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Author’s Forward 

It may be helpful to the reader to understand where I am coming from in my logic and my 
discussions.  Also, I think that what I believe and what I have done, might be relevant.  My 
personal mantra is as follows: 

 

About me - Who I Am 

I believe in politeness above all (a trait of many Canadians). 

I believe that life is a journey, not a destination.  Management of the journey is more important 
than attaining the goal. 

I believe that most people are inherently good. 

I believe that if you do good things for people, they will reciprocate 

From a professional standpoint, I consider myself primarily as a scientist. 

I strongly believe in Christian ethics.  I also believe in some of the Bhuddist teachings, that the 
purpose of life is to be happy, with all the ramifications that ‘happiness’ entails. 

I believe in paying it forward when nice things happen to you.  My career has been a ‘nice thing’.  
This book is one of my forward payments. 

 

About how I manage people and projects 

- I do not judge people by who they are on the outside (appearance, gender, race, 
religion).  But, judging based on what they do, what they have done, and what they say, is an 
important and necessary part of management. 

- I believe in the scientific method:  (i) define an issue, (ii) collect/generate meaningful data, (iii) 
analyze the data, (iv) formulate and articulate significant conclusions, and (v) test the 
conclusions. 

- Whenever I had a new employee, I told him/her:  (i) it was most important to develop a friendly 
and working relationship, (ii) I had the most respect for an employee who was comfortable with 
me to tell me when and how they disagreed with me (dissent is a good thing) and, (iii) I would 
never shoot the messenger. 
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- It is most important to transmit and discuss bad news.  Good news is always easy to handle.  I 
once read that the ultimate success or failure of a company would be determined by how it 
handled bad news. 

- I believe a group of individuals (eg. teams, panels, boards) will make better decisions than 
individuals alone, particularly if the group respects one another and has diversity in experience 
and expertise. 

- I believe that in today’s world, in order to execute a project, it is necessary to achieve a ‘social 
license’.  Currently, neither industry nor government are doing a good job in this task. 

- I believe that R & D is not a corporate (or government) expense, it is a wise and necessary 
investment to ensure future growth and future profitability. 

- I believe that R & D should be driven by economics.  It is never too early, in an R&D project to 
do an economic assessment based on potential commercial applications of the technology 
under development. 

- I also believe in the R & D uncertainty principle (with apologies to quantum mechanics), where 
for any R & D project, one can only be sure of two of three things-success, cost or timing.   

- I believe in the law of unintended consequences:  If bad things can happen, they eventually 
will happen.  Expect the best, but plan for the worst. 

- Emergency response plans are necessary and valuable. 

- Complex processes are often riskier than simple processes, just because more bad things can 
happen.  Avoid complexity, when possible.  There is a premium value on simplicity. 

- Safety should always be the number one priority in any process operation.  Safely should 
never be compromised, but should always be measured. 

 

About my career 

- I hold two degrees and a diploma-a BSc. in Engineering Physics, a PhD. in Solid State 
Physics, and a management diploma, equivalent to a mini MBA. 

- I started work in the Alberta oil and gas sector in 1971, and I retired in 2014, for a 43 year 
official career, but I continue to work in the area. 

- My career focus has been on technology development, technology management, and 
technology transfer, including R & D. 
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- I am very grateful to colleagues, friends, co-workers and family who helped me and 
encouraged me along the way. 

 - I have managed several corporate functional groups, including-R&D, technology assessment, 
technology transfer, consulting, environment, safety, land management, insurance, reservoir 
engineering, reservoir recovery simulation, petrophysics, reserve assessments, an oilsands joint 
venture and a coal mine join venture. 

- I have served on several not for profit boards and advisory committees, including-ARC, NRC, 
NSERC, NRCan, PTAC, PRI, among others.  I have been a participant and a player in 
Canada’s and Alberta’s R&D infrastructure. 

- I currently hold about 20 patents, including pending and expired patents. 

- In 1991, I received the APEGGA, Frank Spraggins Award for ‘integrity, expertise, and 
outstanding accomplishments’. 

 

 
 
 
 
 
 
 
 
 
 
 

IF THE READER OF THIS MANUSCRIPT 

EITHER HAS OR RECOGNIZES  

ONE GOOD IDEA,  

 

THEN I AM A HAPPY MAN. 
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Chapter 1 - ‘The Prize’ 

1.1 This Book 

The purpose and focus of the book is to investigate, evaluate and rank bitumen EOR technology 
for the in situ recovery of bitumen from Alberta’s oil sand resources, including the identification 
of new, potentially attractive processes and equipment (the discussions and information herein 
can also be useful for the exploitation of other bitumen and/or heavy oil deposits).  The purpose 
is to engender wisdom, not to provide data (Figure 1.1a).  This purpose is accomplished by the 
following steps: 

1. Evaluate the size and nature of the bitumen prize.  Why is bitumen important?  Why in 
situ EOR?  Why focus on Alberta’s oilsands?  (Chapter 1) 

2. Develop EOR process models and discuss fundamental issues.  Develop a base case 
(default model input values) for comparison purposes.  Why models?  Why is heat 
necessary for bitumen EOR?  What is important?  How is performance 
compared?  (Chapter 2) 

3. Using the process models, predict/calculate selected performance factors for the ‘pure’ 
bitumen EOR processes-steam (SAGD), in situ combustion (ISC), solvent (SOLVEX), 
and electric EOR (EEOR)-including costs, energy use, water use, CO2 emissions and 
selected diagnostic parameters.  Also, predict/calculate process pressure (depth) 
sensitivity and process applicability to different reservoir types (ϕ, Sib).  Why are these 
processes chosen?  What processes are not chosen and why not?  What are the 
strengths and weaknesses of each process?  How does each process performance 
compare to a SAGD benchmark?  What are some of the risks (WARNINGS)?  (Chapters 
3, 4, 5 and 6).   

4. Investigate the benefits/synergies of various hybrid processes-combinations of the ‘pure’ 
bitumen EOR process components.  Develop models for selected hybrid processes.  
Predict performance factors and compare to SAGD.  How can processes be combined in 
a hybrid version to improve strengths and/or reduce (or eliminate) weaknesses?  Why 
were some hybrids not modelled?  What hybrids look attractive? (Chapter 7) 

5. Investigate process (and hybrid) performance for special reservoir and/or process 
conditions-including reservoir depth/pressure, thin-pay reservoirs, carbonate reservoirs, 
capless reservoirs, leaky reservoirs, offshore reservoirs, heavy oil reservoirs, post-steam 
reservoirs, post CHOPS reservoirs, post CSS reservoirs, and post waterflood 
reservoirs.  What are the important issues for each type?  What constraint(s) does the 
reservoir type place on EOR processes?  What processes look attractive? (Chapter 8) 

6. Compare the environmental performance of selected processes-CO2 emissions, energy 
consumption, water use (if any), surface footprints...which has the least use of 
these?  What are the scenarios for CO2 emission reductions?  Is there a path for near-
zero CO2 emissions?  (Chapter 9) 



8 
 

7. State/discuss conclusions, with recommendations for reduced pollution, reduced cost, 
new process development, new equipment development, R&D focus areas and special 
resource targets.  (Chapter 10) 

During this journey of discovery, many questions will be asked and hopefully answered: 

 Why focus on in situ bitumen EOR in Canada? 
 What ‘pure’ processes are practical for bitumen EOR? 
 What hybrid processes are practical for bitumen EOR? 
 What are the strengths of the leading ‘pure’ processes? 
 What’s wrong with the ‘pure’ processes? 
 How can the ‘pure’ processes be improved? 
 Where/how can hybrids be attractive? 
 What are the low cost processes? 
 What are the environmental performance factors for each process? 
 What are the low cost processes, for specific reservoir conditions? 
 What constraints are imposed by various reservoir conditions? 
 Is there a path to a near-zero CO2 emission process? 
 What are the new process alternatives? 
 What field tests are necessary? 
 What should be the focus for R & D? 
 What could/should government do? 
 What processes should be avoided? 

There are two other minor issues that can affect the readability of this book. The first issue is 
acronyms. The oil and gas industry is rampant in the use of acronyms, particularly related to 
EOR. Engineers love acronyms! An acronym dictionary is provided for the reader/user in 
Appendix A. 

The second issue is units. Canada uses metric units. The model calculations herein are 
performed using metric units. But, Canada’s largest market, and much of the world oil trade, 
uses English units (eg. Barrels). So, both unit systems are used and reported. Model inputs and 
outputs are in both unit systems. 

 

1.2  Why Bitumen? 

(1)  What is Bitumen? 

There is no international consensus in definitions of ‘bitumen’ and ‘heavy oil’. Often jurisdictions 
can have different definitions, sometimes for political reasons. For purposes herein, ‘bitumen’ is 
defined as a natural liquid hydrocarbon with a density less than 10 API (ie. greater than 1000 



9 
 

kg/m3). Similarly, unless otherwise noted, ‘heavy oil’ is defined herein as a natural hydrocarbon 
liquid with density between 10 and 20 API (ie. between 1000 and 934 kg/m3). 

Definitions in the literature may also include a viscosity factor, with bitumen in situ viscosity over 
10,000 cp and with heavy oil viscosity between 1000 and 10,000cp. Heavy oil has also been 
defined, by others, to include API density up to 26 API and viscosities as low as 10 cp. The 
literature has also defined a separate category for extra-heavy oil (Venezuela) with API less 
than 10 and in situ viscosity over 10000 cp. Using definitions as above, extra heavy oil (EHO) 
would be classified as bitumen). 

(2)  A World Perspective 

World bitumen and heavy oil resources are very large, totalling about 6 to 13 trillion bbls OOIP, 
depending on the source used (Tables 1.1, 1.2, 1.3, 1.4, and Figure 1.1). These resources are 
somewhat dispersed, but the majority, 72%, are located in the Americas, with about half in S. 
America and half in N. America (Tables 1.1, 1.2, 1.3; Figure 1.1). The world-class bitumen 
deposits are predominantly in Alberta, Canada, and the Orinoco region of Venezuela. Bitumen 
represents about ⅔ of the total resource.   

To put this into perspective, bitumen and heavy oil represent about 70% of the world’s oil 
resource (Table 1.4). Also, for another perspective, to date the world’s cumulative oil 
consumption has been about one trillion bbls, with another one trillion bbls of identified reserves 
(excluding shale oils). This is dwarfed by the world’s heavy oil and bitumen resources of 6 to 13 
trillion bbls. 

Bitumen resources will be the most significant factor for the world future hydrocarbon fuel 
demand. 

(3)  A Canadian Perspective 

Canada’s bitumen and heavy oil resources are located in Alberta (AB) and Saskatchewan 
(SK). Resources (OOIP) are dominated by bitumen (Figure 1.1).  Including sandstone and 
carbonate deposits, Alberta’s bitumen resource is between 1.7 and 2.7 trillion bbls (Tables 1.3, 
1.5, and Figure 1.1). In Alberta, the carbonate triangle, by itself, is estimated to contain up to 
1.35 trillion bbls bitumen (Table 1.5), but recovery may be difficult - porosity can be low, 
deposits can be deep and pay thickness may be low (Figure 1.2). Sometimes, carbonate 
deposits are excluded from recoverable resource estimates. 

Excluding carbonates, Alberta’s sandstone bitumen deposits are concentrated in three deposit 
areas-Athabasca, Cold Lake and Peace River (Table 1.5). The Athabasca oil sands are the 
largest hydrocarbon deposits in Canada and may be the largest in the world. They are 
characterized by as many as five separate deposits (Figure 1.2).  The largest deposit (OOIP) is 
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the McMurray/Wabiscaw deposit. This is also the shallowest deposit (0-750m depth). The other 
deposits are thinner, deeper and not as prospective. 

A further perspective on the size of Alberta’s oilsands can be attained by comparing surface 
land areas. The total area of the three main Alberta deposits is about 142,200 km2 - more than 
the total area of New York State (141,297 km2). The potential mineable area of the Athabasca 
oil sands (less than 75m overburden), is situated in the northern portion of the McMurray 
deposit (Figure 1.6). The area (4800km2) lies between the States of Delaware (6446km2) and 
Rhode Island (4001km2). The current (2014) land disturbance is about 813km2 (0.6 percent of 
the total land area)-equivalent to the land area of Kansas City (816km2). 

Yet another perspective can be provided by the 2016 wildfire (called the ‘beast’) that ravaged 
the Fort McMurray area. The fire consumed more than 5,800 km2 of boreal forest, most of which 
was above oil sand deposits. This land disturbance is 20% greater than the total mineable oil 
sands area (4,800 km2) and is about six times greater than the size of current land disturbance 
(813 km2).   

Alberta’s oilsands are a large, world-class resource. The resource may be the only remaining 
‘elephant’ that is accessible and developable by the private sector without forced dominance by 
a state-owned oil company. 

 

1.3 History 

(1) The Past 

As shown in Table 1.6, the known history of Canada’s oil sands dates back to the 1700’s. But, 
true development of the oilsands didn’t start until the 1920’s when Dr. Karl Clark (ARC) invented 
the hot water process to extract bitumen from mined oil sands. After several pilot plant 
operations (and several fires), the first commercial mining operation started up in 1967. The 
GCOS plant (Great Canadian Oil Sands) was an integrated mine and bitumen upgrader. The 
upgraded product was a synthetic crude oil (SCO) with properties similar to a light oil, but 
without any residual bottoms. A second integrated plant with integrated mining and upgrading, 
Syncrude Canada Ltd. (SCL), started up in 1978. This project was a unique joint venture of 
government(s) and several private sector oil companies. Syncrude is now the world’s largest 
mine and the largest private sector employer in the Province of Alberta (mining is labour 
intensive). 

In situ bitumen EOR recovery was pioneered by IOL (Imperial Oil Ltd.) in Canada, at Cold Lake 
AB, with a commercial project starting up in 1975. The project used cyclic steam stimulation 
(CSS) as the thermal EOR process. Recovery of Athabasca bitumen, using SAGD (Steam 
Assisted Gravity Drainage) was first tested at AOSTRA’s UTF site (Underground Test Facility), 
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in 1987. This innovative facility included mine shafts and tunnels drilled just below the oil sands 
deposit, with side-drilled SAGD well pair (ie. an in situ laboratory).  

At the turn of the century (2000), several SAGD projects had been started in the oilsands. By 
about 2014, in situ bitumen production exceeded mined bitumen production. Despite the oil 
price crash (2015-2016), bitumen production and exploitation in Canada is still in an exponential 
growth phase.   

(2) The Present 

Currently (circa 2015-2016) there are 7 operators and 9 oil sands mines, including: 

(i) Suncor (once GCOS) 

(ii) Syncrude (Mildred Lake and Aurora North mines) 

(iii) Shell (Muskeg River and Jackpine mines) 

(iv) CNRL (horizon mine) 

(v) IOL (Kearl Lake mine) 

(vi) Total (Joslyn North mine) 

(vii) Fort Hills Energy Corp. (Fort Hills mine) 

Only Suncor and Syncrude have integrated, on-site mines and upgrader configurations. The 
other mines either have a remote upgrader (eg. Shell) or produce diluted bitumen, mostly for 
export.  Total upgrader capacity, on-site and off-site in Alberta, is now (circa 2014) about 1.2 
MMBD (1.3 MMBD by 2015) (energy.alberta.ca 2016). 

By 2012, there were 16 in situ bitumen projects (SAGD & CSS) active in Alberta, producing 
about 1 MMBD bitumen. By 2014, in situ bitumen production reached 1.35 MMBD, exceeding 
mined bitumen production (~1 MMBD). 

Particularly in the past decade, oilsands development and bitumen production has come under 
attack from environmental activists and other groups, with denouncements from various 
celebrities (Table 1.6). Bitumen has been labelled as ‘dirty oil’. Pipeline developments have 
been curtailed or blocked by politicians and activist protests. Most of the blockage has not been 
based on good science, but on the religious fervor of activism. This trend has been particularly 
damaging to oilsands development. Nonetheless, bitumen is now Canada’s leading supplier of 
liquid hydrocarbon fuels. 
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(3) Disruptive Trends 

For the purposes herein, a ‘disruption’ is defined as an event, or a series of events, that makes 
or can make a significant impact on an entire business sector. The business sector of interest 
for this book is the production of oil/bitumen, the refining sector and the end use energy market 
now served by the oil sector. Historical and current trends can have disruptive impacts on the oil 
sector, specifically on the exploitation of oilsands resources, namely: 

(i) Oil prices - despite the recent (2015-16) downturn, oil prices have grown substantially 
in the past 50 years. This has spurred past oilsands developments. It is now clear that 
conventional oil is a declining resource and that the world needs to focus on new, 
marginal supplies, including oil sands bitumen.   

(ii) Horizontal wells - perhaps the most important technology development of the past 50 
years, for bitumen exploitation, is the ability to drill and accurately place horizontal 
wells, enabling short flow paths for oil/bitumen production. Although, the first horizontal 
wells were drilled in the 1950’s in the USSR, it wasn’t until measurement-while-drilling 
(MWD) technology and controlled directional-drilling, using mud motors and dog leg 
drill strings, was developed, for horizontal wells to become practical in the 1990’s. This 
technology combination allows for drilling of long horizontal wells with placement to 
within about one meter. This, in turn, enabled the deployment of new EOR processes 
(eg. SAGD). However, the impact is not over. The use and deployment of horizontal 
wells for EOR is still in the exponential growth phase.   

(iii) Electric cars - the largest market for oil (and bitumen) is for transportation fuels 
(gasoline, diesel and jet fuels). Electric vehicles are potentially a new, disruptive 
technology. Hybrid vehicles (electric/gasoline) are now cost competitive but will only 
cause a minor disruption of oil markets. Hybrid cars improve efficiency but don’t disrupt 
the total demand for fuels. 

However, pure electric vehicles (eg. Tesla) are another story. Pure electric vehicles are 
getting closer to cost-competitiveness and can be a potential disruptive technology. In 
order to achieve disruption, five developments are needed: Safe batteries or other 
storage system that won’t spontaneously combust, increased vehicle range on a full 
charge (now at about 200 miles, needs to be about 500 miles), quick recharge 
capability (now at about 4 hours, needs to be 5 minutes), reduced capex costs (almost 
there now), and new infrastructure for rapid charging (may take 10 years to 
develop). This list is not inclusive, nor is it impossible to achieve. 

(iv) Electric Storage - a key new technology, necessary for significant development of 
renewable power alternatives and electric cars, is practical, low cost storage of 
electricity. The sun only shines for some of the time during a day. Winds only blow 
sporadically. An American company in Texas EESTOR claimed to have developed a 
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super-capacitor system for storage of electricity that would have revolutionized energy 
storage and provided a disruptive storage system for electric cars (~2007). But, 
EESTOR had manufacturing issues and could not meet its own development goals.  
Despite this, it is only a matter of time before a new energy storage system is 
developed and commercialized. 

(v) Environmentalism - most of the previous disruptive trends have been based on 
technology or, in the case of oil, depleting natural resources. Environmentalism is more 
of a social issue. The rise of environmentalism, with religious overtones, has been (and 
will be) a disruptive trend.  Some of the religious overtones include:  (a) belief in 
environmental issues that may not be substantiated by science or facts (eg. global 
warming), (b) labelling of non-believers as ‘deniers’ and treating them as pariahs, (c) 
using a religious fervor in blocking proposed projects (especially pipelines that have 
been shown to be the most cost-effective and the least environmental risk for oil 
transportation), and (d) teaching of environmentalism to others (eg. children) to 
maintain and sustain the beliefs. The widespread imposition of carbon taxes (or carbon 
cap systems is an obvious disruptive impediment to fossil fuel development and 
utilization. 

 

1.4  Why In Situ? 

In situ bitumen EOR is a family of recovery processes that inject energy and/or fluids to reduce 
in situ bitumen viscosity so it can flow to a production well and be conveyed to the surface 
(wellhead). Only the bitumen, and perhaps some water, is produced. The reservoir matrix is 
mostly undisturbed. In situ bitumen EOR is desirable for four key reasons-the potential reserves 
are very large/significant, the potential production is important for Canada and North America, 
the production can be conducted in an environmentally responsible way, and lastly, there is 
considerable upside from the implementation of new technology. 

(1) Production Trends 

Tables 1.7 and 1.8 show Alberta’s current oil sand, bitumen productivity (circa 2012) and 
expectations for medium-term growth (~10 years) based on current production and project 
filings for regulatory approvals.  Including installed capacity in 2012 and 2012 permit filings, 
bitumen productivity totals about 8.3 MMBD, with all of the growth from in situ EOR projects, 
based on proven (SAGD & CSS) technology. If some room is included for some additional 
growth, based on existing technology, assuming no transportation constraints, future, mid-term, 
expectations for potential Canadian bitumen productivity can exceed 10 MMBD.   
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(2) Reserve Constraints 

The current (2014) reserve estimate for Canadian oilsands bitumen is about 170 billion bbls, 
based on existing technology and prices (circa 2014). Under today’s prices (2016), oilsands 
reserves would be reduced.  But the reduction would only be prudent if today’s prices were 
deemed to be indefinitely sustainable.  About 20 percent of current reserves (~34 billion bbls) 
are related to surface oilsands mining, while the remaining 80 percent (~136 billion bbls) are 
related to in situ EOR, based on proven technologies (SAGD + CSS). Based on productivity 
estimates of 10 MMBD, and existing technology, at capacity, oilsands reserves would last for 
about 50 years. 

(3) New Technology 

If the oilsands resource is sized at 1.7 trillion bbls (Table 1.5), the current reserve estimate of 
170 billion bbls represents a bitumen recovery of only 10 percent. One feature of bitumen EOR 
processes, especially processes where gravity drainage is a key mechanism, is high recovery 
factors (~80 percent in the process-swept zone).  So, there is considerable upside to the current 
reserve estimates due to new technology that is not yet commercialized.   

