(Nox) 

(tonnes/G
Wh) 

CO2e 
(CH4) 

(tonnes/G
Wh) 

Co2e 
(Nox - 

Adjusted) 
(tonnes/G

Wh)

CO2e 
(CH4 - 

Adjusted) 
(tonnes/G

Wh)

CO2e 
Totals 

(tonnes/G
Wh) 

CO2e 
Totals - 

Adjusted 
(tonnes/G

Wh)

Area 
Under the 

Curve 
(Standar

d)

Area 
Under the 

Curve 
(Adjusted

)

2016 

Coal 
Energy 

Productio
n + 1 CCS 

Unit 

721.80 0.125 2.38E-04 721.80 1.25E-01 2.38E-04 33.82 1.60E-02 33.82 1.60E-02 755.63 755.63 2267.11 2267.11 

2019 

Coal 
Energy 

Productio
n + 1 CCS 

Unit 

722.59 0.123 2.38E-04 722.59 1.23E-01 2.38E-04 33.17 1.69E-02 33.17 1.69E-02 755.77 755.77 809.18 809.18 

2020 

Coal + 1 
NGCC 
Turbine 

(Start-up) 

823.61 0.125 7.32E-02 823.61 1.25E-01 7.32E-02 33.70 5.28E+00 33.70 5.28E+00 862.59 862.59 841.11 841.11 

2021 

Coal 
(Closure) 

+ 1 
NGCC 

Turbine + 
1 NGCC 
Turbine 

(Start-up) 

786.09 0.075 1.82E-01 786.09 7.48E-02 1.82E-01 20.20 1.33E+01 20.20 1.33E+01 819.64 819.64 668.49 668.49 

2022 
2 NGCC 
Turbines 

503.73 0.000 1.82E-01 503.73 5.72E-06 1.82E-01 0.00 1.36E+01 0.00 1.36E+01 517.33 517.33 517.73 517.73 

2023 

0% biogas 
-100% 
Natural 

Gas 

504.28 0.000 1.82E-01 504.28 5.72E-06 1.82E-01 0.00 1.38E+01 0.00 1.38E+01 518.12 518.12 425.33 418.26 

2024 

5% 
Biogas + 
1 CCS 
Unit 

313.63 0.016 1.88E-01 300.30 1.53E-02 1.80E-01 4.31 1.46E+01 4.13 1.40E+01 332.54 318.41 334.36 313.01 

2025 

10% 
Biogas + 
1 CCS 
Unit 

313.29 0.032 1.80E-01 286.66 2.95E-02 1.65E-01 8.69 1.42E+01 7.95 1.30E+01 336.19 307.61 236.90 213.84 

2026 

15% 
Biogas + 
2 CCS 
Units 

110.71 0.049 1.72E-01 96.59 4.26E-02 1.50E-01 13.12 1.38E+01 11.45 1.20E+01 137.62 120.07 139.58 118.77 
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Year 
Technolo
gy Used 

CO2 
(tonnes/G

Wh) 

Nox 
(tonnes/G

Wh) 

CH4 
(tonnes/G

Wh) 

CO2 
(tonnes/G

Wh) - 
Biogas 

Adj

Nox 
(tonnes/G

Wh) - 
Biogas 

Adj

CH4 
(tonnes/G

Wh) - 
Biogas 

Adj

Co2e 
(Nox) 

(tonnes/G
Wh) 

CO2e 
(CH4) 

(tonnes/G
Wh) 

Co2e 
(Nox - 

Adjusted) 
(tonnes/G

Wh)

CO2e 
(CH4 - 

Adjusted) 
(tonnes/G

Wh)

CO2e 
Totals 

(tonnes/G
Wh) 

CO2e 
Totals - 

Adjusted 
(tonnes/G

Wh)

Area 
Under the 

Curve 
(Standar

d)

Area 
Under the 

Curve 
(Adjusted

)