Thus, the focus, based on the opportunity size, is to develop new in situ bitumen recovery 
technology that can increase the reserve base, increase bitumen production, reduce costs and 
improve environmental performance. A doubling of reserves and a doubling of bitumen 
production is a reasonable long-term expectation. There are also technology approaches 
(described herein) that can logically remove the ‘dirty oil’ stigma associated with oilsand 
development and production. Based on these expectations, Alberta oilsand bitumen production, 
by itself, can potentially supply all of North America’s oil demands. 

(4) Economics 

The most compelling reason to focus on in situ bitumen rather than mining and extraction is 
economics. Table 1.12 shows the most recent (2017) estimate of the supply cost of Athabasca 
bitumen produced by SAGD and by mining and extraction (CERI, 2017). The cost of SAGD 
bitumen at the field gate is substantially lower (38.2 percent) than mined bitumen. Furthermore, 
the initial unit capex for a green field SAGD project (39.8 $K/B/D capacity) is also substantially 
less than the unit capex for a greenfield mining project (79.7 $/K/B/D capacity). 

1.5 SWOT Analysis 

A strength-weakness-opportunity-threat (SWOT) analysis concerning the exploitation of 
Alberta’s oilsands is helpful to developing strategies and expectations for government and 
industry. 
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(1) Strengths - What’s right about bitumen exploitation? 

(i) Significant wealth creation -with reserves of about 170 billion bbls and net backs of 
50$/bbl, development and exploitation of the resource could net about 8.5 trillion 
dollars to GNP-a significant boost to Canada and Alberta. 

(ii) Significant R+D target-the target for R+D is to double reserves-another 8.5 trillion 
dollars added to GNP. 

(iii) Security of supply-the world, particularly the western world, needs a significant and 
secure supply of oil, even if there is a transition to new energy sources. So far, there is 
no practical alternative to oil-based transportation fuels. 

(iv) Reserves upsides-bitumen exploitation technology is in its infancy. SAGD and CSS in 
situ EOR technology are field-proven and may be considered mature. But there are 
other generation alternatives that have not yet been exploited. New technology is very 
prospective. 

(v) Bitumen resource quality-the oilsands resource matrix porosity and permeability are 
some of the highest values in the world. Bitumen saturations can be very high. The 
resource is also shallow, easily accessible and well delineated. The 
geological/exploration risk is very low.   

(vi) Private sector opportunity-the   resource is developable by private sector oil 
companies, without the mandated dominance of a state oil company. The Alberta 
oilsands may be the last ‘elephant’ with private sector company access. 

(vii) Low geopolitical risk-the resource is located in the Western World in a democratic 
country, with a stable, predictable government. 

(viii) Ethical oil-Canada does not condone oppressive regulations and respects human 
rights and environmentally responsible development 

(ix) Proven recovery technology-first generation technology for bitumen in situ recover 
(SAGD + CSS) is field-proven and technically mature. 

(x) Non-declining production-because of the size of the resource and minimal geological 
risks, bitumen mining and EOR projects are expected to have non-declining production 
for 50+ years. This is unlike many conventional oil projects that can have rapid and 
natural production declines.   
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(xi) Infrastructure-significant supporting infrastructure is already in place for bitumen 
exploitation-pipelines, roads, rail lines, cities/towns (Fort McMurray), airports, power 
grids. But more development will be necessary. 

(x) Labour intensity-in situ EOR is much less labor-intensive than bitumen mining. 

(xi) Size-the Alberta oilsands, by itself, has the potential to satisfy all North America’s oi 
demands (~20 MMBD), if fully developed (including new technology) and fully linked by 
pipelines to market hubs. 

(2) Weaknesses-what’s wrong about exploitation of Alberta’s bitumen? 

(i) New pipeline capacity/access-current pipeline capacity for bitumen is only about 1.5 
MMBD without access to tidewater in either the Pacific or Atlantic oceans. Also, not all 
of Canada is linked by pipelines. Most current production is dedicated to the USA 
market. The oilsands can easily produce 5 MMBD bitumen. New capacity/access is 
needed.   

(ii) The USA so far (circa 2016) has blocked new pipeline capacity-for environmental or 
political reasons. A new link to the US Gulf Coast is needed.   

(ii) New pipeline approval in Canada has proven difficult. Northern Gateway has been 
‘killed’ (2016).  The east coast pipeline is going through protracted procedures.   

(iv) Social license is not in place-bitumen has been branded as ‘dirty oil’ by activist groups 
and some politicians in Canada and the USA. A religious-like fervor has developed to 
oppose oilsands exploitation. 

(v) Emissions-bitumen production (and upgrading) has been branded as a high CO2 
emitter and oilsands development has been strongly linked to global warming and 
climate change. 

(vi) Water use-bitumen production (mining or in situ) has also been branded as a high 
water user (freshwater, groundwater), even though many operators use brackish or 
waste water for makeup and the oilsands areas are in regions with vast surface fresh 
water supplies that are otherwise lost to the oceans.  

(vii) Surface disturbance-bitumen production, particularly strip-mine operations, have also 
been branded as large and ‘ugly’ surface land distributors, even though the oilsands 
areas is not highly populated, land disturbance is a small fraction of resource area and 
all oilsand operators are mandated to recover and to restore any land disturbed. 
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(viii) High opex costs-bitumen  is a high opex source of fuel, with recovery opex in the 10-
30$/bbl range. This is not too significant if oil is priced at 100$/bbl, but it is very 
significant if oil is priced at 50$/bbl. Unless opex can be reduced, bitumen may only be 
a high-cost marginal supplier. 

(ix) High capex costs-bitumen recovery is a high capex alternative. Investments at a 
remote site are high, particularly if the recovery process is integrated with an on-site 
upgrader (eg. Syncrude, Suncor, Nexen…). Upgraded bitumen (SCO) requires no 
diluent for transportation and SCO can be marketed directly to refineries that would 
normally refine conventional, light oil. 

(x) Diluent supply-to be pipelined to market, untreated bitumen needs to be blended with a 
diluent (condensate from natural gas production, naphtha from refineries). Future 
diluent shortages may necessitate diluent importation from foreign sources. 

(xi) Reservoir impairments - Although the bitumen reservoir matrix is of the highest quality, 
other reservoir features can limit the application of in situ EOR technology. The 
presence of clays, particularly swelling clays, can impair steam processes. The dearth 
of fluid injectivity into a virgin reservoir can slow down and impair EOR start-
ups. Reservoir non-homogeneities (shales, wet zones…) can impair productivity and 
reduce conformance. Top water, bottom water and wet zones will impair most EOR 
processes. Capless reservoirs can make it difficult to contain processes. Thin pays, 
shallow reservoirs and carbonates cause difficulties. 

(xii) Infrastructure-although some infrastructure is in place, some reservoirs are remote and 
may require new roads to access and operate at the site, and new or extended town 
sites to supply labour. 

(xiii) Limited economy of scale-current bitumen recovery processes (eg SAGD or CSS) have 
a limited size at a central plant due to surface steam distribution limitations. Central 
facilities cannot service areas greater than about 300 km2.  Economy of scale is 
limited. 

(3) Opportunites 

In order to discuss strategic opportunities for government and business, it is beneficial to recall the 
objectives for both, namely: 

Government 

- create wealth and jobs for citizens or residents 

- sustain and protect wealth 
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- provide medical care for citizens/residents (in Canada) 

- provide/subsidize education for citizens/residents 

- create and sustain public infrastructure (roads, parks, utilities…) 

- maintain law and order 

- redistribute wealth (if warranted) 

- attain objectives in a responsible manner, set standards, regulate industry 

- capture value, create wealth, from state-owned resources 

- define, protect, and sustain human rights and freedoms 

- define, protect, and sustain corporate rights and freedoms 

- sustain national defence 

Industry 

- create wealth for shareholders 

- protect/sustain wealth 

- provide growth (long term = R+D; short term = business development) 

- be an ethical and responsible operator and employer 

- provide for employees’ safety, health, retirement 

- be a ‘good’ corporate citizen 

- obtain and sustain a ‘social licence’ for operations 

In the context of government and corporate/industry objectives, exploitation of Alberta oilsands 
offers the following opportunities for government and industry: 

Government 

(i) Foster the construction of new pipeline infrastructure. Pipelines across the USA, to the 
Pacific, to the Atlantic and across Canada are the safest and least expensive way to 
transport oil/bitumen. As demonstrated in the past 8 years, Canada cannot rely on the 
USA as a single, safe market for Canada’s oil.   
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(ii) In order to obtain a ‘social’ license, improve information and information flow for 
bitumen resource exploitation. As owner of the resource, government has the prime 
responsibility to obtain a ‘social’ license to warrant its decision to exploit the resource 
and to not be held to ransom by small activist groups that do not reflect the opinions of 
the majority of citizens. 

(iii) Continue to improve/expand R+D on new, second generation, in situ EOR processes. 
The opportunity is now, the chance of success is good and the prize is worthwhile and 
significant. Focus should be on lower costs (capex and opex), broader applications 
(thin pays, carbonates…), and improved environmental performance (reduced CO2 
emissions, less water use, reduced footprints). As owner of the resource, government 
has a responsibility to foster and support R+D as a direct participant.  Consider a new 
AOSTRA for R+D and field testing of second generation in situ process technologies 
(eg. hybrids) and for development of new equipment/designs (SWESAGD, electric 
heaters…) 

(iv) Improve infrastructure (roads, rail, cities, pipelines) in the oilsands regions. Growth in 
the area can be substantial if/when bitumen resources are exploited. 

(v) Improve labour availability for construction and operation of oilsands projects. 

Industry 

(i) For oil producers, the oilsands is unique. There is no other game like it. Oilsands may 
be the last giant oil play with unfettered access, no dominant state oil company, easy 
private sector access, a supportive and moral government with easy (with new 
pipelines) access to world markets. If you are not now a player, you should consider 
joining the game. It is not too late. 

(ii) For oil-industry suppliers there are opportunities for new equipment and process 
development (eg. as noted herein, resistance heater bundles, ‘crappy’ boilers, ‘crappy’ 
antenna, ISR and SWESAGD well designs…) 

(iii) Industry R+D providers should focus on government partner or consortiums, next-
generation process developments (eg. ISR, SWESAGD, hybrid processes). 
Specifically, focus on processes that are less costly (capex and opex), with better 
environmental performance (reduced emissions, less water use, reduced footprints, 
etc.) than SAGD as a benchmark. 
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(4) Threats - What threatens bitumen exploitation? 

(i) Activist environmentalist groups-there is a need to combat false messages and 
unwarranted fervor.  Oilsands exploitation has unfairly been labelled as a ‘bete noir’ 
and a rallying point for extremist groups that do not represent the views of the vast 
majority of Albertans. 

(ii) Lack of ‘social licence’-there is no political consensus, in Canada, that exploitation of 
bitumen resources is a ‘good’ thing.  More and concerted efforts are needed to 
demonstrate the ‘goodness’ of oilsands development. 

(iii) ‘Dirty oil’ perception-the public perception is that bitumen is ‘dirty’ (and unethical?) 

(iv) Current (2016) low, unstable oil price-even if this is unsustainable, it is hard to invest in 
an environment of low, unstable market prices. 

(v) CO2 taxes (and other taxes)-despite the religious fervor that CO2 is evil and to save 
the world it is necessary to curtail/eliminate emissions, the science is not definitive. 
There has been no significant global warming in the past 15 to 20 years. Oilsands 
exploitation needs to be a national priority, with fair taxation and an even playing field 
compared to other alternatives. 

(vi) Geopolitics - the world needs to understand that fossil fuel consumption is an integral 
part of our energy future. Energy is an absolute essential for life sustenance and 
improved quality of life. How can jet fuel be supplemented by renewable energy? How 
can renewable energy be cost competitive with fossil fuels? Why should government or 
society burden itself with increased energy cost if fossil fuels are still available? 

(vii) Labour force - if oilsands are exploited, how do we provide for construction and/or 
operating labour? Do we use guest workers? 

(viii) Unfair playing field - how does a fossil fuel compete with subsidies to renewable and 
unconventional energy supply? Are carbon taxes justified by science? 

(ix) Competition - is bitumen from Venezuela’s Orinoco oilsands ethical, dirty…? Is Canada 
willing/able to compete? 

(x) Electric Cars/Trucks-will this technology become cost-competitive? Will it be 
(continually) subsidized? 
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1.6 Issues 

(1) Bitumen Transportation 

Because of its high viscosity, unless heated, bitumen cannot be transported in a pipeline by 
itself. Enbridge pipeline spec’s for heavy oil or bitumen blends are (2013) a API density >/= 19 
API and a blend viscosity </= 350 cp. Bitumen has a density of 6-10 API and a viscosity > 
3,000,000 cp. Rail and/or truck transportation of raw (neat) bitumen require heating of the 
bitumen to on-load or off-load the bitumen. Table 1.11 shows the spectrum of pipeline and rail 
options for bitumen transportation, including: 

(i) Dilbit (diluted bitumen) uses a hydrocarbon diluent to produce a diluent + bitumen 
mixture with satisfactory viscosity (<350 cp) and density (>19 API) for pipelining (or rail 
transportation). The historical diluent of choice is natural gas condensate (pentanes 
plus, C5+) that is usually somewhat aromatic so that dilution doesn’t precipitate 
asphaltenes (paraffin liquids are not, usually good diluent candidates). Refinery 
naphtha cuts or light crude oils (LCO) can also be used as a condensate substitute, in 
this category. Recently, field butanes have also been used as diluents (Millington, 
2015).  But Western Canada has a shortage of diluents.  In 2014 diluent demand was 
about 475 KBD, Canadian supply was only about 140 KBD, and imports were about 
250 KBD (Homan, 2013 and Millington, 2015). 

Diluent demand is expected to grow rapidly to about IMMBD in 15 years (Millington, 
2015). Diluent premium prices (ie. cost of diluent above its market value to a refiner) for 
Cs+ averaged about 10-15$/bbl in 2015 (Millington, 2015). Diluent is a major constraint 
for bitumen transportation and bitumen marketing. 

(ii) Railbit (bitumen transported by rail), is one way to mitigate some of the issues posed 
by diluent. Table 1.11 shows that unheated rail cars require diluent at about 17 percent 
(v/v) in the blend, so that diluent blends can be on-loaded or off-loaded. Heated rail 
cars can transport neat bitumen without any diluent. In 2014, railbit exports were about 
160 KBD, with 54% to PADD1, 36% to PADD3 and 10% to PADD’s 5+2. Many studies 
have indicated that dilbit pipeline transport is much safer than railbit transport, but a 
shortage of pipeline capacity forces railbit exports. 

(iii) Synbit (SCO+bitumen blends) can also be used for pipeline transport of bitumen, but 
with higher SCO content (43 vs 28% v/v) than dilbits (Table 1.11). The big advantage 
of Synbit is that SCO production is increasing rapidly. However, there is a 
disadvantage if the SCO+bitumen blend is harder to market and the netbacks are lower 
than dilbit. In 2014, Synbit transportation was about 30 KBD with forecasts of rapid 
growth (Millington, 2015). 
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(iv) Heated pipelines - it is feasible to pipeline neat bitumen in a pipeline that is dedicated 
to bitumen use and heating holds a temperature over 100oC.  But there are two 
problems with this scheme. It is costly to attain and sustain these temperatures in a 
pipeline of significant length, and the consequences of failure (ie loss of heat) are very 
substantial. To date, no heated line for bitumen is operating. 

(v) Emulsion pipelines-it is also feasible to pipeline bitumen as a o/w (oil in water) 
emulsion. The viscosity of the emulsion is dominated by the continuous phase (water). 
Emulsions of about 30 percent water can have bulk viscosities low enough for pipeline 
applications. But, the risks/consequences of freezing or emulsion breaking are severe 
and the cost of surfactant to form/stabilize the emulsions is significant. Also, to date, no 
emulsion pipeline for bitumen is operating. 

(2) Upgrading 

The shortfall in diluent supply and the diluent cost premiums over market values to refiners can 
help to make on site or regional upgrading attractive. (Note, the diluent premium cost is an 
upgrading incentive that only applies to a regional or an on-site upgrader). The issue of 
upgrading has been an issue in Alberta for several years. The prospect of shipping jobs down 
the pipeline is an active political issue. But upgrading is cost-intensive and not job intensive, so 
the issue is moot. There are two potential stages/objectives for upgraders-namely: 

(i) Partial upgrading-the objective of a partial upgrader is to produce a product that will 
meet pipeline specs without diluent added (ie viscosity <350 cp and API >/= 19). This 
can potentially be accomplished by a combination of solvent deasphalting, visbreaking, 
mild hydrocracking or hydropyrolysis. So far, despite decades of studies, no 
commercial partial-upgraders have been constructed or contemplated. 

(ii) Full upgrading-the objective of a full-upgrader is to produce a premium product, 
synthetic crude oil (SCO) that is widely marketable to all/most existing refineries in 
North America. SCO is a light distallate oil, with 30<API<40, that is substantially 
desulfurized, without any bottoms. Table 1.9 shows the capacity for such upgraders in 
Western Canada is about 1.45 million bbls/d of bitumen. Most of the capacity is in 
Alberta (1.33 MMBD). Saskatchewan capacity is only 0.12 MMBD. Some refineries 
and/or asphalt plants can also accept small amounts of bitumen feedstock.   

Full upgrading is accomplished by a combination of coking, solvent deasphalting, visbreaking, 
hydrotreating and hydrocracking. Most upgraders use coking as the first stage of upgrading (eg. 
Syncrude, Suncor). One upgrader (CNOOC, Long Lake) uses solvent deasphalting as the first 
stage. 

The problems with diluent price and availability and the attractiveness of maximizing value-
added processing will make upgrading increasingly attractive. 

Expectations are for continued/rapid growth of regional or on-site upgraders. 
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Table 1.1 

World Heavy Oil and Bitumen Resources 

(109 bbl OOIP) 

 

 
Heavy Oil Bitumen Totals 

North America 651 2391 3042 

South America 1127 2260 3387 

Europe 75 17 92 

Africa 83 46 129 

Mid-East 971 0 971 

Russia 182 347 529 

Others 307 444 751 

    

Totals 3396 5505 8901 

 

Where:  Bitumen = API < 10; in-situ viscosity > 10,000cp 
    Heavy Oil = 10 < API < 20; in-situ viscosity > 100cp 
    Source (Meyer, 2007) (USGS) 
    Resource = OOIP 
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Table 1.2 
 

World - Bitumen + Heavy Oil Resources 
Major Heavy Oil and Oil Sands Deposits 

 
 

Volume in Place 
(Billion Barrels) 

Geological Age 

Venezuela 
   Orinoco heavy oil belt 

700-3000 Tertiary and Lower Cretaceous Sands 

Canada 
  

   Athabasca 869 Lower Cretaceous Sands 

   Cold Lake 270 Lower Cretaceous Sands 

   Wabasca 119 Lower Cretaceous Sands 

   Peace River 92 Lower Cretaceous Sands 

   Lloydminster 32 Lower Cretaceous Sands 

   Carbonate Triangle 1350 Paleozoic Carbonates 

Subtotal 2732 
 

U.S.S.R 
  

   Melekess 123 Permian Sands 

   Siligir 13 Cambrian Carbonates 

   Olenek 8 Permian Sands 

Subtotal 144 
 

U.S.A 
  

   Tar Triangle 16 Permian Sands 

   Circle Cliffs 1 Permian Sands 

   Sunnyside 4 Eocene Sands 

   P.R. Spprings 4 Eocene Sands 

   Hill Creek 1 Eocene Sands 

   Asphalt Ridge 1 Eocene Sands 

   Various heavy oils 110 Tertiary, Mesozoic 

Subtotal 137 
 

Four-country total 3713-6013  

source – Butler, 1991  
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Table 1.3 

 
World Natural Bitumen + Extra Heavy Oil Resources 

 

 
(NB) 

Natural Bitumen 
(EHO) 

Extra Heavy Oil 
 

NB + EHO 
 

OOIP 
(MMB) 

Reserves 
(MMB) 

OOIP 
(MMB) 

Reserves 
(MMB) 

OOIP 
(MMB) 

Reserves 
(MMB) 

Africa 64335 1796 - - 64335 1796 

Canada 2434221 170400 - - 2434221 170400 

USA 53479 0 2635 19 56114 19 

China 1593 1 8877 888 10470 889 

Kazakhistan 420690 42009 - - 420690 42009 

Russia 346754 28367 177 6 346931 28373 

Venezuela - - 2111527 57854 2111527 57854 

U.K. - - 11850 76 11850 76 

Others 7526 636 14807 290 22333 926 

World Totals 3328598 243209 2149873 59133 5478471 302342 

 
Where  - source - ‘Survey of Energy Resources’, World Energy Council, 2010 

- Natural Bitumen - 𝝁i > 10,000 cp and API < 10 
- Extra Heavy Oil - 𝝁i > 10,000 cp and API < 10 
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Table 1.4 
 

World Oil Resources 
        
       Percentage of resources (OOIP) 

Conventional Oil   30 
Heavy Oil    15 
Bitumen    30 
Extra Heavy Oil   25 
     (70% unconventional resource) 
Total     100 

 
Total World Resources= 9 to 13 trillion bbls 

 
 
(Schlumberger, ‘Heavy Oil’, 2016) 

 
Where:  bitumen and extra heavy oil API <10 
   Heavy oil API < 22.3 API    
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Table 1.5 
 

Alberta’s BItumen Deposits 
(109 bbl OOIP) 

 
 

Athabasca Cold Lake Peace River Totals

Accessible Deposits(2)

SAGO/CSS 420 51 54 525
Mining 59 0 0 59
Cold Production 13 138 0 151

Subtotal 492 189 54 735

Other Deposits(3)

Carbonates 383 0 65 448

Thin Pays(4) 380 21 8 409
No Cap Rock 37 0 0 37

Transition(1) 28 0 0 28
Top Gas 14 0 0 14
Others 36 -10 1 27

Subtotal 878 11 74 963

Grand Total 1370 200 128 1698

 

Where:  
 
(1) too deep for mining, too shallow for SAGD 
(2) known, proven technology 
(3) no known technology, yet 
(4) thin pay cut off = 10m 
(5) Source – Heidrick and Godin (2006) 
(6) numbers may not add, due to rounding 
(7) not including heavy oil resources 
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Table 1.6 
 

Chronology of Canada’s Oilsands 
 
1719 - Cree First Nations (Wa-Pa-Su) brings bitumen sample to a Hudson’s Bay trading 

post. 

1778 - Peter Pond, fur trader, saw bitumen deposits on the banks of the Clearwater River as 
‘springs of bitumen’. 

1787 - Alexander MacKenzie, explorer, saw ‘bitumenous fountains’ 

1884 - Geological Survey of Canada-’The banks of the Athabasca (river) would furnish an 
inexhaustible supply of fuel…’ 

1915 - Sidney Ells, Federal Mines Branch, experiments with separation techniques  

1920 - Karl Clark, ARC, starts extraction tests 

1928 - Karl Clark, patents the hot water extraction process 

1930 - Robert Fitzsimmons constructs a hot water separation plant at the Bitumont site, 
produces bitumen, but costs are ‘too high’.   

1936 - Abasand Oil opens a 200 B/d separation plant 

1941 - Abasand plant burns down 

1943 - Canadian Government takes over and operates a new plants at Abasand site 

1945 - Plant burns down again 

1953 - Sun Co. forms Great Canadian Oil Sands (GCOS) and starts land acquisition for a 
future plant site 

1958 - Richfield Oil (U.S.) suggests project Cauldron-detonating up to 100 nuclear bombs to 
mobilize bitumen, in situ 

1959 - Ca Fed Mines department approves project Cauldron, selects a test site about 100km 
from Fort McMurray 

1964 - Syncrude Canada Ltd. joint venture founded 

1967 - GCOS plant starts up (mine + integrated upgrader).  First commercial bitumen plant, 
world’s first oil mine 

1970’s - Fischer Brothers (Montreal) propose to create large induction coils, using a system of 
shafts and tunnels, and use coils to induce eddy currents to heat bitumen, in situ 

1973 - Syncrude Project gets government approval, the largest project in Alberta’s history 

1975 - IOL, Cold Lake (CSS) starts production 

1978 - Syncrude Canada Ltd. (SCL) starts production, mine + integrated upgrader, now the 
world’s largest mine, SCL was the largest private sector employer in Alberta. 

1987 - AOSTRA UTF facility opens, first SAGD test in Athabasca oilsands 

1994 - JACOS starts SAGD pilot at Hanging stone 

1996 - Foster Creek plant constructed, first commercial SAGD project 

2001 - Alberta declares SAGD is now a commercial process for bitumen recovery  

2002 - More than 50% of Canada’s total oil production is sourced from bitumen and heavy 
oil, the highest percentage of any oil producer in the world 

2002 - Suncor, MacKay River SAGD starts up 

2003 - Shell’s Albian mine opens 
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2004 - Nexen/OPTI, Long Lake project sanctioned 

2005 - DOVAP tests VAPEX at oilsands VTF site 

2006 - SCL completes 3rd expansion, 350 KB/d name plate capacity, 5600 employees 

2008 - Nexen/OPTI, Long Lake project starts up, first site-integrated SAGD+upgrading, 70 
KB/d capacity 

2010 - James Cameron, renowned scientist and movie producer, calls oilsands as a ‘black 
eye’ on Canada’s environmental record 

2013 - IOL’s Kearl Lake mine opens 

2014 - Leonardo DiCaprio, famed scientist and actor, says ‘we must fight to keep this carbon 
in the ground’. 

 - Neil Young, renowned scientist and rock singer, says the ‘Canadian government is 
completely out of control’ and ‘Canada is trading integrity for money’ in development 
of the oilsands. 

 - Desmond Tutu, renowned scientist and archbishop, calls bitumen production ‘filth’ 
and ‘the upshot of negligence and greed’. 

 - ESEIEH field test starts at the Dover VTF site 

 - in situ bitumen production now exceeds bitumen mining production 

 - 58% of Canada’s total oil production is now oilsands bitumen  

2017 - Jane Fonda, a renowned actress, after an air flyover tour of the oilsands, proclaims 
‘We don’t want these two new pipelines’ (Kinder Morgan and Energy East). 
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Table 1.6(a) 
 

Alberta’s Energy Chronology (1970-present) 

(Selected Events) 
 
1970 - Edmonton Power formed 

1973 - Arab oil embargo, first global energy crisis 

 - Canada National Energy Plan (NEP), oil price regulation 

 - Alberta Energy Co. (AEC) created 

 - Alberta Petroleum Marketing Commission (APMC) created 

1974 - AOSTRA created 

1975 - Natural gas prices regulated 

1978 - Syncrude Canada Ltd. (SCL) formed 

1979 - First ethylene plant at Joffre AB 

 - Canadian industry converts to metric units 

1981 - Calgary Power formed 

1985 - Canada deregulates oil + gas prices, opens border to imports/exports 

 - Turner Valley shut down after 70 years of operation 

1990 - NYMEX starts trading in natural gas futures 

1992 - Lloydminster SK, upgrader starts 

1995 - generic royalty regime for new oilsands pojects 

1997 - Kyoto protocol treaty 

 - Hibernia NL, starts production 

2000 - Alliance Pipeline (Ft. St. John to Chicago) starts up 

 - Syncrude Aurora mine, first remote oilsands project 

 - AERI created (Alta. Energy Research Institute) 

2002 - Cenovus, Foster Creek AB, first commercial SAGD project 

 - Propylene plant at Redwater, AB 

2004 - Bitumen production exceeds IMMBPD 

2005 - Record land sales, 9,196 parcels at total $2.17B, $694/hectare avg 

2006 - Energy Innovation Fund (EIF) at $200M over 4 years 

 - highest land sale price, avg $775/hectare 

2007 - Royalty review, new royalty framework 

2008 - first successful reclaimed site in oilsands is certified 

 - new bitumen valuation methodology (BVM) to determine bitumen values 

 - $2B fund to advance carbon capture and storage (CCS) projects 

2009 - the Oil Sands Sustainable Development Secretariat releases a 20 yr plan  

2010 - about half of oilsands bitumen produced by in situ methods 

 - record land sale, net $2.39B, avg price $2185/hectare 

 - Bitumen Royalty in Kind (BRIK) implemented 
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2011 - Implements Renewable Fuels Standards, requiring an annual average of 2% RF in 
diesel and 5% RF in gasoline 

2012 - June 7 spill from Plains Midstream pipeline into Red Deer River 

 - in situ bitumen production now exceeds mined bitumen production  

2013 - Swan Hills, AB, CCS project cancelled 

 - 100 years of oil + gas exploration 

2015 - Nexen, Long Lake AB, pipeline spill 

 - New Royalty Review, new Royalty framework 

2016 - Massive wildfire near Ft. McMurray, AB, May 1 to June 10, 2400 homes destroyed, 
largest evacuation in AB history 

 - Oil Sands Sustainable Development Secretariat closed 

 
(source, Alberta Energy, 2017) 
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Table 1.7 
 

Alberta Oilsands, In situ Permits (June, 2013) 
 

 
Number of Project 

Sites 
% Cumulative Capacity 

KBD 
% 

North Athabasca Region 27 32.5 1920 32.8 

South Athabasca 
Region 

36 43.4 3193 54.6 

Cold Lake Region 9 10.8 597 10.2 

Peace River Region 11 13.3 141 2.4 

Total Oilsands 83 100.0 5850 100.0 

 
Source: www.albertacanada.com (June 6 2016) 
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Table 1.8 
 

2012 Status of Oilsands Developments 
 

 
mmB/d $B new capex 

2012 Mining Production 0.883 - 

2012 In situ Production 0.882 - 

Under Construction 0.435 17 

Regulatory Approved 1.590 83 

Waiting Review 4.465 190 

Totals 8.255 290 

 
Source: Albert Government - Heavy Oil Workshop with CHOA 
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Table 1.9a 
 

Alberta + Saskatchewan Upgraders + Refineries 
 

1. Upgraders  
 

Alberta 
 

 
KBD km3/d 

Shell, Scotford 255.0 40.5 

Suncor, Ft. McMurray 440.0 70.0 

Syncrude, Mildred Lake 407.0 64.7 

CNOOC, Long Lake 72.0 11.4 

CNRL, Ft. McMurray 156.0 24.8 

Subtotal 1330.0 211.4 

 
Saskatchewan 
 

 
KBD km3/d 

NewGrade, Regina 55.0 8.74 

Husky, Lloydminster 68.0 10.80 

Subtotal 123.0 19.5 

 

AB + SK Grand Total 1453.0 230.9 
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Table 1.9b 
 

Alberta + Saskatchewan Upgraders + Refineries 
 

2. Refineries 
 

Alberta 
 

 
KBD km3/d 

Suncor, Edmonton 142.0 22.6 

IOL, Strathcona 187.2 29.76 

Shell, Scotford 100.0 16.0 

Husky, Lloydminster 29.0 4.6 

Subtotal 458.2 72.96 

 
Saskatchewan 
 

 
KBD km3/d 

CCRL, Regina 50.0 8.0 

Moose Jaw Asphalt 3.1 0.5 

Subtotal 53.1 8.5 

 

AB + SK Grand Total 511.3 81.46 

 
Upgrading and Refining Total: 
 

AB + SK Grand Total 1964.3 312.36 

 
Source - Wikipedia 2016 
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Tale 1.10 
 

SCL Chronology + Factoids 
SCL = Syncrude Canada Ltd. 

 
SCL Chronology: 
 

1964 - SCL formed as an R+D consortium, joint venture 

1973 - Plant construction starts, integrated mine + extraction + upgrader 
- Site location at Mildred Lake AB, 40km north of Ft. McMurray AB 

1978 - Plant opens, 1st barrel of SCO produced, capacity at 73.5 MM bbls/yr 

1996-99 - First expansion, debottleneck, capacity up to 81.4 MM bbl/ur 

1998-01 - New Aurora mine constructed, 35 km north of Mildred Lake 

2001 - Second expansion opens, capactiy up to 90 MM bbl/yr 

2006 - Phased out draglines + bucketwheels, replaced by trucks + shovels 

2010 - Conoco sells 9% share to Sinopec for $4.65B 

2015 - Suncor acquires Can. Oil Sands Ltd. in hostile takeover 

2016 - Suncor obtains 5% Murphy share for $937m 

 
SCL Factoids (circa 2016): 
 

 current ownership, 53.74% Suncor, 25% IOL, 9% Sinopec, 7.23% Nexen, 5% Mocal 
 current name plate capacity = 350,000 b/d (SCO) 
 5.1 MMMbbl proved + probable reserves 
 40 yrs. reserves at capacity (longer if poss. reserves included) 
 8 leases, 3 contiguous sites 
 Cumulative production of 2.4 MMMbbls 
 5000 employees, $6B yr. wages + royalties + taxes 
 $100 M/yr on R+D, one of Canada’s top R+D investors 
 mine uses some of world’s largest trucks, >400t capacity 
 mine capacities - Base mine 7,250 t/hr 

    - North mine - 7,500 t/hr 
    - Aurora mine - 11,000 t/hr 

 By some measures (eg. daily tonnage) the SCL mines may be the world’s largest 
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Table 1.11 
 

Oil Sands Bitumen Transportation 
 

 
Clean Railbit Dilbit Dilbit Synbit Dilbit 

% (v/v) diluent 0 17 22 28 43 47 

API blend 9 17 21 21 21 21 

Diluent used none C5+ C4 C5+ SCO LCO 

Trns. Means < - rail - > < - pipeline - > 

 

Where: 
 
 SCO = Synthetic Crude Oil (upgraded bitumen) 
 LCO = Light Crude Oil 
 C5+ = Pentanes Plus 
 C4 = Butanes 
  
 No diluent rail is using heated rail cars 
 
 Source - Millington, 2015 
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Table 1.12 
 

Field Gate Bitumen Supply Costs 
($/bbl Bitumen) 

   
 

 
SAGD M+E 

ROR onfixed capex 19.25 33.68 

Operating + Sustaining capital 0.40 0.70 

Fuel, Natural Gas 5.87 2.68 

Other opex 7.53 14.84 

Income Taxes 2.82 4.94 

Emission Compliance Costs 0.27 0.13 

Abandonment Costs 0.03 0.05 

Totals $43.31 $70.08 

 
Where: 
 

 CERI, 2017 
 2015 Can. $ 
 SAGD = 30 KBD greenfield project size 
 M+E = Mining + Extraction, 100 KBD greenfield project 
 SAGD, capex = 39760 $/B/D; SOR ~= 2.8; 1.197 GJ/B nat. gas 
 M+E, capex = 79650 $/B/D; 0.540 GJ/B nat. Gas 
 field gate price, excludes transportation + blending costs 
 ROR = 10% real return on capex (12% including 2% inflation) 
 SAGD costs = 61.8% M+E costs 
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Figure 1.1a 
 

The information Refinement Pyramid 
 

 
  



40 
 

Figure 1.1b 
 

Bitumen + Heavy Oil Resources / Reserves 
 

 
 

Comparison of Quantities of Heavy Oil and Tar Sands  
to those Conventional Crude Oil in Place (order of magnitude estimates) 
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Figure 1.2 
 

Geology of Alberta’s Oilsands 
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31 

CLEARWATER 375-
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11 
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SHORELINE 
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+ 

McMURRAY 
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600 

5 10-
12 

25 MARINE SHELF 
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Peace 
River BLUE SKY 

+ 
GETHING 
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SHALLOW 
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C 
A 
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A 
I 
E 
S 

DEBOLT 500-
800 

32 8-
10 

18 OPEN MARINE 

SHUNDA 500-
800 
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10 
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0.M. 

Figure 1.3 
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McMurray Formation Depth 

 
Top of McMurray Formation 

 

Figure 1.4 
 



43 
 

McMurray Formation - Formation Thickness 
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Figure 1.5 
 

McMurray Formation - Thickness 
 

 

Figure 1.6 
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Bitumen Pay Thickness 

Of Athabasca Wabiskaw-McMurray Deposit 
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Figure 1.7 
 

McMurray Formation - API Gravity Map 
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Chapter 2 - Fundamentals 

2.1 Introduction 

There are several fundamental issues that can affect bitumen EOR processes and EOR 
process models. Some issues are related to the reservoir location and other reservoir 
characteristics. Some issues are common to potential EOR processes. This chapter segregates 
these issues into four areas, as follows: 

1. The development of process models for bitumen EOR: 

 Why are models needed? 

 How can useful models be developed? 

 What are the key assumptions? 

 How can the model be used? 
 

2. Reservoir Issues: 

 What Reservoir issues are important? 

 What is a base case that can be used for comparisons? 
 

3. Process Issues: 

 What process issues are important? 

 Why is steam important? 

 What are the key process assumptions? 

 What well geometry options are possible/desirable? 

 How useful are physical - model tests? 
 

4. Performance Factors: 

 How can performance be measured? 

 What factors are useful for comparisons? 

 How is risk assessed? 

2.2 Bitumen EOR Models 

(1) Why Models? 

The process models developed and used herein are ‘partial’ mathematical 
representations of thermal and non-thermal EOR processes applied to a bitumen 
resource. The models are ‘partial’ because no kinetics are included (ie. heated, 
recoverable bitumen is assumed to be ‘instantly’ produced). Bitumen drainage is 
assumed to not be the rate - limiting - step. In its simplest form, depending on the 
process, the models may be considered as a single element in a finite-element-analysis 
(FEA) process model. The models are generic and not specific to any well geometry. 
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Despite this simplicity, the bitumen EOR models can predict useful performance factors 
for a homogeneous reservoir (or part of a reservoir) - unit costs, unit CO2 emissions, unit 
energy use, unit water use and other important diagnostic factors. If an existing field 
project is modelled and calibrated, heat losses can be determined (analogous to history - 
matching using FEA models) and the models can be used to predict the impacts of 
process changes. 

The models also have some unique features - zone analysis for processes with multiple 
process zones (including an estimate of zone stability), representations of hybrid 
processes (including new and proprietary processes), and representation of processes 
containing one or more of the following elements - steam, in situ steam reflux, in situ 
combustion (ISC) using air (A) or oxygen (O), wet ISC where water is injected to 
scavenge combustion heat, solvent gas injection or electricity use. 

The obvious question is, why develop or use this kind of EOR process model for bitumen 
recovery? The utility, and raison d’etre of these models may include one (or more) of the 
following rationales. 

(i) It is not always obvious how processes, or process combinations, will perform. 
Some processes can be complex and non- intuitive. Intuition is not a good 
substitute for science. 

(ii) Particularly for a multi-component process (eg. hybrids), the calculations are 
tedious and complex, even for a simplified model. Detailed, FEA models, 
including kinetics, can have difficulty modelling multi-component processes. Even 
if the FEA models can model the process, without history matching, the results 
can often be nonsensical and run times can be excessive. 

(iii) The models, used herein, are quick and flexible. The models will  predict key 
performance factors that may be sufficient to make decisions. 

(iv) Although the models do not predict productivity, several warnings can be issued 
as output, if productivity is potentially impaired. 

(v) The models can simulate and predict the performance of several, unique, 
proprietary and non-proprietary processes. 

(vi) The models accept user input for unit cost, unit emissions, heat losses and other 
process issues. The models can be tailored for individual or corporate 
expectations. The models can be made your own. 

(vii) The models actually model several hundred processes - including simple and 
hybrid versions. 
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(2) Model Assumptions 

There are seven background assumptions behind the process models: 

(i) Reservoir Description - a homogeneous reservoir with no barriers, no shale 
streaks, no lean zones, no mudstone zones, no bottom/top/interspersed water, 
no initial gas saturation and no solution gas. 

(ii) Process description - no calculated heat losses (heat loss is an input value), a 
homogeneous process development with no significant pressure gradients (this 
may imply that gravity drainage is a key production mechanism), instant 
production of heated (or diluted) bitumen that is available for production with no 
kinetic or flow-path limitations (this may imply that bitumen drainage is not the 
rate-limiting-step for production). 

(iii) ‘Contained’ process zone - A significant gas phase component inside a process - 
swept zone, growth at the edges of the zone, smooth edges (no fingering), no 
fluid leaks in/out of zone. 

(iv) Growth element - calculations are based on an assumed growth element for the 
process, using heat and material balances to estimate energy and fluid demands 
to recover bitumen. For convenience, a one cubic metre volume is used as the 
growth element (the model calculations are conducted in metric units), starting at 
virgin reservoir conditions (Ti, initial fluid saturations) and ending at process - 
swept conditions (process T, P, residual fluid saturations). a question may arise 
as to why the growth calculation starts at virgin conditions and does not account 
for any heat “leaked’  by conduction from the previous growth element. But if the 
‘leakage’ is accounted for, the energy balance would be as follows: 

 Growth element heat demand = heat demand for virgin element – heat leaked 
from previous element + heat demand for leakage to next element 

For a steady-state or pseudo-steady-state process, the last two terms on the right 
would be equal and the net heat demand would be that for a virgin growth 
element. 

(v) Pseudo steady-state performance is another key assumption. Steady-state 
implies that process variables (P, T, residual fluid saturations…) and performance 
factors are not changing. Pseudo-steady-state implies that these variables are 
not changing significantly, nor rapidly. The ‘change’ in this assumption implies a 
time factor. Model calculations are based on one cubic metre of growth. Bitumen 
produced from this element is about 0.2 m3, depending on process conditions. 
For a good EOR process pattern (eg. SAGD), bitumen production can be up to 
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about 1000 bbl /d (159 3/d), so 795 growth elements per day are needed for daily 
production, amounting to run growth element every 1-8 minutes.  Using a rule-of-
thumb for steady-state needing no significant change for at least 10 growth 
elements. Pseudo-steady-state is valid for a process that shows no significant 
performance change for a period of about 20 minutes. 

(vi) Isobaricity is another key assumption. The process is modelled are dynamic, 
steady-state and isobaric, with no significant changes in process pressure P, and 
no significant pressure gradients, over a period of 20 minutes or more. For a 
dynamic system with condensing gases this implies: 

(a) if a gas condenses and produces a transient low-pressure zone, fluids 
quickly rush to the zone to replenish the condensed gas and restore 
isobaric pressure P.  This restoration occurs at the speed of sound. 

(b) In order to accommodate (a) and (iii) above, the process should have a 
contained gas chamber at/near constant P. 

(c) The pressure gradient that causes liquid flow at / near the gas chamber 
wall, is very small compared to process pressure P. (Hydrostatic pressure 
gradients are ~0.5 psi/ft (11.31 /m). Process pressures are in the 200-500 
psi (1300-3500 ) range, much larger than P gradients. 

(vii) Spatial integrity of the growth element is another potential issue. Process zones 
are often depicted as ‘boxes’, with fluid/liquid flows draining from the bottom of 
the ‘box’. If the growth element is taken as a slice of the ‘box’, a question may 
arise as to why not allow/account for some ‘scouring’ of reservoir fluids (eg. 
bitumen) below the ‘box’ using fluids draining from the growth element? This is 
not possible because the growth element encompasses all regions of incremental 
production in the process zone, including anything below the ‘box’. It is better not 
to view the growth element as a slice of the ‘box’, but as an incremental (1m3) 
volume that may be very thin but it does include all surface area of a growth 
sheet in the reservoir. Any fluid flows depicted from reservoir boxes, actually flow 
directly to a production well without any secondary (scouring) opportunities 
possible. 