2027 

20% 
Biogas + 
2 CCS 
Units 

110.58 0.066 1.64E-01 91.78 5.44E-02 1.36E-01 17.61 1.33E+01 14.62 1.11E+01 141.54 117.48 143.51 116.02 

2028 

25% 
Biogas + 
2 CCS 
Units 

110.45 0.083 1.55E-01 86.98 6.50E-02 1.22E-01 22.17 1.29E+01 17.46 1.01E+01 145.49 114.57 147.48 112.96 

2029 

30% 
Biogas + 
2 CCS 
Units 

110.31 0.100 1.46E-01 82.18 7.44E-02 1.09E-01 26.79 1.24E+01 19.96 9.21E+00 149.47 111.35 151.47 109.58 

2030 

35% 
Biogas + 
2 CCS 
Units 

110.17 0.117 1.37E-01 77.40 8.25E-02 9.65E-02 31.48 1.18E+01 22.11 8.30E+00 153.47 107.81 155.49 105.88 

2031 

40% 
Biogas + 
2 CCS 
Units 

110.03 0.135 1.28E-01 72.62 8.93E-02 8.48E-02 36.24 1.12E+01 23.92 7.42E+00 157.50 103.95 159.53 101.86 

2032 

45% 
Biogas + 
2 CCS 
Units 

109.88 0.153 1.19E-01 67.85 9.47E-02 7.37E-02 41.06 1.06E+01 25.36 6.56E+00 161.56 99.77 163.61 97.51 

2033 

50% 
Biogas + 
2 CCS 
Units 

109.73 0.172 1.10E-01 63.10 9.88E-02 6.32E-02 45.96 9.96E+00 26.43 5.73E+00 165.65 95.25 167.71 92.83 

2034 

55% 
Biogas + 
2 CCS 
Units 

109.58 0.191 1.01E-01 58.35 1.01E-01 5.35E-02 50.93 9.26E+00 27.12 4.93E+00 169.77 90.40 171.84 87.81 

2035 

60% 
Biogas + 
2 CCS 
Units 

109.42 0.210 9.10E-02 53.61 1.03E-01 4.46E-02 55.97 8.52E+00 27.43 4.18E+00 173.91 85.22 176.00 82.46 

2036 

65% 
Biogas + 
2 CCS 
Units 

109.25 0.229 8.12E-02 48.89 1.02E-01 3.63E-02 61.09 7.74E+00 27.34 3.46E+00 178.09 79.69 180.19 76.76 

 

Year 
Technolo
gy Used 

CO2 
(tonnes/G

Wh) 

Nox 
(tonnes/G

Wh) 

CH4 
(tonnes/G

Wh) 

CO2 
(tonnes/G

Wh) - 
Biogas 

Nox 
(tonnes/G

Wh) - 
Biogas 

CH4 
(tonnes/G

Wh) - 
Biogas 

Co2e 
(Nox) 

(tonnes/G
Wh)

CO2e 
(CH4) 

(tonnes/G
Wh) 

Co2e 
(Nox - 

Adjusted) 
(tonnes/G

CO2e 
(CH4 - 

Adjusted) 
(tonnes/G

CO2e 
Totals 

(tonnes/G
Wh)

CO2e 
Totals - 

Adjusted 
(tonnes/G

Area 
Under the 

Curve 
(Standar

Area 
Under the 

Curve 
(Adjusted
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Adj Adj Adj Wh) Wh) Wh) d) ) 