(3) Algorithms 

Algorithms are mathematical expressions (eg. power series) used to estimate the 
physical properties of the reservoir rock, the reservoir fluid and EOR fluid components, 
that are used in the modelling of EOR processes, herein. Algorithms are usually 
empirical expressions, but sometimes the form of the algorithm (ie. the mathematical 
terms) is based on underlying physics and / or chemistry. Because of inherent 
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complexities, estimates using algorithms are usually limited to engineering accuracy (~4 
significant figures) and are also limited to an applicability range. Table 2.5 shows 
algorithm accuracy for saturated steam properties. Interpolation of values, within the 
applicability range, does not compromise the expected accuracy. However, 
extrapolation, beyond the applicability range, can compromise the accuracy. 

Algorithms for models developed for bitumen EOR process models include the following 
property values: 

(i) Saturated vapour processes - water, solvents 

(ii) Dew point temperatures - steam, solvent vapours 

(iii) Vapour enthalpy (heat content) - steam, solvent vapour, nc gases 

(iv) Saturated vapour density – steam 

(v) Latent heat (heat of condensation) - steam, solvent gases 

(vi) Liquid enthalpy - water, bitumen, solvent liquids 

(vii)   Liquid viscosities - water, bitumen, solvent liquids 

(viii) Mixture liquid viscosities - solvent mixtures, solvent + bitumen mixtures) 

(ix) Matrix rock enthalpy - sandstone, carbonate (where nc gases include N2, CO, 
CO2, CH4…) 

Care Is taken to choose the best, proven algorithms that preserve engineering accuracy, 
and the algorithms that are accurate at/near bitumen EOR process conditions. For 
example, for bitumen EOR, solvent maybe at/near critical conditions (Tc, PC). (Figure 
2.14).  so, solvent algorithms are chosen to accurately represent values at/near Pc, 
Tc.  Another example is the algorithm used to estimate the viscosity of solvent + bitumen 
mixtures. These algorithms have often been inaccurate. So, the models use an algorithm 
specifically developed for these mixtures, with proven accuracy.  

(4) Model Inputs 

Table 2.1 presents some of the common inputs used for bitumen EOR models, herein, 
broken into reservoir properties, process conditions, unit cost factors and unit CO2 
emissions. Inputs are available in either English or metric units. The models 
automatically convert from one system to the other, using conversion factors shown in 
Table 2 2.  If the model user does not input any/all values, the input will automatically 
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revert to default values shown in table 2.1. Some input factors may need further 
discussion, as follows: 

(i) Cost factors (Table 2.1)  are an Important input value. Care should be taken so 
that comparisons are on an apple-to-apple basis. For example, electricity costs 
usually include capex (demand) charges as well as opex. A convenient cost 
standard, for other unit costs, is for a third-party utility with over-the-fence, take-
or-pay charges for energy. For steam (Cs in Table 2.1), costs include the energy 
costs to produce steam, plus a capex charge, including utility return-on-capital for 
the cost of boiler and steam distribution. 

(ii) ‘Cost’ also implies a location. For the costs shown in Table 2.1, the location is the 
well-head for the process modelled. 

(iii) Carbon taxes are also included as a ‘cost’ factor. 

(iv) Indirect unit CO2 emissions are CO2 emitted on the process site or at a remote 
site, as a result of providing energy to the bitumen EOR fluids (IA, IO). 

The user has the option of providing his/her own cost or emission factors, so he/she can 
tailor the model to fit his/her circumstances. (Any additional input requirements will be 
discussed for each process type in the following Chapters.) 

2.3 Reservoir Issues 

(1) Reservoir Quality 

The quality of a bitumen resource depends on three issues - the properties of bitumen 
and reservoir fluids, the properties of the reservoir matrix, and the method and location 
of bitumen deposition. 

(i) Bitumen quality - Bitumen is a very viscous oil and over a short time frame it can 
behave more like a solid than a liquid. Athabasca bitumen can have in situ 
viscosities over 106cp. Bitumen chemical analysis is shown in Table 2.3. It has a 
low H/C ratio (~1.5), with a high carbon content (81-84 percent (w/w)), a low 
hydrogen content (10-11 percent (w/w)), a high sulphur content (4.6 - 5.6 percent 
(w/w), and small levels of nitrogen (0.3 - 0.6 percent), oxygen (0.8 - 1.6 percent) 
and metals (N, V, Fe). Bitumen requires extensive upgrading/refining before it 
can be used as a transportation fuel or as other refined products. 

(ii) Water quality - Oil sands deposits are typically water-wet, with water coating the 
sand grains, separate from the bitumen layer (Figure 2.2). Produced water from 
SAGD can contain TDS up to 25,000 ppm, hardness up to 2000 ppm and silica 
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up to 300 ppm. Silica and hardness are the most difficult components to treat for 
water recycle as BFW. Evaporation processes can recycle more than 95 percent 
(v/v) of produced water. Softening schemes (eg. warm lime softening) usually 
recycle ~90 percent (v/v) of produced water, depending on TDS levels. 

(iii) Rock matrix quality - the sandstone matrix, containing most of the bitumen 
resources, is one of the best reservoir qualities in the world, with a high porosity 
(ϕ~>0.3), And a very high permeability (k ~< 6D). Unfortunately, often the matrix 
is unconsolidated, with uncemented sand grains (Figure 2.2) that can become 
mobilized during EOR (eg. SAGD), particularly near the injector well bore, when 
bitumen is removed as a binder. (The carbonate oil sands deposits have poorer 
matrix qualities than the Athabasca sandstones. Fracing may be necessary to 
create flowpaths in carbonates). 

(iv) Depositional quality - The depositional environment, for the McMurray deposit, 
was fluvial or estuarial. Deposits can be very thick (~75m) and rich (ib ~0.8), but 
non-homogeneities can occur with a scale of about 50m. Effective conformance 
control needs to have the same scale ability (<~50m). 

(2) Special Features 

The Athabasca bitumen deposits have several ‘special’ features that can affect bitumen 
recovery processes: 

(i) Conformance - bitumen deposition environment sets the scale of nonconformity. 
Over a short distance (~< 10m) the reservoir is homogenous; but, over a longer 
distance (>~ 50m) the reservoirs are usually not homogenous (eg. in a 50m 
distance from any point in the reservoir there is probably at least one 
inhomogeneity). For the scale of a recovery pattern (~1000m), It is likely there will 
be several discontinuities. Conformance control may be an issue (eg. SAGD), 
depending on the nature of the EOR process. 

(ii) Connate water - The bitumen deposit is water wet, with a water envelope 
covering individual sand grains, ‘glued’ together by bitumen bridges between the 
grains (Figure 2.2). Particularly for rich deposits (Sib > 0.6), unless connate water 
is vaporized by the process (eg. ISC) it is difficult to mobilize. 

(iii) Unconsolidation - the deposit may not be consolidated, in the conventional 
manner (eg. cementation). Matrix porosity (ϕ) and permeability (k) can be very 
high (ϕ>~0.3, k<~ 6D). Sand grains can become unattached by the recovery 
process (eg. SAGD). Sand can be mobilized and can damage and/or plug 
production tubing. 
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(iv) Density - bitumen density is near the density of water. During the bacterial 
degradation of the original oil, to thicken the oil and create bitumen, the density of 
the degraded oil (bitumen) can pass through a transition where it becomes more 
dense than water. The end result is that a bitumen reservoir may contain top 
water, bottom water, interspersed water zones (lean zones), or all three. This 
non-homogeity can make some EOR processes very difficult to operate (eg. 
SAGD). 

(v) Spatial variations - another consequence of (iv) above, is that there can be a 
spatial variation of bitumen properties (both vertically and horizontally). Density 
changes of a few API units have been seen for some deposits. Typically, bitumen 
is more degraded (ie. more dense) near the bottom of a bitumen deposit and 
lighter at/near the top of the deposit. Again, this can affect EOR processes and 
process conformance. 

(vi) Top seals - conventional oil reservoirs have a top seal (eg. cap rock) that 
prevents oil from leaking during deposition/storage and traps the oil to form a 
contained reservoir. Because bitumen is very viscous and behaves like a solid at 
reservoir conditions, bitumen deposits may be self-sealed with no cap rock (eg. 
Table 1.5). If an EOR process hits the ceiling of such a reservoir, the process 
may not be contained and production may be impaired or contaminated by top 
water or top gas. 

(vii) Leakiness - many bitumen reservoirs with top water, bottom water or lean zones 
can be ‘leaky’, with significant water/fluid ingress or egress, depending on the 
EOR process used. This can be mitigated by choosing a process pressure P that 
minimizes pressure differences. But, if the EOR process has a gas chamber (eg. 
SAGD, SOLVEX…) It may not be possible to choose a process P that eliminates 
leaks. The gas chamber is at/near a constant pressure, but gravity pressure 
gradients in the liquid reservoir portion (~0.5 psi/ft) can easily imbalance gas 
pressure and native reservoir liquid pressures. 

(3) Base Case (Default) Inputs 

Table 2.1 shows the model input default values that describe the base case used for 
comparison. The base case condition is built-in to the models. If the model user does not 
input a value the input will revert to the base case default values. 

The base case reservoir is a shallow (500 ft depth to the reservoir top), rich (Sib=0.8), 
porous (ϕ=0.3) reservoir at/near hydrostatic pressure and at 15oC. This is a fictitious 
reservoir.  Any similarity to an actual reservoir is only fortuitous. 
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The models also require inputs for unit cost factors for various process injectants and 
other process components. In order to compare apples-to-apples default costs are on 
the basis of an over-the-fence purchased from a third-party utility. Costs include a capex 
component and a utility return-on-capital. Natural gas is priced at 2.50$/MSCF 
(2.37$/GJ. Solvent costs are priced at default values of 25$/bbl (157.30$/M3) for C3, 
37.50$/bbl (235.95$/M3 for C4 and 50$/bbl (314.60$/M3) for C5, C6, C7 and C8. Again, the 
model user can change these values by inputting his/her own cost factors. 

There are also a set of indirect CO2 unit emissions rates (IS, IE, IO, IA, IV) for various 
processes and/or input injections. For the purpose of the CO2 default values, the 
following rationale is used. 

(i) Electricity is produced from a combined-cycle, gas-fired power plant with 55%, 
net efficiency to produce electricity. The plant is close enough to the EOR project, 
that transmission losses are negligible. 

(ii) Steam is produced in a gas-fired boiler with 85% efficiency, with ~6% distribution 
losses to the average well head. The efficiency rating includes some heat 
recovered from produced fluids. 

(iii) Solvent reflux (for SOLVEX processes) is accomplished on the surface, using a 
gas-fired heat exchanger at 85% efficiency, with heat demands solely for solvent 
latent heat. 

(iv) Vent gas treating assumes a gas-fired incinerator with natural gas demands at 
10% of vent gas volumes. 

(v) Oxygen is supplied from a large central cryogenic air separation unit (ASU) using 
electrical driven air compressors. No compression, for pressurized oxygen gas, is 
needed. Liquid oxygen can be flashed to process pressures (or pipeline 
pressures) with no oxygen compressors needed. 

(vi) Air compressors, for ISC (Air) processes, use gas-fired compressors. 

2.4 Process Issues 

There are several issues that are important for some process types and may require some 
discussion, as follows: 

(1) Why is heat necessary? 

In order to produce bitumen at/near commercial rates, bitumen viscosity has to be 
reduced by about 5 orders of magnitude to about 20 cp. This target can be achieved by: 
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(i) Directly heating bitumen to about 200oC. 

(ii) Diluting the bitumen with a liquid solvent (eg. an alkane liquid). (But, creation of a 
diluted bitumen mixture, in the reservoir, requires some preheat of the bitumen so 
bitumen + solvent dissolution rates are satisfactory (see 5.1 (6)). 

(iii) Creation of an oil-in-water (O/W) emulsion (Figure 2.1(9)). But, creation of these 
emulsions in situ also requires some heat so the bitumen has some mobility, 
some heat to aid the emulsion formation process, a surface-active chemical 
(either created in situ, or introduced as an injectant, contact proximity of water 
and bitumen (ie. some water injectivity), and some (significant) mechanical 
energy to form the emulsions. Because all of these requirements are difficult to 
meet, for an in situ process, this is not considered practical and the potential 
process is not modelled herein. 

(iv) Combinations of the above (eg. hybrid process types). 

In any case, energy (heat) injection is a necessary component for any practical bitumen EOR 
process. Energy (heat) can be provided/injected by one (or more) of the following: 

(i) stream injection from surface - steam is a good heat transfer fluid, with a wide 
range of operability, and a proven commercial process (eg. SAGD) to produce 
bitumen. 

(ii) down-hole steam production - steam can also be produced in situ (see Chapter 
6). 

(iii) air or oxygen - oxygen can react with bitumen (or bitumen components) to 
release energy from combustion (see Chapter 4). 

(iv) hot solvent gas - the latent heat of solvent condensation can transfer heat to a 
bitumen reservoir (and also provide liquid solvent to dilute bitumen). 

(v) electric current - can be injected into a reservoir to provide heat at/where the 
current meets resistance (see Chapter 6). 

(vi) electromagnetic radiation - EM energy can penetrate and heat bitumen reservoirs 
(see Chapter 6). 

(vii) hybrids - combinations of energy injection can also be attractive (see Chapter 7).  

(2) The Importance of Steam 
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When compared to heat transfer from hot, non-condensing (nc) gases, condensing 
steam is much more effective and faster. 

For example, if steam is at 200° C at/near the bitumen interface, the heat available from 
steam condensation (ie. latent heat) is about 39 BTU/SCF. This is more than double the 
heat available from cooling nc gases from 500 to 200oC (~16 BTU/SCF). 

Also, when steam condenses it produces a transient low-pressure zone that, for an 
isobaric process, quickly draws in more steam - like a heat pump without the plumbing. 
In contrast, when nc gases cool near the bitumen interface, the residual gas is a good 
insulator unless it is removed quickly. The heat conductivity of nc gas is about 0.31 
mW/cmK; the heat conductivity of water (condensed steam) is about 6.8 mW/cmK - a 
factor of over 20 times better than nc gas. 

Heat transfer rates, at/near the bitumen interface, are proportional to the effective 
contact area between bitumen and the heat transfer fluid. For lighter oils, with some in 
situ mobility, especially with significant pressure gradients, the effective interface area 
can be significantly enhanced by fingering. The immobility of bitumen creates sharp 
interfaces with little/no fingering. 

Thus, the expectation for the bitumen interface is that steam condensation heat transfer 
will be much more effective than nc gas heat transfer, by an order-of-magnitude, or 
more. 

Preservation of a healthy steam zone, in contact with the bitumen interface, is important 
for good productivity for steam processes (eg. SAGD) or for processes with a steam 
component (eg. wet ISC). 

For processes with a solvent gas component, the preservation of a healthy steam zone 
is not so urgent. Solvent gases also transfer heat by gas condensation (or direct gas 
dissolution) so a mixed solvent and steam zone will not drastically impair the heat 
transfer mechanism using latent heat. However, depending on operating conditions, the 
latent heat of solvent gases can be much less than the latent heat of steam. 

A potential condensing heat transfer agent for thermally EOR should have a wide wide 
range of T, P applicability (Figure 2.14) and a high latent heat per unit volume of 
injectant (Figure 2.15) and should be widely available at reasonable costs. Water/steam 
fits the bill! 

(3) Kinetics , Rate-Limiting Steps 

Productivity is a key factor used to assess the performance of a particular process 
choice. Productivity is a complex issue involving equipment/process limitations as well 
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as process kinetics. The models used herein do not predict absolute process 
productivity. (A FEA model can predict productivity, but predictions are not usually 
accurate until the FEA model is ‘calibrated’ by matching actual field performance data-
history matching). The approach used herein is to predict other key performance data 
(eg. unit costs) and issue WARNINGS (2.5(4)), if the process model is expected to have 
productivity issues. 

Determination of the rate of bitumen production is predicated on a series of complex 
kinetic process steps that may occur sequentially or concurrently. For example, a steam 
and solvent hybrid process (Chapter 7) may include the following steps: 

(i) injection of steam at the sand face 

(ii) injection of solvent gas at the sand face, 

(iii) mixing and equilibration of the steam and solvent gas mixture, 

(iv) movement of the steam and solvent mixture through a gas chamber in the 
reservoir pores, 

(v) condensation of steam, following a dew point curve, as the gas mixture reaches 
cooler parts of the gas chamber, 

(vi) drainage of water (condensed steam) to a production well, 

(vii) as the mixture cools further, condensation of both steam and solvent, following 
dew point curves for steam and solvent, 

(vii) transfer of heat (latent heat) to cooler zones at/near the bitumen interface, 

(ix) transfer of heat to the cold bitumen component of the virgin reservoir, 

(x) dissolution of warm, condensed solvent into warmed bitumen to produce a low-
viscosity, bitumen and solvent mixture, 

(xi) drainage of water, solvent, bitumen and bitumen + solvent mixtures to the 
production well, 

(xii) further mixing and dissolution of solvent + bitumen mixtures, solvent + bitumen 
in/near the production well, 

(xiii) conveyance (or pumping) of produced liquids (water + bitumen/solvent mixtures) 
to the surface at the well head. 
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Each of these steps can be complex and difficult to model, particularly in the 
environment created by a porous, tortuous, non-homogeneous matrix structure. 

If one of these steps is the slowest in the chain, it can be termed as the ‘rate-limiting-
step’. If properly calibrated, modelling of this step, by itself, can often be good and 
sufficient (engineering) model of process kinetics and a predictor of bitumen productivity. 

Sometimes the operating strategy of a bitumen EOR process can fix the rate-limiting-
step. For example, many SAGD projects are steam-limited. Steam production is 
maximized and steam is allocated amongst several SAGD well pairs, independent of 
steam pressure demands. In this case, steam injection is, per force, the rate-limiting-step 
and bitumen productivity is directly related to steam injection rates. 

Also, in such a case, a full-cycle model (one that predicts bitumen productivity over the 
lifetime of the EOR project) can be developed, if the evolution of reservoir heat losses 
(LR) can be forecast. An algorithm to predict LR can be developed, based on relevant 
variables, such as cumulative bitumen production, time, cumulative steam injection…, 
etc. The algorithm would most likely be field-specific, but it would allow for productivity 
forecasts, and full cycle DCF evaluations. 

(4) Conformance Control 

Conformance is a term used by reservoir engineers to describe the sweep performance 
of an EOR process. A process with good conformance has a high sweep efficiency and 
a good overall recovery. A process with poor conformance has a low sweep efficiency 
and a poor overall recovery. 

Conformance can be easily influenced by reservoir properties such as lean zones, thief 
zones, bottom/top water, high gas saturation zones, shale zones, mud zones, etc. The 
Athabasca bitumen resource is based on fluvial or shoreline deposition (Figure 1.2). In 
this environment, non-conformities have a scale of about 50m. So, in a typical bitumen 
reservoir 50m in any direction, there will probably be at least one non-conformity. 
Conformance control, if any, should be capable of control to a scale of 50m or less. 

(5) Well Geometries 

The models developed and used herein are not specific to any particular well geometry. 
But the models do produce output values that can result in design guidelines for each 
process analyzed. 

In the past, before the advent of horizontal wells, many processes (eg. steam floods) 
were designed using vertical wells in spot patterns. Figure 2.3 shows vertical wells for 5 
spot, 7 spot and 9 spot patterns. Besides the geometry, the patterns are distinguished by 
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net well counts of 2.0, 3.0 and 4.0 respectively. As an example, such patterns were used 
for ISC process deployment. 

However, the model assumptions herein, of isobaric (or near isobaric) operations leads 
to a conclusion that gravity drainage (low pressure gradients) must be a key production 
mechanism for all of the bitumen EOR processes studied. Because of poor bitumen 
mobility and the desire for good productivity, the well design should incorporate short 
flow paths for bitumen production. So, horizontal (HZ) production wells are incorporated 
in well pattern design for all processes discussed herein, except for CSS where short 
flow paths are created by vertical fractures. 

Also, as well be shown here in (Chapter 4) if the EOR process is ISC (In Situ 
Combustion) or involves an ISC component, it is wise to have separate wells to remove 
vent gas (steam-saturated flue gas) from the process. This design element is also 
incorporated in relevant processes (except for THAI, Chapter 4). 

There are only a few well geometries that can capture these guidelines, including: 

(i) SAGD geometry - developed from many years of field testing and lab tests. 
Figure 2.4 shows a schematic of a SAGD well pair. SAGD has two, twin parallel 
horizontal wells in the same vertical plane, about 5m apart and 500 to 1000m 
long. The wells are placed near the reservoir bottom, with the lower well 1 to 3 
metres above the floor, depending on reservoir characteristics. The upper HZ 
well is the fluid (steam) injector and the lower well is the liquid (bitumen + water) 
producer. 

(ii) Toe-to-heel (TTH) geometry - Is a geometry where the upper SAGD injector is 
replaced by a vertical (VT) injector well (Figure 2.5). Like SAGD, the HZ 
production well is completed near the floor of the reservoir. TTH geometry can be 
used for steam (SWESAGD), ISC (THAI) or other processes. 

(iii) COSH or COGD geometry - Amongst others there are two main concerns with 
TTH geometry ((ii) above). First, the process may be slow. With a single VT 
injector, the process proceeds as a bitumen interface and moves from the well 
toe to the well heel. Second, any non-condensable gas (eg. flue gas, vent gas) 
has to be produced in the HZ well, without segregation from produced liquids. 
This can cause fluid flow log-jams in the HZ well and heat use inefficiencies 
because the flue gas is removed at high temperatures before it can contribute all 
of its heat value to the reservoir. 

 COSH (Figure 2.6) and COGD (Figure 2.7) can alleviate these potential 
deficiencies by adding injector wells at/near the pattern edges. COGD vent wells 
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are VT wells (Figure 2.6). The COGD well count is higher than the COSH well 
count, but there is better conformance control using VT wells. 

(iv) SAGDOX geometries -if the bitumen EOR process is a hybrid process, the well 
geometry can also be a combination of the above. SAGDOX (1) (Figure 2.8) is a 
combination of SAGD and COGD geometries, with a SAGD well pair + 3, net VT 
vent gas wells (see Chapter 7 for a process discussion) SAGDOX (2) geometry 
(Figure 2.9) is a combination of COGD and TTH geometries (see Chapter 7). 

(v) SWESAGD - is a process using a single HZ well for injection of steam and 
production of liquids (Figure 2.10). The net geometry is similar to TTH ((iii) 
above),but accomplished in a single dual-purpose well (Chapter 6). 

(vi) ISR - is a single well process where steam (and/or solvent) is refluxed in situ 
using electric downhole heaters (Figure 2.11). Chapter 6 will discuss applications 
for this process. 

(6) Physical Models 

Physical models or scaled physical models are lab representations and tests of 
prospective processes for bitumen EOR. Scaling factors, if used, vary from 1/5000 to 
1/100. The tests are often purported to provide accurate (scaled) predictions of field 
process performance factors, including bitumen productivity. 

There are usually two strategies for model scaling regarding energy performance 
factors. The first design is an isothermal operation, where the vessel containing the 
physical process model, is heated and maintained at constant temperatures that 
‘represents’ the in situ to process operation. The second design is an adiabatic 
operation, where the vessel is heated and controlled so the average heat flux in/out of 
the vessel is zero. Again, the vessel is preheated to allow for some injectivity to get the 
process started. 

The problem with these physical representations, of the bitumen EOR process, is that 
the lab test designs do not model the dynamic, isobaric heat transfer at the most 
important process interface - the cold bitumen interface. This can cause concerns. For 
example, for processes with a purported steam zone (SZ) at the process leading edge 
(eg. ISC, SAGDOX…) the preheat provided by the test design, will increase the steam 
zone growth rate. So, in the lab, the steam zone will appear to be stable or growing, but 
it may not be stable in the field.  

(7) Hydrostatic Pressure/Depth 
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Process pressure (P) can be related to hydrostatic pressure. Hydrostatic reservoir 
pressure is the sum of atmospheric pressure at the well head/surface and the pressure 
created by a head of water betweeen the surface elevation and the reservoir depth. 
Hydrostatic pressure gradients, for fresh water, are 9.792/m of depth or 0.433 psia/ft of 
depth. Pure seawater hydrostatic gradients are 0.465 psia/ft (10.52/m) for TDS content 
of 100,000 ppm (typical USGC brine). To compensate for brackish saltwater, suspended 
solids in the water, or non-porous rock structures, as a rule-of-thumb, average oilfield 
‘hydrostatic’ pressure gradients are taken, herein, as 0.5 psia/ft or 11.31/m depth. 

The average atmospheric pressure gradient, near the surface, is about 9 Pa/m. As 
surface elevation increases, average atmospheric pressure is lowered. At sea level, 
standard atmospheric pressure is 760 mmHg, 14.696 psia 101.325 KPa. At 1000m 
elevation, standard surface pressure is about 100.425 KPa. 

So far, an EOR process operating at 1000m depth of overburden, with a surface 
elevation of 1000 M, the hydrostatic pressure, at the top of the reservoir, would be 
11,400.4 KPa (11.4 MPa). 

Often, reservoir hydrostatic pressure estimates ignore the elevation effects and apply an 
average pressure gradient (eg. 11.31KPa/m). Using this simple method, and using the 
above example, reservoir hydrostatic pressure would be estimated as 11.3 MPa, less 
than 1% difference compared to the detailed calculation.  

(8) Process Nomenclature 

A bitumen in situ or process, for purposes herein, is defined as an EOR process where 
an injectant or combination of injectants is used to facilitate in situ bitumen recovery. An 
‘injectant’ is further defined as a fluid, EM energy or oxidant gas introduced to the 
reservoir, at/near the sand face, that can cause or stimulate EOR bitumen productivity. 
For practical reasons (Chapter 7), injectant combinations (hybrid processes) are limited 
to binary injectant or tertiary injectant combinations. 

Also, for purposes herein, there are six possible injectants: 

[A] - Air for ISC or an ISC component 

[O] - Oxygen for ISC or an ISC component 

[EM] - Electromagnetic energy (radiation) 

[W] - Water, to scavenge and redistribute heat for ISC process types 

[ST] - Steam (eg. for SAGD, ISR, or SWESAGD…) 
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[SV] - Solvent (eg.for SOLVEX, VAPEX…) 

Solvent [SV] is considered as a single injectant (eg. C3, nC4, nC5....) even though six 
solvents are modelled (C3, nC4, nC5, nC6, nC7, nC8) and the models allow for binary 
solvent mixtures (15 combinations) and tertiary solvent mixtures (10 combinations) 
(Chapter 5). This solvent symbol [SV] represents 31 potential process combinations 
(6+15+10). (Table 2.3a). 

The nomenclature for EOR processes is to include the injectant, at the sand face in a 
square bracket. Thus [ST] represents SAGD, ISO or SWESAGD processes, depending 
on the model used. 

The nomenclature for hybrid processes, used herein is to include the hybrid injectants 
within square brackets, where the first (left-oriented) injectant is the dominant injectant. 
For example, a [SV + ST] hybrid process is primarily a solvent EOR process where 
steam [ST} is added to supplement or to  improve performance. Thus [SV + ST] and [ST 
+ SV] are fundamentally different processes, with different objectives. 

The processes are labelled by injectants at the sand face. So, [ST] Involves steam 
injection at the sand face. The obvious project represented by [ST] is SAGD where 
steam is produced by a surface boiler and injected at the well head. But, ISR and 
SWESAGD processes also produce steam at the sand face, with steam produced by 
down-hole electric heaters. At the well bore, electricity is the injectant. Processes can 
also be categorized by injectants at the well head. So, herein, ISR and SWESAGD are 
classed as electric EOR (EEOR) processes and discussed in Chapter 6 (Electric 
Avenue) not Chapter 3 (Steamy Issues). 

2.5 Model Elements 

(1) Model Calculations 

Figure 2.12 shows the generic logic flow scheme for output calculations for bitumen 
EOR models. Calculations are performed in metric units, using a growth element that is, 
nominally, set at one cubic metre of reservoir volume. Figure 2.13 shows a similar logic 
flow diagram for a more complex hybrid process with multiple injectants. 

Material and energy balances allow for the calculation of several important and useful 
performance factors characterizing the process that is modelled. Output is presented in 
both metric and English units. Output can be broken into three groups of performance 
factors - Cost Factors, Diagnostic Factors and Environmental Factors.  

(2) Cost Factors 
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Based on input unit cost values (eg. unit cost of steam Cst) and model calculations, 
various unit cost factors ($/M3B) are calculated. Process costs are the sum of input 
energy costs and the costs of product processing, if any, (eg. ISC vent gas treating). 
Common costs such as plant labour, oil treating, marketing, etc. are excluded. Carbon 
dioxide emission taxes are calculated, based on an assumed tax on total (direct 
+indirect) CO2 emissions, with a default value of 25$/tonne carbon. (The user can input 
different values, if desired). The total cost + tax is taken as the sum of the process costs 
and carbon taxes. 

(3) Diagnostic Factors 

Diagnostic parameters are then calculated for each process modelled. Some factors are 
important only for the process modelled (eg. oxygen use/M3B for ISC (0) processes). 
Some factors are chosen so comparisons can be made between processes (eg.. 
PWOR…).. One new factor is defined to facilitate comparisons - ETOR, the Energy To 
Oil Ratio (GJ/M3B or MMBTU/bblB) allows for energy use comparisons between 
processes. For combustion processes ETOR includes the heat of oxidation (480 
BTU/SCFOxygen) using the oxygen in the injection gases. Except for this case, ETOR is 
measured at the well head.  

Other diagnostic factors used include: 

- SOR (steam to oil ratio) (M3L/M3B or bbl/bblB) for processes injecting steam 

- unit CO2 emissions (nM3/M3B or SCF/bblB) 

- WRR (water recycle ratio) (M3L/M3L) - the ratio of produced water to injected 
(steam + water) allows determination of water use efficiency 

- unit oxygen use for ISC processes (nM3/M3B or SCF/bblB) 

- recovery factor (rf) - fraction of bitumen recovery in the process - swept zone 

Other diagnostics are more specific to individual processes and will be discussed in 
Chapters 3,4,5,6 and 7. 

(4) WARNINGS / ALERTS 

Each process model incorporates various ALERTS to alert the user that a mistake has 
been made in his/her input assignments and various WARNINGS to warn the user that 
output performance factors, calculated, indicate that there may be a problem for good 
process performance (eg. productivity may be poor. Table 2.4 shows WARNINGS and 
ALERTS for solvent processes (Chapter 5) as an example. 
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ALERTS are usually related to input values and can be generic for all processes.  

WARNINGS are much more specific for each process type. 

WARNINGS and ALERTS will be discussed for each process type as the model is 
described and example outputs are generated.  

(5) Log-normal Uncertainty 

The central-limit theorem of statistical analysis states that when independent random 
variables are added, their sum tends toward a normal distribution (ie. a bell curve) even 
if the original variables are not normally distributed. A corollary of the theorem is that 
when independent variables are multiplied (or divided) the uncertainty of the multiplied 
product approaches a log-normal distribution, independent of the uncertainty distribution 
of each variable. 

Many factors in petroleum engineering and performance factors of EOR models are 
products of independent variables. Reserves are a product of (recovery factory) x 
(porosity) x (reservoir volume) x (bitumen saturation) x (sweep efficiency). (See Figure 
2.17). Energy to oil ratio (ETOR) is a product of (energy injected) x (fraction of energy 
entering reservoir) x (incremental oil/bitumen heated)-1 x (recovery factor)-1.  

The implications of a log-normal uncertainty distribution for various performance factors 
are (see Figure 2.16). 

(i) The log normal distribution is a non-symmetrical skewed probability distribution 
with an extended tail for upside values 

(ii) The mean value is greater than the most probable value 

(iii) The mode, median and means all have different values 

(iv) There is no longer a simple variable (eg. standard deviation) that describes the 
spread of the distribution 

Outside influences (eg. polls) condition the public to believe that probability distributions 
are best described by Normal (Bell curve) distribution. This is not accurate nor suitable 
for the petroleum business. 

If the most probable (mode) estimate of performances is used, average performance is 
underestimated. Conversely, if the average value is used to estimate performance, the 
most probable performance may fall short of expectations. Petroleum engineers should 
be prepared to tolerate poor performance on individual tests/trials and to wait for the 
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lower-probability winners that will increase average performance. It is a crap-shoot, and 
one must be prepared to play the game for the long-term win.   
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Table 2.1 
 

Process Model Input, Default Values 
 

Reservoir Conditions:   

Porosity (0) = 0.3 

Initial Bitumen Saturation (Sib) = 0.8 

Initial Water Saturation (Siw) = (1 - Sib) 

Initial Reservoir Pressure (Pi) = 1724 KPa (250 psia) 

Initial Bitumen Density (PB) = 1014 kg/m3 (8 API) 

Initial Bitumen Viscosity (Mi) = 3,000,000 cp 

Reservoir Depth (top) (d) = 152.4 m (500 ft) 

Initial Reservoir T (Ti) = 15o C (59o F) 

Sandstone Carbonate = Sandstone (default) 

Process Conditions:   

Process Pressure (P) = 1724 KPa (250 psia) 

Post Steam Bitumen Saturation (Srb) = 0.15 

Post Steam Water Saturation (Srw) = 0.20 

Reservoir Heat Losses (LR) = 0.10 (fraction) 

Unit Cost Factors:   

Steam Costs (Cs) = $31.46/m3 ($5/bbl 

Electricity Costs (CE) = $0.07/KWh 

Compressed Oxygen Costs (Co) = $0.08475/m3 ($2.40/MSCF) 

Compressed Air Costs (CA) = $0.01766/m3 ($0.50/MSCF) 

Vent Gas Treat. Costs (CV) = $0.00833/m3 ($0.25/MSCF) 

CO2 Emissions Taxes (CCo2) = $0.01265/m3 ($0.35815/MSCF) 

Solvent Costs CSV (C3) = $157/m3 ($25/bbl) 

(C4) = $236/m3 ($37.5/bbl) 

(C5 to C8) = $315/m3 ($50/bbl) 

Unit CO2 Emission Factors:   

CO2 from steam production (IS) = 78 m3/m3 (437.8 SCF/bbl) 

CO2 from electricity production (IE) = 0.1757 m3/KWh (6.205 SCF/KWh) 

CO2 from oxygen production (IO) = 0.093 m3/m3o (0.093 SCF/SCF) 

CO2 from air compression (IA) = 0.02 m3/m3air (0.02 SCF/SCF) 

CO2 from vent gas treat (IV) = 0.10 m3/m3v (0.10 SCF/SCF) 

CO2 from solvent vaporization (ISV) = 26.84 m3/GJ (1000 SCF/MMBTU) 
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Table 2.2 
 

Conversion Factors 

 

Parameter Metric Units 
x (Conversion 

Factor) 
= English Units 

ETOR GJ/M3B 0.1506 MMBTU/bblB 

SOR M3(L)/M3B 1.0000 Bbl/bblB 

Cost $/M3B 0.1589 $/bblB 

Elec. Use kWh/M3B 0.1589 kWh/bblB 

Gas Use nM3/M3B 5.6125 SCF/bblB 

Pressure  0.14504 Psia 

Energy GJ 0.94778 MMBTU 

 kWh 3413 BTU 

Liquid Volume M3(L) 6.292 Bbl 

Gas Volume M3 35.314 SCF 

Liquid/Gas M3(L)/M3 178174 Bbls/MMSCF 

Heat/Gas kJ/M3gas 0.026839 BTU/SCF 

Cost $/M3gas 0.028317 $/SCF 

 

Other Useful Factors: 

1 tonne oxygen = 26,173 SCF = 741.14 nM3 
API density, API = (141.5 – 131.5) / sg 
Bit density (kg/M3B) = 141,500 / (API+131.5) 
1 kWh = 3600 KJ 
1 bbl = 42 USG = 5.611 ft3 
1 nM3 steam = 0.759 kg ; 1nM3 CO2 = 1.855 kg 
1nM3 N2 = 1.1806 kg ; 1nM3 CO = 1.1806 kg 
1 atm pressure = 14.696 psia = 101.325  = 1 bar 
B = Bitumen 
L = Liquid 
n = normal (metric) conditions 
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Table 2.3 
 

Bitumen Properties 
 

Typical Athabasca bitumen elemental analyses. 

Element Analysis (wt%) 

Carbon 83.1 

Hydrogen 10.6 

Nitrogen 0.4 

Sulfur 4.8 

Conradson carbon (not ash 
corrected) 

13.5 

Oxygen 1.1 

Carbon:hydrogen ratio 7.8 

       Source – Helper et al (1989)

 

  
  
 

 

 

 

 

 

 

 

 

 
       Source – Helper et al (1989) 

Range of elemental composition and other 
characteristics of Alberta oil sand bitumens. 

Weight percent 

C    81 – 84 S     4.6 – 5.6  

H    10.0 – 11.0 V     160 – 300 (mg/kg)  

N    0.3 – 0.6 Ni     60 – 100 (mg/kg)  

O    0.8 – 1.6 Ash  0.5 – 1.0  

 

H/C atomic ratio MW oAPI 

1.46 – 1.50 490 - 620 6 – 13 

 

Viscosity 

1.8 x 104 to 106 cP, 15oC 

 

Ramsbottom carbon 

R.C. 0.3 x % asphaltene + 5.9, 10 – 13.7 wt% 

 

Heat of Combustion 

41 000 – 42 600 kJ/kg 
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Table 2.3a 
 

Processes Modelled Herein 
 
 

Single Injectant 
Processes 

Binary Hybrids Tertiary Hybrids 

    
ISC : [A] [A + W] [mSV + EM] [A + W + EM] 

: [O] [O + W] [ST + SV] [O + W + EM] 

SOLVEX : [SV] [A + ST] [ST + mSV] [A + W + ST] 

: [mSV] [O + ST] [ST + EM] [O + W + ST] 

Steam SAGD : [ST] [A + EM] [EM + SV] [A + ST + EM] 

ISR : [ST] [O + EM] [EM + mSV] [O + ST + EM] 

SWESAGD : [ST] [SV + ST] [EM + ST] [SV + ST + EM] 

EEOR : [EM] [mSV + ST] [SV + EM] [mSV + ST + EM] 

8 Processes 
(37 processes, including 
SV and mSV multiplicity) 

16 Processes 
(132 processes, including SV 

and mSV multiplicity) 

8 Processes 
(37 processes, 

including SV and mSV 
multiplicity) 

    
 

Where - total processes = 32 
  Including SV + mSV multiplicity, total processes = 206 first entry in [  ] = 

 dominant (most costly) injectant 
 - SV = solvent, A = air, O = oxygen gas, mSV = solvent mixture, W = water 

EM = ElectroMagnetic (radiation), ST = steam 

SV choices = 6 solvents (C3, C4, C5, C6, C7, C8) 

SV choices = 15 double mixes + 10 triple mixes 

 

 

 

  



72 
 

Table 2.4 
 

WARNINGS / ALERTS (Solvent Processes) 
 

 

No. Trigger Consequence 

 WARNINGS  

   
1 TDPL < 100oC Too cool – reduce, poor productivity 

2 MPB > 50cp Slow dissolution, poor productivity 

3 Mm > 20 cp Poor productivity 

4 ESVOR < 0.2 Poor solvent engagement 

5 TDPL > TSDP No steam zone 

6 TPL > TDPL Some solvent not produced 

7 TPL > TBPH Produced liquids are too hot 

8 P/PH > 1.2 Fluids may leak out of process zone 

9 P/PH < 0.8 Fluids may leak into process zone 

10 TPH > TDPL Too much preheat, solvent won’t condense 

11 ESVOR > 1.5 Too much solvent (wasted?) 

12 PPsvi > 0.95 Pci PPSV too high (poor heat transfer) 

13 TSVDP > 0.95 TCSV T is too high (poor heat transfer) 

14 TPH > TSDP No steam condensation (poor heat transfer) 

   

 ALERTS  

   
1 Srw > Siw Excessive water retention 

2 (LR – Qsf) > 0 Excessive heat loss 

3 (Sib + Siw) < 1 Gas void in initial reservoir 

4 P > 0.95 PSV Excessive liquid saturation 

5 LEM + LR > 1 P is too high 

6 TPH > TPL No condensation 

7 LEM + LR > 1 Excessive heat loss for SV + EM processes 

   

 

  



73 
 

Table 2.5 
 

Algorithm Accuracy – Saturated Steam Properties 
 

 

 Saturated Steam Temperature (oC) 

 100 150 200 250 300 350 

       
Saturated Gas 
Enthalpy (KJ/Kg) 

      

- Actual 2675.6 2745.9 2792.0 2800.9 2749.6 2563.6 

- Algorithm 2676.3 2745.3 2791.0 2799.9 2752.0 2566.5 

- 1Δ1% 0.027 0.022 0.034 0.037 0.088 0.144 

       
Saturated Liquid 
Enthalpy (KJ/Kg) 

      

- Actual 419.2 632.2 852.3 1085.8 1345.0 1670.9 

- Algorithm 418.9 632.2 852.3 1086.2 1345.4 1674.5 

- 1Δ1% 0.072 0 0 0.040 0.031 0.214 

       
Latent Heat 
(KJ/Kg) 

      

- Actual 2256.4 2113.7 1939.7 1715.1 1404.6 892.7 

- Algorithm 2257.4 2113.2 1938.8 1713.7 1406.6 892.0 

- 1Δ1% 0.046 0.025 0.048 0.084 0.142 0.075 

       
Saturated 
Pressure (KPa) 

      

- Actual 101.42 476.16 1554.9 3976.2 8587.9 16529 

- Algorithm 101.87 477.89 1561.9 3980.5 8595.8 16607.2 

- 1Δ1% 0.444 0.364 0.450 0.108 0.092 0.473 

 
 

Where - actual values taken from steam tables 
  TC = 373.95oC; PC = 22064 KPa 
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Figure 2.1 
 

Bitumen, Heavy Oil Viscosity 
 
 
 
 
 

 
 
 

Viscosity of Heavy Crudes as a Function of Temperatures 
Butler (1991) 
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Figure 2.1(a) 
 

Oil-in-Water Emulsion Viscosities 

(independent of oil type) 
 
 
 

 
 
 

Viscosity versus % disperse phase for emulsions (T = 25oC ; D + 12 S-1) 
(INTEVEP, 1991) 
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Figure 2.2 
 
 
 

 
 
 
 

M.Carrigy (1963) 
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9 Spot Pattern 
1 injector, 8 producers 
Pattern well count = 4.0 
Prod./inj. Ratio = 3.0 
 

Figure 2.3 
 

Flood Spot Patterns 

(Vertical Wells) 
 
 

 
 
 
 

 
 
 
 
 
 
 

 
 
 

                      
 

             
 
 
 
 

                        
 

  

5 Spot Pattern 
1 injector, 4 producers 
Pattern well count = 2.0 
Prod./inj. Ratio = 1.0 
 

7 Spot Pattern 
1 injector, 6 producers 
Pattern well count = 3.0 
Prod./inj. Ratio = 2.0 
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Figure 2.4 
 