2037 

70% 
Biogas + 
2 CCS 
Units 

109.08 0.249 7.13E-02 44.18 1.01E-01 2.89E-02 66.29 6.91E+00 26.85 2.80E+00 182.29 73.83 184.40 70.72 

2038 

75% 
Biogas + 
2 CCS 
Units 

108.91 0.268 6.12E-02 39.48 9.73E-02 2.22E-02 71.57 6.04E+00 25.94 2.19E+00 186.52 67.61 188.65 64.33 

2039 

80% 
Biogas + 
2 CCS 
Units 

108.73 0.289 5.10E-02 34.79 9.24E-02 1.63E-02 76.93 5.11E+00 24.62 1.64E+00 190.77 61.05 192.92 57.59 

2040 

85% 
Biogas + 
2 CCS 
Units 

108.55 0.309 4.06E-02 30.12 8.59E-02 1.13E-02 82.38 4.13E+00 22.86 1.15E+00 195.06 54.13 197.22 50.49 

2041 

90% 
Biogas + 
2 CCS 
Units 

108.36 0.330 3.00E-02 25.46 7.76E-02 7.04E-03 87.91 3.11E+00 20.66 7.30E-01 199.37 46.85 201.55 43.03 

2042 

95% 
Biogas + 
2 CCS 
Units 

108.16 0.352 1.92E-02 20.82 6.77E-02 3.69E-03 93.53 2.02E+00 18.00 3.89E-01 203.72 39.22 205.90 35.21 

2043 

100% 
Biogas + 
2 CCS 
Units 

107.96 0.373 8.21E-03 16.19 5.60E-02 1.23E-03 99.24 8.80E-01 14.89 1.32E-01 208.09 31.21 208.18 31.23 

2044 

100% 
Biogas + 
2 CCS 
Units 

108.08 0.374 8.22E-03 16.21 5.61E-02 1.23E-03 99.30 8.96E-01 14.89 1.34E-01 208.27 31.24 208.37 31.26 

2045 

100% 
Biogas + 
2 CCS 
Units 

108.19 0.374 8.23E-03 16.23 5.61E-02 1.23E-03 99.36 9.11E-01 14.90 1.37E-01 208.46 31.27 208.56 31.28 

2046 

100% 
Biogas + 
2 CCS 
Units 

108.31 0.375 8.24E-03 16.25 5.62E-02 1.24E-03 99.41 9.27E-01 14.91 1.39E-01 208.65 31.30 208.75 31.31 

2047 

100% 
Biogas + 
2 CCS 
Units 

108.42 0.375 8.25E-03 16.26 5.62E-02 1.24E-03 99.47 9.43E-01 14.92 1.42E-01 208.84 31.33 208.94 31.34 

 

Year 
Technolo
gy Used 

CO2 
(tonnes/G

Wh) 

Nox 
(tonnes/G

Wh) 

CH4 
(tonnes/G

Wh)

CO2 
(tonnes/G

Wh) - 

Nox 
(tonnes/G

Wh) - 

CH4 
(tonnes/G

Wh) - 

Co2e 
(Nox) 

(tonnes/G

CO2e 
(CH4) 

(tonnes/G

Co2e 
(Nox - 

Adjusted) 

CO2e 
(CH4 - 

Adjusted) 

CO2e 
Totals 

(tonnes/G

CO2e 
Totals - 

Adjusted 

Area 
Under the 

Curve 

Area 
Under the 

Curve 
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Biogas 
Adj

Biogas 
Adj

Biogas 
Adj

Wh) Wh) (tonnes/G
Wh)

(tonnes/G
Wh)

Wh) (tonnes/G
Wh)

(Standar
d)

(Adjusted
)

2048 

100% 
Biogas + 
2 CCS 
Units 

108.54 0.375 8.26E-03 16.28 5.63E-02 1.24E-03 99.54 9.60E-01 14.93 1.44E-01 209.03 31.36 209.13 31.37 

2049 

100% 
Biogas + 
2 CCS 
Units 

108.65 0.376 8.27E-03 16.30 5.64E-02 1.24E-03 99.60 9.76E-01 14.94 1.46E-01 209.23 31.38 209.33 31.40 

2050 

100% 
Biogas + 
2 CCS 
Units 

108.77 0.376 8.28E-03 16.32 5.64E-02 1.24E-03 99.66 9.93E-01 14.95 1.49E-01 209.42 31.41   

 

 
Area Under the Curve (Standard) Area Under the Curve (Adjusted) 

Total Area (15 years) 6837.737 6611.957 

Total Area (35 years) 10488.49 7691.74 

   