SAGD Geometry Schematic 
 
 
 
 

 
 

Where: - upper horizontal = steam injector 

- lower horizontal = water + oil producer 

- well spacing ~5m vertical separation 

- lower well stand-off to pay zone bottom ~1-2m  

- max. horizontal well length ~100m 

- schematic is not to scale 

- well count = 2 HZ/pattern 
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Figure 2.5 
 

Toe-to-Heel Geometry 
 
 
 
 

 
 

 

Where: - lower horizontal well stand-off to bottom ~1-2m 

- injectant vertical well perforated in pay zone 

- (THAI, T-HSAGD…)  

- not to scale 

- used for steam or A, O injectants 

- well count = 2 (1 HZ, 1VT) per pattern 
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Figure 2.6 
 

COSH Geometry Schematic 

 

 

 

 
 

 

Where: - COSH = Combustion Overhead Split Horizontal 

- 3 net HZ wells, 1 at bottom 2 x 1/2 at edges 

- 2 net VT wells, A or O injection 

- no gas produced in liquids producer well 

- HZ well is 1-2m stand off from bottom 

- A = air, O = oxygen 

- not to scale 

- well count = 4 (2VT + 2(net) HZ) 
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Figure 2.7 
 

COGD Geometry Schematic 

 

 

 

 

 

Where: - COGD = Combustion Overhead Gravity Drainage 

- 1 HZ well liquids producer, no gas 

- 3 net vent gas VT wells (6 x ½ = 3) 

- 2 A or O injectors 

- HZ well is 1-2m stand off from bottom 

- A = air, O = oxygen gas 

- not to scale 

- well count = 6 (1HZ + 5VT) 
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Figure 2.8 
 

SAGDOX (1) Geometry 

 

 

 

 

Where: - horizontal wells are SAGD geometry/spacing 

- vertical wells are for ISC component 

- SAGDOX – combination of SAGD + ISC(o) 

- lower horizontal well, 1-2m from reservoir bottom 

- schematic is not to scale 

- 2 HZ wells 

- +3 (net) VT wells (1 + ½(4)) 
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Figure 2.9 
 

SAGDOX (2) Geometry 
 

 

 

 

Where: - horizontal well and vertical injector are toe-to-heel geometry 

- vertical wells for vent gas removal 

- injector is combined steam + water + oxidant gas injection 

- 1 HZ well 

- 4 net VT wells (2 + ½(4)) 

- schematic is not to scale 

- O = oxygen, ST = Steam, W= water 
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Figure 2.10 
 

SWESAGD Geometry Schematic 

 

 

 

 
 
 

Where: - horizontal well stand-off ~1-2m 

- not to scale 
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Figure 2.11 
 

ISR(ST) or ISR(SV) Geometry Schematic 

 

 

 

 
 

 

Where: - horizontal well stand-off ~1-2m 

 - HZ well can be longer than 1000m 

 - segment heaters are individually controlled 

- not to scale 
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Figure 2.12 
 

Generic Model Logic Flow 
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Figure 2.13 
 

Model Logic Flow – Hybrids/Multiple Injectants 
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Figure 2.14 

Saturated Vapour Pressure + Hydrostatic Depths 

for Selected heat transfer agents 
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Figure 2.15 
 

Heat of Condensation for  

Selected Heat Transfer Agents 
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Figure 2.16 
 

Common Probability Distributions 

for Stochastic Variables 
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Figure 2.17 
 

Probability Distribution for Reserve Discovery 

of an Exploration Program 
 

 

 

Where: - The above was generated using Monte Carlo techniques for a 20 

   well program where each well has an independent chance of 20% 

   to find 10 MMB reserves 

- The expected (mean) value for reserves is 0.2 x 10 x 20 = 40 MMB 

- The mode value is about 15 MMB 

 

Source: Shell Canada, JPT, Dec 1995 
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Chapter 3 – Steamy Issues 

3.1 Introduction 

(1) What is Steam EOR? 

For the purposes of this book, and with a focus on bitumen EOR, steam EOR [ST] is 
defined as a family of processes where steam is the sole EOR injectant that is 
introduced into a bitumen reservoir at the well head to provide energy for EOR. Steam 
production is assumed to occur at a nearby surface site. 

For practical purposes, there are three process types that qualify as a steam EOR- 
steam assisted gravity drainage (SAGD), cyclic steam stimulation (CSS), and steam 
floods (SF). In situ (steam) reflux (ISR) and single well electric SAGD (SWESAGD) are 
related processes that use electricity as the energy source (details in Chapter 6) and 
steam as the heat transfer medium. 

(2) Why Steam? 

Steam, for bitumen EOR, has the following potential advantages: 

(i) SAGD and CS are field-proven processes for bitumen EOR, with current 
production, in Canada, of about 1.3 MMB/D – about 1 MMB/D for SAGD and 0.3 
MMB/D for CSS. 

(ii) SF is also a field-proven process for heavy oil. But, in the USA, SF production 
has fallen dramatically since its peak in 1986 (Figure 3.1). 

(iii) Condensing steam is the premium heat transfer medium compared to other 
alternatives (see 2.4). 

(iv) The technology for produced water treatment and recycling for steam generation 
in a gas-fired boiler (or a cogen plant) is mature and well understood, with ~40 
years of development activity. 

(v) SAGD production technology (well design, submersible pumps, slot design, etc.) 
is also mature and well understood. 

(vi) If process limits are defined by fluid critical properties (Te, Pe), steam/water has a 
much wider operational range than other heat transfer fluids. 

(vii) At least until recently, SAGD and CSS production costs were competitive and 
acceptable. 
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(viii) The target for SAGD and CSS applications is very large (~170 MMMB of 
recoverable resource) (Table 3.1). 

(ix) New technology can significantly increase potential reserves. 

(3) The SAGD Process 

SAGD is now the world’s dominant steam [ST] EOR process. Since the process was 
invented by Dr. Roger Butler, in Alberta, in the 1970’s, SAGD production has increased 
exponentially, and now exceeds 1 MMB/D (Table 3.2). 

SAGD geometry (Figure 2.4) has two, twin parallel horizontal wells, about 500 to 1000m 
in length, in the pay zone, completed in the same vertical plane about 5m apart, with the 
lower horizontal production well close to the bottom of the reservoir (about 1-2m from the 
floor). Steam is injected into the reservoir using the upper horizontal well. A steam 
chamber, where voidage is occupied by steam, forms in the reservoir and grows outward 
from the injector (Figure 3.2). Injected steam rises into the steam (gas) chamber and 
condenses at the cold bitumen interface, where hot condensate (water) drains to the 
production well. The latent heat, released by steam condensation, increases the 
temperature of the reservoir matrix and released by steam condensation, increases the 
temperature of the reservoir matrix and reservoir fluids (bitumen + water) near the 
chamber interface to/near saturated steam temperature. The heated bitumen drains 
down the steam chamber, by gravity, to the lower horizontal well length. For a 1000m 
well, productivity can be as good as about 1000 bb/d (160 m3/d). 

The life cycle of a SAGD well pair is shown in Figure 3.3. In the early stages, the steam 
chamber is confined by a bitumen laden reservoir. Maturity (maximum productivity) is 
achieved when the steam chamber hits the top of the reservoir. Old age is attained as 
the chamber grows laterally and productivity drops as the drainage angle is reduced. 

SAGD does not recover all of the bitumen in the steam swept zone. Residual bitumen 
after steaming is a function of time, steam temperature and the properties of the 
bitumen. For T5>200oC, residual bitumen saturation is expected to be between 0.1 and 
0.15 PVF (Figure 3.4).  

SAGD does not usually mobilize connate water, in good reservoirs. Connate water 
remains as a residual liquid in the steam-swept zone. SAGD temperature is too low to 
vaporize connate water (SOR is similar to PWOR). 

SAGD steam is typically generated by a central gas-fired boiler or by a central gas-fired 
cogen plant. Steam is conveyed to the SAGD well head using an insulated surface 
piping distribution system. Any condensed steam condensate is usually removed at/near 
the well head so that injected steam quality is close to 100%. Produced water is cooled 
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and processed for recycling to produce boiler feed water with volume yields of about 
90%. Make up water (MUW) is added to compensate for treatment losses and reservoir 
demands to replace bitumen voidage as steam. 

The SAGD process is ideally operated using two control loops. Steam injection rates are 
adjusted to attain or maintain target process pressures, as measured downhole, usually 
in the production well. Liquid (water + bitumen) production rates are adjusted to attain or 
maintain target subcool temperature differences, as measured in the production well. 
Subcool temperature is the difference between saturated steam temperatures and 
produced liquid temperatures. Subcool or steam-trap control provides some assurance 
that no live steam breaks through to the production well, at least in the zone where 
produce liquid T is measured. 

If the SAGD steam chamber is suitably confined, some SAGD operators choose 
pressure targets, higher than native reservoir pressure or hydrostatic pressure, to 
improve bitumen productivity. Based on SAGD drainage rates productivity is proportional 
to the inverse square root bitumen viscosity (Figure 3.5) which is in turn a strong function 
of temperature. 

If the reservoir is ‘leaky’ the pressure (and steam temperature) may be determined by 
nature. It may not be possible to increase process pressure without losing fluids from the 
process zone. In such a case, the pressure-control loop is not available to the operator. 
Steam injection rates are best allocated to minimize fluid losses. 

If the project is steam-limited (ie. the boilers are at capacity) steam is also allocated to 
each well pair without reference to the pressure control loop, as described above. 

A separate model is developed for SAGD, and related processes  

(4) The CSS Process 

The cyclic steam stimulation (CSS) [ST] process is a non-continuous, cyclic process 
developed by Imperial Oil Ltd, Canada (IOL), over the past 50 years. (Cyclic steam 
injection (CSI) is an earlier, related process that was originally designed to rejuvenate 
plugged steam flood (SF) production wells). IOL invested about $250 million in CSS 
R&D and CSS pilot tests, prior to start up of the IOL Cold Lake Project in 1975 (Table 
3.2). Compared to the Athabasca oilsand deposit, Cold Lake (the Clearwater deposit) is 
thinner (~12m), deeper (300-500m) with lighter, more mobile bitumen (10-11 API), a 
strong cap rock, and higher reservoir pressures (Figure 1.2). 

The CSS process, as developed by IOL, uses patterned vertical wells (Figure 2.3) with 
combination injector/producer wells, and has three process phases - injection of wet 
steam (~300oC) at high pressures, sufficient to fracture the reservoir (the ‘huff’ part of the 
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cycle); shutting in the well so fluids can penetrate and equilibrate (the soak part of the 
cycle); and, production of the well until further production is not economic (the ‘puff’ part 
of the cycle). The fractures formed by the huff are vertical in orientation and horizontal in 
penetration. They act as horizontal penetrators to expose more reservoir volume then 
would be exposed by simple flow in the pore structure. (CNRL, at a separate, nearby 
location uses a similar process, but without the soak part of the cycle). 

The three phases - puff, soak, puff - constitute a cycle for CSS. Cycles are repeated until 
performance deteriorates to where it is no longer economic to continue. (~5 cycles). CSS 
is not possible in reservoirs without a strong cap rock to contain the fractures created for 
several cycles. Surface breakthrough is a concern for CSS, particularly in shallow 
reserves without a strong cap rock. Three drive mechanisms are active for CSS during 
the production (puff) phase – re-compaction drive (surface subsidence); solution gas 
drive (CH4 and flash steam); and gravity drainage. Inter-well interactions can complicate 
CSS. After inter-well communication is established, phases have to be coordinated for 
the wells in communication. 

CSS performance measures are somewhat unique. Steam to oil ratio (SOR) is usually 
reported as the key diagnostic factor for CSS and SAGD. But CSS injects wet steam, 
counting condensate as part of the steam factor. SAGD removes condensate and injects 
dry steam, not counting condensate for SOR. 

Thus, SOR is measured differently for each process. Another diagnostic measure is 
sweep efficiency. SAGD sweep efficiency (ie. growth pattern of the steam chamber) can 
be high. CSS sweep (ie. growth pattern of CSS fractures) can be low. So, the overall 
recovery factor for CSS (~30%) is much lower than expected overall SAGD recovery 
(50-70%). 

The risk issues for CSS can be summarized as (i) poor conformance/sweep, (ii) poor 
recovery factors, (iii) risk of surface breakthrough/surface oil seeps (eg. CNRL), (iv) poor 
average productivity/well compared to SAGD, (v) limited field testing. 

Because of SAGD success at multiple reservoir sites and the CSS risk factors, it is not 
obvious that any future oilsands developments, except IOL Cold Lake, will use the CSS 
process. Cold Lake has a fortuitous combination for CSS, of a strong cap rock, proven 
productivity and extensive, existing infrastructure. 

Because of this and CSS process complexity, the steam models herein do not explicitly 
model the CSS process. (However, other processes (ISR and SWESAGD) may benefit 
from pressure cycling) (See Chapters 6 and 8). 

(5) The SF Process 
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Prior to the current era of horizontal wells, steam flood (SF) was the dominant process, 
utilizing steam and vertical wells, for heavy oil EOR. In the USA, the Bakersfield CA field 
used a SF process technology (Figure 3.1) for heavy oil production. A central, vertical 
steam injector was surrounded by a pattern of shared, vertical production wells forming 
5, 7 or 9 spot patterns, with producer-to-injector well ratios of 1, 2 or 3, respectively. 
(Figure 2.3). In the USA, SF heavy oil production (primarily in CA) peaked in 1986 at 
about 480 KB/d and has fallen substantially thereafter (Figure 3.1). 

SF processes involve mechanisms other than gravity drainage (eg. pressure gradient 
drive). After the steam condenses, the process evolves to a hot water flood with all the 
mechanisms present in conventional water flood processes. Gravity drainage may be 
one of the mechanisms, but it may not be dominant. The steam EOR (SAGD) model 
developed herein, assumes low pressure gradients in the process zone, so it may not 
apply to the SF process. (But, if SF pressure gradients are at steady-state conditions, 
the SF process may possibly be modelled using the SAGD model and using the heat 
loss factor (LR) to calibrate performance.) 

One new version of steam EOR uses the toe-to-heel SF geometry (Figure 2.5) using a 
horizontal production well and a vertical steam injector. This process may be modelled 
using the SAGD model, because gravity drainage is a dominant mechanism of the 
process. The major difference between SAGD and TTHSF will be productivity. 

SF is an old process that evolved prior to the advent of horizontal wells. Pure SF 
processes using vertical wells and spot patterns cannot be applied to bitumen resource 
exploitation. Injectivity is too low and flow paths are too long. The short flow path 
advantage of horizontal wells is too large to make a vertical-well pattern attractive. 

For these reasons, no SF model is developed herein. 

(6) The ISR and SWESAGD Processes 

Both ISR and SWESAGD processes are proprietary and use electricity as the sole 
source of energy for down-hole steam generation, with steam as the heat transfer agent 
- similar to SAGD or toe-to-heel SF processes. Depending on process and reservoir 
conditions, both processes can exhibit superior performance compared to SAGD - lower 
costs, reduced energy use, reduced emissions, etc. More importantly, if electricity is 
provided by non CO2 sources (hydro, nuclear, renewable), both ISR and SWESAGD can 
produce bitumen without any significant CO2 emissions. 

The focus in this Chapter is the current bellweather process - SAGD - where steam is 
provided from surface, gas-fired boilers. Models for electric processes, including ISR and 
SWESAGD, will be developed and discussed in Chapter 6. 
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3.2 History Review 

Table 3.2 shows a chronology of some bitumen steam (EOR) events of the past 50+ years, with 
a focus on Canadian oilsands development. 

The oldest process used to exploit bitumen resources is CSS, as developed by IOL (Imperial Oil 
Ltd., Canada) for application to IOL's lease near Cold Lake Alberta. The project was conceived 
and executed by IOL in the early 1960s. After spending about $250 million for R&D, including 
field pilots in the 1960s - 1970s, commercial production started in 1975. The Cold Lake CSS 
project is now the world's largest single producer (~300 KBD) of bitumen using thermal EOR. 

CNRL also produces bitumen, in the Cold Lake area, using a modified version of CSS (omitting 
the soak phase). Other producers (BP, JACOS) have tested CSS on both Athabasca oilsands 
(JACOS) and Cold Lake oilsands (BP). 

SAGD is now the current process of choice for in situ exploitation of the Athabasca oilsand 
resource. SAGD was patented by R.Butler (IOL) in the 1970s. The first SAGD field test was 
conducted by IOL at Cold Lake in 1978. (But IOL's focus was clearly on CSS for Cold Lake). 
AOSTRA was formed by the Alberta government to ‘foster bitumen extraction’... and to develop 
EOR processes to exploit Alberta’s oilsands resources. In 1987, AOSTRA opened its UTF 
(underground test facility) at Devon, AB, in the midst of the Athabasca oilsand deposits. The 
UTF site included a series of shafts and tunnels with almost-direct access to the McMurray 
deposit sand face. In the 1980’s and 1990’s, SAGD was tested and refined at the UTF site. The 
test results spurred further development/field testing of SAGD with BP/Amoco at Wolf Lake, AB 
(1989) and JACOS et al at Hangingstone, AB in 1994. 

Canada's first commercial SAGD project is reputed to be the Cenovus, Foster Creek, AB 
project, constructed in 1996. Several other proponents started SAGD projects in the 1990’s and 
2000’s. By 2014, 45 projects were active in Alberta. Production of in situ bitumen (CSS + 
SAGD) now exceeded one million bbls/d. Also, by 2014, for the first time, in situ bitumen 
production exceeded mined bitumen production. 

Another process, SWSAGD (single well SAGD) had a less-rewarding development history. 
SWSAGD was first patented by ELAN Energy in 1987. The well design had a centralized tube 
for steam injection, isolated by a thermal packer, for steam injection at/near the toe of a 
SWSAGD horizontal well (Figure 2.10). In retrospect, produced fluids in the well annulus 
scavenged heat from the steam injection tube so that steam injection quality at the toe was very 
poor - only hot water (zero quality) in some cases. Insulated steam tubing was tried to solve the 
problem, but it was not successful. The process was first field tested in thin-pay, deep heavy oils 
in Saskatchewan, Canada in the 1990s. By about 2000, it was evident that the process wasn't 
working and SWSAGD was abandoned. 
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But, for CSS and particularly SAGD the future is bright. Table 1.6 shows oilsands permits 
(mostly for SAGD) totalling over 5.8 MMBD of potential production capacity (circa 2013). Table 
3.1 shows an Athabasca EOR forecast of over 1.3 MMBD (circa 2014), based on existing 
projects, including Cold Lake and Peace River. 

Oil price declines in 2015-16 have slowed down many of these projects. But the low price 
environment is not sustainable indefinitely and when prices rebound, the bitumen production 
potential is evident. 

SAGD is now the dominant steam EOR process used to recover bitumen. For this reason, 
SAGD is used as the basis of comparison for other potential processes.  

3.3 The Steam EOR (SAGD) Model 

(1) Key Assumptions 

In addition to model assumptions outlined in 2.2 (2), the SAGD model incorporates the 
following assumptions: 

(i) No subcool for produced fluids - bitumen and water are assumed to be produced 

at steam dewpoint temperatures (TS). 

(ii) Heat losses are separated and accounted for by three input terms - the steam 
quality at the well head (Qwh), the steam quality at the sand face (Qsf) [fractional 
latent heat loss in transit from the well head to the sand face is (Qwh - Qsf)/Qwh], 
and fractional heat loss in the reservoir (LR). 

(iii) Make-up water (MUW) is calculated as SOR-PWOR (0.9), for a produced-water 
treatment process with 90% (v/v) yield to produce boiler feed water (BFW). The 
model allows, as an input, the recycle volume efficiency, so the user can tailor 
this to his/her own expectations.  

(2) Inputs / Default Values 

Table 3.3 shows some inputs and default values of for the SAGD EOR model developed 
to analyze SAGD (and related process) performance. Most of the values are self-
explanatory but others may need some discussion, as follows: 

(i) Residual bitumen saturation (Srb) is the residual bitumen in the steam-swept 
portion of the reservoir. The default value Srb = 0.15 determines bitumen recovery 
in the steam-swept zone (rf = (Sib – Srb)/Sib). For the default value of Sib (0.80) rf = 
0.8125. 
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(ii) Residual water saturation (Srw) is the water saturation in the steam-swept zone. 
The default value is Srw = 0.2. For the Siw default value of 0.2, this implies that 
SAGD doesn't mobilize and recover connate water. Otherwise connate water 
recovery, as a pore volume fraction (PVF) is (Siw – Srw). 

(iii) Steam quality at the well head (Qwh) is a measure of steam distribution losses 
and/or steam condensate removal efficiency at/near the well head. The default 
value is Qwh = 0.95, so that 95% (w/w) of steam is in the vapor phase. 

(iv) Steam quality at the sand face (Qsf) is a measure of latent heat loss in steam 
during transit from the well head to the sand face. Fractional latent heat loss = 
Qwh – Qsf/ Qwh. For default input values (Qsf = 0.80 and Qwh = 0.95) fractional 
latent heat loss = 0.1579. 

(v) Reservoir heat losses (LR) are the fraction of total heat (at the well head) lost prior 
to heat delivery at the bitumen interface. The default value of 0.10 implies that the 
process is operating at/near its peak productivity (Figure 3.3). 

(vi) The produced water cycle ratio (RV) is the fraction of recycled, produced water 
that ends up as a steam, after water treatment and boiling process steps. The 
default value of RV = 0.90, assumes that 90% (v/v) of produced water ends up as 
usable steam after recycle processing. The remaining BFW demand is supplied 
by fresh (or brackish) make-up water (MUW). 

(3) Output Values 

Table 3.4 shows the SAGD model output values using default input values. Most of the 
outputs are self-explanatory but some values may need an explanation as follows: 

(i) Process costs - include the cost of steam, as supplied by an over-the-fence utility. 
Costs include steam production, water treatment, boiler fuel costs, steam 
distribution costs and a return-on-capital (capex) charge suitable for a utility. 
(Capex charges are necessary for comparison to other processes (eg. electric 
EOR) where energy costs include a capex component). 

(ii) CO2 taxes - the tax imposed on direct and indirect CO2 emissions based on a 
default rate of $25/tonne carbon. The rate is an input value (2.2(4)) that can be 
changed by the user if local carbon taxes are different (or zero) or if the rate is 
changed by the local government. 

(iii) CO2 emissions - CO2 emissions from a gas-fired boiler at 85% efficiency 
including some heat capture from produced fluids. Again, CO2 rates are an input 
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value that can be changed by the user. The rates are termed indirect in the 
output because steam is assumed to be produced by an over-the-fence utility. 

(iv) Energy to Oil Ratio (ETOR) - is a new term, defined herein, that is the energy 
equivalent of SOR measured at the well head. This output unit allows direct 
comparisons between processes with different energy sources. For SAGD, 
ETOR is the total steam heat value at the well head per unit of bitumen produced 

(ie. GJ /M3B or MMBTU/bblB). 

(v) Water Recycle Ratio (WRR) - for SAGD this is the liquid volume ratio of produced 
water to steam injected, measured at the well head. WRR can be a more incisive 
performance measure than the traditional PWOR. 

(vi) Make Up Water (MUW) - is the make up fresh (or brackish) water needed per unit 
of bitumen production, assuming a water treating recycle ratio of (RV) input value. 
At default RV = 0.9. 

(vii) Produced Bitumen Viscosity (MS) - bitumen viscosity (cp) at saturated steam 
temperature (TS). 

(viii) Recovery Factor (rf) - bitumen recovery in the steam swept zone as a fraction of 
original bitumen in place (not adjusted for sweep efficiency). . 

(4) WARNINGS / ALERTS 

The process model for SAGD generates ALERTS if the input data is inconsistent or can 
lead to further issues, for example: 

(i) heat losses – if input heat losses exceed heat input (LR + Qwh - Qsf) >1 the model 
will not work 

(ii) excessive liquid saturation inputs - if (Siw + Sib)>1 

(iii) input gas void - if (Siw + Sib)<1, the model assumes no gas saturation and/or no 
solution gas. (Siw + Sib)<1 may be intentional, but it is not suggested or 
recommended 

(iv) water sink input - if Srw> Siw, the model will leave more water behind in the 
process-swept zone than was present initially. The zone will act as a ‘sink’ for 
water 

In addition to input ALERTS, the model provides WARNINGS based on output results, 
for example: 
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(i) bitumen viscosity is too high - if µS>20cp, the model will issue a warning that 
bitumen productivity may be low or too low for commercial applications. 

(ii) pressures are ‘wrong’ - if (P/PH)<0.8 or (P/PH)>1.2 the model will issue a 
WARNING that if the reservoir is ‘leaky’ fluids may leak in/out of the process zone 
and disrupt the process. The model assumes no leakage in/out of the process 
zone. 

3.4 Model Performance Predictions 

Table 3.4 shows the SAGD model performance predictions based on default input values. Key 
performance factors are predicted and segregated into three subsets - Cost factors, Diagnostic 
Factors and Environmental Factors: 

(1) Key Performance Factors for Base (Default) Inputs 

(i) Process Costs - SAGD unit (steam) costs are 55.45 $/M3B (8.81 $/bblB) as 
measured at the well head. 

(ii) CO2 taxes based on 25$/tonne carbon for a gas-fired boiler at 85% efficiency, 
unit taxes are 1.74$/M3B (0.28 $/bblB). 

(iii) Total Cost + Tax - 57.19$/M3B (9.09 $/bblB). 

(iv) Steam Dew Points (Ts) - 204.78oC (400.60oF) for a default process pressure of 
1724  (250 psia). This is also the temperature of produced fluids (bitumen + 
water) at the sand face. 

(v) Energy to Oil Ratio (ETOR) - 4.7545 GJ/M3B (0.7556 MMBTU/bblB) of steam 
energy per unit production, measured at the well head. 

(vi) Steam to Oil Ratio (SOR) - 1.7624 M3L/M3B (or bbl/bblB) as measured at the well 
head. This indicates a SAGD operation with little heat loss (LR = 0.10) near peak 
productivity (Figure 3.3). SOR is the traditional diagnostic measurement for 
SAGD. 

(vii) Produced Water to Oil Ratio (PWOR) - 1.7496 M3/M3B (or bbl/bblB) is another 
traditional measure for SAGD. PWOR is similar to SOR, indicating little/no 
recovery of connate water. 

(viii) Produced Bitumen Viscosity (µs) - at saturated steam (Ts) µs = 10.04cp. This is 
the type of viscosity needed to ensure good productivity (Figure 3.5), at least five 
orders of magnitude less than in situ viscosity (3 x 106cp). 
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(ix) Recovery Factor (rf) - in the steam-swept zone rf = 0.8125 - typical recoveries for 
SAGD. Much higher than rf for primary production from light or medium oil 
reservoirs. Heating and gravity drainage are very effective recovery mechanisms. 

(x) Pressure Ratio Process Pressure / Hydrostatic Pressure (P/PH) - 1.000, the 
default pressure = initial reservoir pressure. 

(xi) Water Recycle Ratio (WRR) - the ratio of produced water to steam injected, 
measured as a liquid. WRR = 0.9927. No connate water is produced for default 
conditions. The only loss of steam in the default model is steam used to occupy 
bitumen voidage. 

(xii) Make Up Water (MUW) - calculated as (steam injection) - (produced water) (Rv). 
For default values MUW = 0.1878M3L/M3B (or bbl/bblB). 

(xiii) Indirect CO2 Emissions (ICO2) = emissions from boiler flue gas from SAGD 
production. ICO2 = 137.54 (nM3/M3B) or 772.01 SCF/bblB. As the heat losses 
(LR) increase CO2 emissions increase. These emissions are subject to carbon 
taxes as reflected in the cost factors above ((ii) and (iii)). 

(2) Economic Limits 

An economic limit is defined herein as process performance at a total cost + tax of 
300$/M3B (47.68$/bblB) when reservoir losses (LR) are at 0.5 (ie. for SAGD at a mature 
condition, Figure 3.3). If we express the locus of economic limit conditions as a function 
of reservoir porosity (ϕ) and initial bitumen saturation (Sib) we can get an understanding 
of where SAGD can be applied as a function of two key reservoir parameters. 

For each Sib there is a unique porosity (ϕ) where the economic limit conditions are first 
met. Figure 3.6 shows a locus of these limit points for the default process pressure 
(P=1724 ) and for an elevated pressure (P=4000 ). 

At default pressure (P=1724 ) SAGD is not economic for Sib<0.4 and/or for ϕ<0.10. For 
higher P, the process applicability is more restricted. 

The economic limit as defined above is not unique. The model user can define his/her 
own limits to evaluate process applicability is more restricted. 

The economic limit graph is also a convenient way to compare the applicability of 
various processes to a given reservoir type or a variation of reservoir types. 

(3) Pressure Sensitivity 
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Economic limit graphs are useful to determine process applicability for different reservoir 
qualities (Sib, ϕ). The other parameter that can affect process performance is process 
pressure (or reservoir depth). 

SAGD performance is very sensitive to process pressure (and/or reservoir depth). As 
pressure increases heat losses in the vertical section of the well bore increase 
significantly and saturated steam temperature (TS) increases - increasing the heat 
demand for heating the reservoir matrix and reservoir fluids. Figure 3.6 shows how 
increased pressure (P) can limit SAGD applicability by narrowing acceptable ϕ and S ib 
values. 

Table 3.5 shows how SAGD performance deteriorates as pressures (P) increase from 
1724 to 10500, using an algorithm to predict overburden heat losses and decrease in Qsf 
with increased transit times from the well head to the sand face. Figure 3.7 shows the 
algorithm used to predict heat losses as depth/pressure increases. Based on this 
algorithm, heat loss approaches 50% at a depth of about 850m. As pressures (P) 
increase from 1724 to 10500 the following SAGD performance deterioration is noted: 

- Total costs increase from 51.14 to 337.06 ($/M3B) or from 8.13 to 53.57 
($/bblB) (a >500% increase in costs) 

- Steam TS increases from 204.8 to 314.2oC (a >50% increase) 

- ETOR increases from 4.402 to 28.272 GJ/M3B (a >500% increase) 

- SOR increases from 1.576 to 10.388 (a >500% increase) 

- PWOR increases from 1.564 to 10.231 (a >500% increase) 

- WRR is almost unaffected (<1% variation) 

- MUW increases from 0.168 to 1.180 (a >600% increase) 

- Bitumen viscosity (MS) reduces from 10.0 to 2.4cp (>300% decrease) 

- CO2 emissions increase from 123.0 to 810.7 (nM3/M3B) (>500% increase) 

As will be shown later, SAGD (using surface steam production) is not a good process 
choice for deeper, higher pressure reservoirs. Other processes (eg. ISC, EEOR, etc.) 
are much less sensitive to pressure (P) increases. 

3.5 Issues/ Discussion 

(1) Design Guidelines 
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The models used herein are not specific to well design or well geometry, but they do 
generate performance information that can be useful for design and application 
decisions. 

(i) Size affects - SAGD facilities are not designed on the basis of best performance 
at steady-state conditions. They are designed, based on a forecast ‘average’ 
performing well pair, including allowance for some wells performing poorly during 
start-up or wind-down phases of well life (Figure 3.3) and/or for poor performance 
due to non-ideal reservoir parameters. Table 3.6 shows predicted performance 
factors for three cases - (a) The best possible performance, with no heat losses 
(LR = 0), (b) the steady-state default case (LR = 0.10) and (c) the design case with 
LR = 0.5 (SOR ~3) with an average well production of 600 bbl/d (95.4 M3B/d) and 
an average well length of 800m. Table 3.7 shows volume/design capacities for a 
25 KBD commercial SAGD module, based the design-case average well, with 
selected performance factors as follows: 

(a) 42 (41.7) well pairs, 

(b) steam use of 79,310 bbl/d (12,605 M3L/d) 

(c) steam energy rate 34004 GJ/d (393.7 MW(t) or 1,344 MMBTU/hr 

(d) natural gas boiler fuel at 34.74 MMSCF/d (983,670 nM3/d) 

(e) water treatment capacity at 87,183 bbl/d (13,856 M3/d) 

(f) oil/water separation capacity at 103,733 bbl/d (16,486 M3/d) 

(g) oil/bitumen production at 25,000 bbl/d (3,973 M3B/d) 

(h) CO2 emissions at 34.74 MMSCFD (1825 tonnes CO2/d, 498 tonnes C/d) 

If once-thru boilers are rated at 200 MMBTU/hr steam, the 25 KBD module 
requires seven boilers. 

Another larger size issue is the maximum facility size to support area 
development for a single, central facility. Assuming a maximum practical steam 
distribution of about 10Km, without any satellite plants, the practical largest 
facility size is about 500,000 bbl/d or 80,000 M3/d of bitumen.  

(ii) Energy Use – the heat injection rate, at the well head, for the SAGD design well 
pair  (Table 3.7) is 9.45 MW(t) or 32.26 MMBTU/hr. Assuming a net boiler 
conversion efficiency and an average steam distributional loss of 10%, the 
natural gas energy demand is 42.17 MMBTU/hr (12.35 MW(t) or about 1.04 
MMSCFD (29,494 nM3/d) of natural gas per well pair. 
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For a 25,000 b/d (3973.3 M3B/d) module (Table 3.7) the steam energy injection 
rate is 393.73 MW(t) (1344.2 MMBTU/hr), measured at the well head with 42 well 
pairs (41.7 on average). 

This heat injection rate is very large. To put it into perspective, a comparison to 
energy released in a nuclear explosion is instructive. The Nagasaki A-bomb 
dropped near the end of WW2, yielded the energy equivalent of about 22,000 
tonnes of TNT or 88 TJ (one Terra Joule = 1012 joules). The SAGD design case 
(Table 3.7) has a stream injection rate of about 0.81 TJ/day. So, for a single well 
pair, energy injection is similar to a Nagasaki bomb every 109 days. A 25,000 
bbl/d module (Table 3.7) injects energy compared to a Nagasaki bomb every 2.6 
days. 

This is one of the reasons that Richfield Oil’s proposal (in 1958) to ignite several 
atomic bombs to recover oilsand bitumen, was never implemented (see Table 
1.6). Compared to the energy needed for SAGD an atomic bomb is too small. 

The high heat injection rate is also why it is important to monitor surface 
disturbances (eg. elevation changes) for SAGD and other bitumen EOR projects 
and also why surface breakthrough is a potential issue. 

(iii) Deeper high pressure reservoirs – SAGD performance is quickly impaired as 
reservoir pressure/depth increases (Table 3.5, Figure 3.6) for four reasons – (a) 
as P increases, TS increases and the energy demand to heat reservoir rock and 
fluids increases, (b) as TS increases, the latent heat content of steam decreases, 
(c) heat losses increase between the well head and the sand face because of 
increased steam residence time, and (d) heat losses also increase because 
steam is hotter. SAGD may not be a process of choice for deep reservoirs. 

(iv) Well lengths - are limited by SAGD to <~1000m because of a hydraulic limitation. 
With injector/producer spacing of about 5m, if the flowing pressure drop in the 
production well exceeds the gravitational pressure gradient (about 55 KPa (8 
psia)), the steam/liquid interface will tilt and potentially flood the toe of the steam 
injector and/or expose the heel of the production well to steam breakthrough. 
(Figure 3.6(a)). 

(v) Cogen - combined steam and power generation can be used to reduce steam 
costs and to reduce CO2 emissions. But the electricity produced can be out of 
balance with on-site power demands. Electricity would have to be sold back to 
the grid and a grid connection would have to be provided. 

(2) Enabling Technology 
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Enabling technology, for steam EOR (SAGD), is a technology that has enabled the EOR 
process to be developed to its current state or a technology that might be important for 
future evolution of the EOR process. As already noted, (1.4(3)) the development of 
measurement-while-drilling (MWD) and steerable drilling using mud-motors and dog-leg 
drilling strings has enabled the ability to drill and place long horizontal wells within a 
close tolerance (+/- one meter). This technology has revolutionized heavy oil and 
bitumen recovery and it is essential for the continuing evolution of SAGD as an EOR 
process for bitumen recovery. Other enabling technologies include the following: 

(i) Once-thru steam generators (OTSG) - were originally designed for California 
heavy oil recovery using steam flood (SF) technology. Today most SAGD 
operators use OTSG’s. The boilers can use feed water (BFW) containing 
significant TDS levels to produce about 80% quality steam in a once-thru mode of 
operation. For SF applications (and CSS) the condensed steam is still a valuable 
injectant for the process. For SAGD, condensed steam is of no value in the 
reservoir (latent heat drives the process). SAGD operators typically remove the 
liquid condensate water at/near the well head, for disposal (or recycle). 

(ii) Water treatment processes - to reduce/minimize freshwater use, SAGD produced 
water is treated and recycled. The traditional treatment system included hot or 
warm lime softening and weak cation exchange to produce a boiler feed water 
(BFW) suitable for a once-thru steam generator (OTSG), designed to handle high 
TDS BFW. But in the past decade there has been a shift to mechanical vapor 
compression (MVC) evaporation to produce BFW that could be suitable for 
standard drum boilers. The new (MVC) system allows for produced water recycle 
of about 95% (v/v). The old system allows for produced water recycle of only 
about 90%. [The Deer Creek, AB SAGD project, was the first commercial SAGD 
project to use mechanical vapor recompression evaporation followed by standard 
drum boilers, the operators claimed simple operation, cost-effectiveness, 
increased reliability and reduced fresh water use. (Heins etal, 2006)]. 

(iii)  Down hole steam quality - down hole measurement of performance factors, today 
is limited to T and P in injector and producer horizontal wells. Another 
measurement that would be valuable is the down hole steam quality at the sand 
face (QST). This is a key parameter that is a direct measure of heat loss in transit 
from the well head to the sand face. Unfortunately, it is a difficult measurement 
(Kerr, 1997). 

(iv) Electric Submersible Pumps (ESP) - artificial lift is required for most SAGD 
projects. Gas lift, using natural gas, has been practiced, but it can be difficult and 
tricky to operate, particularly for shallow (low P) projects. Submersible electric 
pumps (ESP’s) have now been developed to withstand operating T for SAGD 
projects. 
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(v) Slot design - most SAGD oilsands projects in Alberta have unconsolidated 
reservoirs, where sand can be mobilized when the matrix is heated and bitumen 
is extracted. If perforation slots are not properly designed, mobilized sand can 
plug production well in-floor and inhibit productivity. Decades of SAGD 
experience has resulted in effective slot placement and slot design in slotted 
liners. 

(vi) Densitometers - fluid density is another measurement down-hole that would be 
valuable. Down-hole densitometer measurement devices have been developed 
(Harrison, 2015) but not yet widely deployed. For SAGD, a densitometer (or 
several) would indicate areas of steam breakthrough and, if sensitive enough, 
could also indicate bitumen - water composition at the measuring site and give an 
indication of conformity. 

(3) Strengths / Advantages - What’s Right with SAGD? 

(i) Preferred heat transfer process - proven after more than a century of 
development, steam/water has a wide operating range and a high heat of 
condensation. The process is practical and effective. 

(ii) Field-proven process - with over 1 MMB/d of SAGD production in Alberta, the 
process works well, is predictable and there is little process risk. 

(iii) SAGD technology is near maturity, after 30+ years of development. Produced 
water treatment, SAGD well design, down-hole ESP’s, sand control, drilling and 
SAGD well completions and SAGD operating strategy have all been refined in the 
past 30+ years. 

(iv) Upside is still available - solvent addition to steam (eg. SAP, etc.) has proven 
successful but is still evolving (Chapter 7). New processes (eg. ISR, SWESAGD, 
etc.) appear attractive (Chapter 6). New water treatment processes (eg. direct 
evaporation) can increase produced water recycling ratios and reduce make-up 
water demands. CO2 sequestration can reduce CO2 emissions. Cogen can 
reduce both steam costs and CO2 emissions. 

(v) Boiler fuel availability - natural gas is readily available. 

(vi) Resource development - open to private sector companies without mandated 
dominance of a state-owned oil company partner.    

(vii) SAGD costs – 57.19 $/M3B (9.09$/bbl/B), for the base/default case, are modest 
and competitive with the cost of other marginal oil supplies. 
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(viii) Target resource – oilsands have an enormous potential supply for SAGD (about 
170 billion bbls). 

(ix) SAGD CO2 emissions – are considered modest by some, if compared to other 
heavy oils, and may be less than some other process alternatives (eg. ISC). 

(x) SAGD water use – MUW demands (~0.2 M3/M3B) are also not large, particularly 
when compared to bitumen mining processes and when compared to water 
availability in the oilsands regions. 

(xi) Proven Productivity – SAGD can have good productivity in a homogenous 
reservoir, at modest depth. A SAGD well pair can achieve (a maximum) 
productivity of about 1 bbl/d per meter of well length (ie. A 1000m well pair can 
produce bitumen at a rate as high as 1000bbl/d (159 M3/d). 

(4) Weaknesses / Disadvantages – What’s Wrong with SAGD? 

Despite being the world's most successful thermal EOR process for bitumen recovery, 
SAGD is not a perfect process. It has the following weaknesses: 

(i) High CO2 emissions - CO2 emissions are considered high by some. Other 
processes (eg. SOLVEX) can have lower CO2 emissions than SAGD. Gas-fired 
boilers to produce steam for SAGD, can emit significant amounts of CO2. For the 
base/default case, herein, SAGD emits 137.5 nM3 CO2 per M3B produced or 
about 772 SCF/bblB (see Table 3.4). But, for SAGD in more difficult reservoirs, 
higher process pressures, or higher heat losses, CO2 emissions can be multiples 
of base case emissions (eg. Table 3.5). 

(ii) Emissions are not easily sequestered - CO2 from SAGD, is diluted by nitrogen, 
water vapour, and other gases, in a low-pressure flue gas from boilers or cogen 
plants. Extraction and compression of CO2 can be costly and difficult. 

(iii) High water usage - SAGD water usage can also be considered high by some. 
SAGD needs fresh (or brackish) water for make-up. For the base case (Table 
3.4), make-up water rates are about 0.2 M3/M3B. This rate can be much higher 
for increased heat losses (LR), increased process pressures (See Table 3.5) or 
for more difficult reservoirs. 

(iv) Steam transportation - using today's technology, steam cannot be economically 
transported in surface insulated pipes, for more than about 10 km. A central 
steam plant cannot service an area greater than about 300 km2. 
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(v) Heat losses in vertical wellbores - can be substantial. In conveyance from the 
well head to the sand face heat losses can be significant (Figure 3.7), if the pipe 
is uninsulated. But pipe insulation schemes have proven to be ineffective and 
costly. This sets a technical maximum depth for SAGD at about 750 m (2500 ft). 

(vi) SAGD cannot easily mobilize connate water - lean zones and mud zones, with 
high water content in the pore structure, can effectively block the growth progress 
of a SAGD steam chamber. Connate water cannot be vaporized by saturated 
steam. 

(vii) Conformance control - SAGD is sensitive to reservoir non-homogeneities. 
Conformance control, particularly longitudinal conformance, is difficult or not 
possible. The only remedy is to adjust steam injection or product collection points 
using a tail pipe system. Beyond this, SAGD has little/no remedy. 

(viii) Significant residual bitumen - in the steam-swept zone, depending on process 
and reservoir characteristics, SAGD can leave behind 10-25% OOIP (see Figure 
3.4). 

(ix) SAGD is not applicable for thin pay reservoirs - because of economics, well 
geometry, and well spacing, SAGD needs a 15 m, minimum net pay. 

(x) Horizontal SAGD well lengths are limited to <1000 m - for SAGD, and 
injector/producer spacings of about 5 m, if the flowing pressure drop in the 
production while exceeds about 55 KPa (8 psia) (the hydrostatic pressure 
gradient between injector/producer), the steam/liquid interface will tilt and 
potentially flood the toe of the injector and/or expose the heel of the production 
well to steam breakthrough. For typical pipe sizes, this limits SAGD well lengths 
to <1000 m. 

(xi) SAGD may be considered as a high-cost process - base case SAGD opex costs 
are 57.19$/M3 (9.09$/bbl). Design case costs (Table 3.7) are 97.38$/M3 
(15.48$/bbl). Other processes (eg. ISC) can have lower costs. 

(xii) SAGD costs are sensitive to heat losses - Figure 3.8 shows this sensitivity. As 
heat losses rise from LR = 0.1 (base case) to LR = 0.7 (a mature process) costs 
increase from 57 to 171$/M3B, an increase of a factor of three. 

(xiii) SAGD has high on-site capex costs - a SAGD central site will include a steam 
generation plant, an oil treatment plant (oil/water separation), water treatment 
plant (including produced water recycling) and a tank farm to store/transport 
product bitumen. Other processes can have fewer facilities and reduced capex 
costs 
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(xiv) SAGD has poor energy efficiency - produced water is first cooled for treatment, 
then reheated, then vaporized to produce steam. A lot of energy is wasted as 
low-level heat. Other processes (eg. ISR) have improved energy efficiencies. 

(xv) SAGD lateral growth rates can be a limitation - for some reservoirs with a poor (or 
non-existent) cap rock, or with a thin net pay, it is important to maximize lateral 
growth rates. SAGD cannot focus growth in a lateral direction. Other processes 
(eg. EEOR) can focus energy injection in a lateral direction (see Chapter 6). 

(xvi) Sloping reservoirs can pose a problem - SAGD wells need to be truly horizontal 
so gravity drainage can be effective. If a reservoir has a natural slope, SAGD 
recovery will be reduced by stranded bitumen beneath the producer and by 
premature ceiling breakthrough at the lowest ceiling point. 

(xvii) Bottom/topwater - can inhibit recovery and increase costs. 

(xviii) SAGD footprints are large - with well length restricted <1000 m ((x) above), and 
extensive surface facilities ((xiii) above), SAGD footprints can be larger than other 
processes (eg. SOLVEX). 

(xix) SAGD control loops can be lost in leaky reservoirs - pressure doesn't respond to 
changes in steam injection rates. Subcool control can also be lost if water leaks 
into the SAGD production well. 

(xx) Increased P or deeper reservoirs - can limit SAGD performance. SAGD 
performance is impaired rapidly by increasing pressure (Table 3.5). Other 
processes (eg. ISC) are much less sensitive to pressure. 

(xxi) SAGD start-up is complex and protracted - to establish communication between 
injector and producer wells, it may be necessary to circulate steam for more than 
six months. After communication is established energy injection rates are 
inhibited by poor fluid injectivity. Other processes (eg. EEOR) don't have these 
issues. 

(xxii) Capless reservoirs are a problem - SAGD can operate in a capless reservoir, but 
when the ceiling is breached, the game may be over. 

(xxiii) SAGD can be considered a delicate process - pressure gradients are low. Gravity 
drainage is driven by small, hydrostatic pressure gradients. Good productivity is 
attained by short flow paths and a long horizontal well length (<~1000 m) to 
collect bitumen at commercial rates. But reservoir flow paths are mostly in two-
dimensional planes perpendicular to the horizontal wells. For a good 
homogeneous reservoir, longitudinal flow only occurs in the wells. Longitudinal 



112 
 

steam conformance cannot be easily controlled by the process. Because of these 
factors, SAGD has some difficulty with reservoir baffles, barriers or other non-
homogeneities. Other processes (eg. EEOR, ISC) do not have the same extent of 
difficulty as does SAGD. 

(xxiv) SAGD needs a ‘contained a steam chamber’ - where fluid flow in/out of the steam 
chamber is restricted, because bitumen is a mobile at initial conditions. Mobile 
heavy oils will not support a good SAGD process. If the bitumen reservoir 
contains, or abuts, an active water zone, containment can be lost. Fluid losses, 
in/out of the steam chamber, can impair SAGD productivity and efficiency, and 
SAGD operation can become unstable. Pressure matching is difficult. 

(xxv) SAGD has preferred, limited P/depth ranges for good operation. For good 
productivity, heated bitumen viscosity needs to be <20cp. This implies saturated 
steam T >200oC or saturated steam pressure P>213 psia (1468 kPa), or 
hydrostatic reservoir depth greater >150m (500 ft). So a minimum depth of 150m 
is suggested for SAGD. But if we use economic limits as defined herein (3.4(2)), 
the economic limit (Figure 3.6) is achieved at a hydrostatic depth of 540 m (1600 
ft). This can define a ‘sweet spot’ for SAGD with a depth range of 150-540 m 
(500–1600 ft). 

Others have reported a maximum practical SAGD depth of about 750 m (2500 ft), 
due to heat losses in steam conveyance from the well head to the sand face, for 
a practical SAGD operating range of 150-750 m or 500-2,500 ft. 

(5) Other SAGD Issues 

There are other issues, technologies and process variations that can potentially impact 
SAGD performance, including the following: 

(i) Down hole steam generation (DHSG) - using combustion with a hydrocarbon 
liquid fuel or natural gas have been proposed and tested, in the USA, for several 
decades. The advantage of such a system is to avoid heat losses from steam 
transit from the well head to the sand face. This would be most useful for deep 
heavy oil or bitumen resources (eg. California resources). The problems with 
such devices include: 

(a) most proposals involve steam generation using air as the oxidant gas and 
direct blending of steam and flue gas (N2 + CO2…) and injection of the 
blended gas into a reservoir for EOR. As will be shown in Chapter 4, non-
condensable gases have several disadvantages for EOR - reduce steam 
TS, slow down heat transfer by competing with steam at the bitumen 
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interface, insulates the bitumen interface and incurs extra costs for vent gas 
treating (incineration + desulfurization). Corrosion is another issue. 

(b) DHSG has a capacity issue. As shown in Table 3.7, SAGD involves large 
energy injection rates - 9.5 MW(t) or 32 MMBTU/hr for a single well pair. It 
may be very difficult to achieve 9.5 MW(t) heat release for a single DHSG 
unit. 

(c) Non-condensable gas injection can be avoided if the DHSG has a heat 
exchanger so only steam is injected. But in such a case, even if the heat 
exchanger could be contained in the well, large volumes of hot flue gas 
would have to be conveyed from the sand face back to the well head using 
the injector well bore. The Injection well may have to be large and 
expensive. Maintenance and corrosion can be an issue. 

(d) Another way to minimize flue gas volumes is to use compressed oxygen 
gas as the oxidant for down-hole combustion. But this still produces large 
volumes of flue gas that may be particularly corrosive. 

(ii) DHSG using electricity as an energy source (DHSG(E) - this system removes the 
issue of flue gas. But capacity is still an issue. In a vertical well bore, it will be 
difficult to achieve 9.5 MW(t) heat release. Boiler feed water (BFW) is cool so the 
electric heaters need to supply sensible and latent heat for steam generation and 
BFW treatment needs to be extensive to reduce the risk of salt deposition, and 
subsequent fouling of the electric heater (more on this in Chapter 6). 

(iii) Sand control - particularly in the hot, near-well-bore region of SAGD wells, where 
bitumen has been stripped from the sand matrix, sand can be mobilized. Sand 
will flow to the production well and may block the perforations or liner slots that 
allow entrance to the production well. Slot opening size and slot design/structure 
is a key parameter to mitigate any damage from sand blockage. In the worst 
case, if steam breaks through to the production well where there is mobilized 
sand, a ‘sand blast’ condition can be established and the well can be quickly 
destroyed or damaged. 

(iv) Process pressure - Table 3.5 shows that a SAGD operator may have an incentive 
to choose a process pressure (P) higher than the native or hydrostatic reservoir 
pressure. For example, if native pressure was 1724 (default input value) and if 
bitumen drainage rates were perceived to be a significant factor, the operator 
would see a potential 18% increase in bitumen productivity (Figure 3.5) by 
increasing process pressure, and associated saturated steam pressures, from 
1724 to 2500 kPa, notwithstanding the associated risks. This would also increase 
opex costs by about 10$/M3B (1.60$/bbl). But this would be more than 
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compensated for by increases in cash flow. The main risks of such an action are, 
(a) loss of fluids (ie. water, steam, bitumen) from the process zone, and (b) 
increased chance/risk of surface breakthrough (sand blowout to surface), 
(c)higher opex and (d) higher heat losses. 

The chance of surface breakthrough is not unprecedented. In the late 1970s, 
Amoco, at Gregoire Lake, had a surface sand blowout at their EOR pilot. In 2010, 
Devon Energy had a ‘well head failure’ with a steam and oil blowout at Conklin, 
AB. In 2013, CNRL had a significant surface leakage at Primrose/Cold Lake. 

These incidents may not be a direct result of operating at pressures higher than 
native or hydrostatic pressures. But pressure may be a factor. The safest 
operation for both surface loss potential and reservoir fluid leaks is to operate 
at/near native reservoir pressures. 

(v) Insulated tubing, to inhibit heat losses during steam transit from the well head to 
the sand face, has been suggested and field-tested for steam EOR processes. 
This is a potential way to reduce heat losses and perhaps extend applicability of 
SAGD processes to deeper reservoirs. But the insulation is costly and field tests 
have been inconclusive. Heat losses at tubing joints can significantly reduce the 
potential benefits of insulation. 

(vi) Annular gas - similar to insulated tubing, a dry gas charge in the annulus of a 
SAGD injection well, has been proposed to reduce heat losses in the section of 
the well between the well head and the sand face. But even a small leakage of 
water/steam into the annulus can act as a heat pump - removes heat by 
vaporization on contact with the inner steam injector tubing, and delivery of heat 
to the outer well by condensation, recycling as water drains to recontact the hot 
inner steam tubing - and increase heat losses during steam injection. 

(vii) Cogen - the combined production of steam and electric power has been used by 
several operators as a way to reduce steam costs for SAGD (3.1(3)). But 
electricity generation and steam demand are out of balance for SAGD (and CSS). 
Electricity has to be sold back to the grid. Cogen may be more valuable for 
processes with an EEOR component (see Chapter 6 or 3.5(4) herein). 

(viii) Single well SAGD (SWSAGD) - is a single well version of SAGD that was 
proposed by ELAN Energy in 1987. Field tests of the process proved 
unsuccessful (3.2), because heat transfer, from a centralized steam tube to 
annular produced bitumen and water, is too great to maintain steam quality down 
to the toe of the well. Some suggestions herein (Chapter 6) may revitalize this 
opportunity. 
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(ix) Steam assisted gas push (SAGP) - is a SAGD daughter process where a small 
amount of non-condensable (nc) gas (usually methane or natural gas) is added to 
SAGD injection steam (<~ about 2% v/v). Based on physical model lab tests, the 
gas remains in the reservoir and migrates to near the top (ceiling) of the bitumen 
reservoir where it insulates the process from heat losses to/through the ceiling to 
the overburden. As a technical limit, for a sustainable SAGP process, the nc gas 
injection cannot exceed the gas needed for bitumen voidage replacement 
(assuming no connate water is produced to create more voidage). If injection 
rates exceed this limit; ostensibly, nc gas levels would build up in the reservoir, 
increase back pressures and impede steam injectivity. Application of SAGP to a 
SAGD project is best started when the SAGD project is mature (Figure 3.3), with 
significant heat loss to the overburden. 

Table 3.8 shows a pro forma analysis SAGD conversion to SAGP, assuming that 
nc gas injection rates are for bitumen voidage replacement only and that SAGD 
was mature with a heat loss LR = 0.5 and that implantation of SAGP would reduce 
heat losses to LR = 0.4 (ie. a 20% reduction in heat losses). The saving in opex 
due to heat loss reduction more than offset cost increases due to nc gas costs. 
Net opex costs are reduced by about 16% (16.31$/M3B). Steam consumption, 
energy use and CO2 emissions per unit bitumen production, are all reduced by 
about 17%. Bitumen viscosity is mostly unaffected. Non-condensable gas costs 
are about 0.92$/M3B, assuming the gas is not recovered. 

For SAGD processes, depending on process conditions, nc gas demands for 
bitumen voidage replacement vary from about 0.2 to 0.5%(v/v) of steam injection. 
But this is a floor rate and nc gas rates can be increased because: 

(a) the voidage calculation assumes nc gas is at saturated steam TS - in 
practice, nc gas storage average T is somewhere between TS and 
initial reservoir TI. A nc gas temperature-gradient is set up as nc gas 
insulates from heat losses. 

(b) It is also assumed that voidage is solely due to bitumen production. 
Connate water production can substantially increase nc gas 
demands. 

(c) SAGP is best implemented when SAGD is mature, with an inventory 
of voidage. 

(d) Although nc gas is non-condensing at reservoir conditions, reservoir 
liquids can still solubilize some gases. 
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In summary, SAGP offers the opportunity for SAGD improvements - reduced 
costs, steam use, CO2 emissions, water use and energy use with minimal risks 
and little impact on productivity. By insulating the ceiling area, SAGP can also 
stimulate lateral growth. 

(x) Steam + solvent gas processes - as an alternative to adding nc gas to steam, a 
solvent gas can be added (eg. SAP process). This can achieve the benefits of 
SAGP, with the additional benefits due to solvent - reduced residual bitumen 
saturation and produced hydrocarbon viscosity reduction due to solvent/bitumen 
dissolution. This option will be discussed in detail in Chapter 7. 

(xi) Steam superheat - steam superheat at/near the well head may be beneficial to 
the SAGD process. The benefit of steam superheat in the reservoir is of little 
value since superheat would only heat up part of the steam chamber away from 
the bitumen interface. At the bitumen interface, saturated steam conditions would 
prevail. 

But, the reduction of steam quality between the well head and the sand face, due 
to heat losses to the overburden, results in a loss of latent heat only, because 
steam TS is constant. Superheat at/near the well head can compensate for 
overburden heat losses and preserve steam quality at the sand face. In effect, 
the superheat is creating incremental latent heat by preserving steam quality. 

An example is instructive. Suppose the cost of steam is 5$/bbl (31.46$/M3L) - the 
default input value. Also, suppose without any steam superheat QWH = 1.0 and 
QSF = 0.8 (ie. 20% of latent heat is lost to the overburden), TS = 220oC, PS = 
2,344 kPa (340 psia). Since only the latent heat of steam contributes to heating 
bitumen, at the bitumen interface (condensed steam is produced at/near TS) it is 
appropriate to quote steam costs per unit of latent heat content. Suppose also, 
that superheat is provided by an electric heater placed in the steam line upstream 
of the well head. If the cost of energy from electricity is less than the cost of latent 
heat at the sand face, the process is economically viable. 

Figure 3.9 shows the cost of latent heat from live steam at the sand face 
compared to steam QSF compared to the cost of heat from electricity. It looks like 
steam superheat to compensate for overburden is a viable process, using in-line 
electric heaters. 

Control of the process would be very simple. Install a thermocouple at/near the 
sand face. Increase electric power until TSF starts to exceed saturated steam TS. 
Note - operation of the superheat system also provides a convenient method to 
measure/calculate downhole QSF - a very difficult thing to measure (Kerr, 1997). 
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(xii) Steam distribution - SAGD steam is distributed as saturated steam in a surface 
insulated pipeline system from a central steam generation site to SAGD well 
heads. Saturated steam heat consists of two components - sensible heat (energy 
to heat water from standard conditions to saturated steam TS, without vaporizing 
the water) and latent heat (energy to vaporize the water at TS). The SAGD 
process has no use for sensible heat. Only latent heat is used in the process to 
heat reservoir rock + fluids. 

It is often said that a SAGD operator is in the steam business. But because of the 
SAGD process, he is really in the latent heat business. The management of latent 
heat is a key business factor. This is not just a subtle distinction. 
Management/delivery of latent heat is a key business principal for SAGD 
projects. Any heat lost in a saturated steam distribution system is 100% latent 
heat (heat of condensation) removed from the system as hot as condensed water 
at/near saturated steam TS. If no value is placed on sensible heat, the value of 
latent heat can be much higher than the value of total steam heat. 

Similarly, to the benefits of well head superheat to manage latent heat delivery to 
the sand face, a steam distribution system can be designed to maximize latent 
heat delivery and to minimize latent heat costs. The distribution system can use 
in-line electric booster heaters to compensate for any heat loss in the system. 
Figure 3.10 shows the value of steam latent heat (at 5$/bbl total steam costs) as 
a function of steam pressure, with no value assigned to steam sensible heat. As 
pressure increases, latent heat costs go up because the latent heat portion of 
steam total heat drops as pressures increase. Figure 3.10 also shows a 
comparison of latent heat value/cost to electricity costs. As long as electricity 
costs are less than 0.06$/kWh, it will pay to superheat steam distribution systems 
to preserve/maximize latent heat delivery. For electricity cost of 0.07$/kWh, it will 
pay as long as steam pressures exceed about 5.2 MPA (750 psia). 

(xiii) Ultra quality steam - Although steam superheat may appear attractive there is an 
important caveat to its implementation. The steam must be ultra dry, otherwise 
any dissolved salts will deposit on superheater surfaces and foul heat transfer. 
The only practical way to achieve this goal may necessitate the use of 
evaporative water treatment combined with utility boilers. This has been 
successfully field-tested, but not necessarily producing steam at the dryness 
(ultra-high quality) necessary for superheat schemes to increase surface 
distribution distances or to retain latent heat for in-situ EOR. 

(xiv) Carbonates - it has been shown (Gunter, 1968) that sandstone reservoirs 
containing some carbonates, will produce CO2 when steamed. This can cause 
some problems for steam EOR in bitumen reservoirs: 



118 
 

(a) CO2 + steam mixtures are corrosive (carbonic acid) when steam is 
condensed (pH<7), 

(b) CO2 produced will add to CO2 emissions, 

(c) the condensed steam, with acidic pH, can foster the formation of 
undesirable water-in-oil (w/o) emulsions, with higher viscosity than pure oil. 
These emulsions can be hard to break in surface treaters. 

The problems above are exacerbated in carbonate reservoirs. CO2 production 
can act as a heat sink and detract from steam heat transfer. Carbonate reservoirs 
can also have poorer quality factors than sandstone - lower porosity (ϕ) and 
permeability (k). The poor quality can be partially offset by natural or induced 
fractures in the reservoir. 

(xv) Best Possible SAGD performance - Sometimes SAGD operators claim very good 
SOR performance. It is useful to compare these claims with best case SAGD 
performance. Table 3.9 shows selected SAGD performance factors, as a function 
of reservoir depth, for three cases (a) default input conditions including Qwh = 1.0 
and Qsf calculated using an algorithm, (b) same as (a) but with LR = 0 (ie. no 
reservoir heat losses - best case model) and (c) same as (b) but with Qsf set at 
1.0 (ie. no heat losses in transit from wh to sf - model of best case, with perfect 
insulated steam tubing).  

For default conditions, the SAGD performance has SOR = 1.576 and total cost = 
51.14 $/M3B (with reservoir heat losses LR of 10%). For the best possible case 
(LR = 0) performance has SOR = 1.418 (a 10% Improvement) and total cost = 
46.02 $/M3B (a 10% improvement). If the process included perfect insulated 
tubing for steam injection, performance has SOR = 1.206 and total cost = 39.11 
$/M3B - a further 15% improvement. These last performance factors (SOR = 
1.206 and T cost = 39.11 $/M3B) are the absolute best SAGD performance for 
the default reservoir properties. 

 (xvi) Insulated Tubing II - Table 3.9 includes a case C where Qwh = Qsf = 1.0, (ie. a 
representation of a ‘perfect’ insulated tubing. The difference in costs for B and C 
is an indicator of the incentive to purchase/develop insulated tubing for SAGD. If 
we assume our SAGD well pair has an average productivity of 600 bbl/d (95.36 
M3/d) (Table 3.6) and if we also assume that any capital for insulated tubing 
would require a five year pay-back, then we can calculate how much we can 
afford to pay for insulating our steam injector well. This is obviously a strong 
function of depth. 
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Insulated Tube Savings ($/M3B) 6.91 9.34 26.73 65.35 108.51 178.99 

Hydrostatic depth (m) 161.4 230.0 406.8 583.7 760.5 937.3 

Capex for in-tubing ($M) 1.203 1.625 4.652 11.373 18.884 31.150 

Capex/m of depth ($K/m 7.45 7.07 11.44 19.48 24.83 33.23 

 

Incremental economics can be misleading. The above doesn't imply that deep 
SAGD projects are economic, only that it if a deep SAGD project is operating (at 
a loss) there is a strong incremental incentive to develop/install insulated tubing 
to help preserve steam Q at the sand face.  

(xvii) Pattern Life - An issue, for planning purposes, is how long will a single well pair 
be productive? Lifetime may be a complex issue, depending on steam 
availability, net pay, recovery, heat loss, productivity, etc. But an example may be 
instructive. Suppose the reservoir is described by base case (default) conditions 
and an average producer is described by design conditions (Table 3.6) . Suppose 
we have a 1000m well pair and a 30m a net pay, with a 100m well spacing. OOIP 
is 720,000M3 (4.53 MMbbls. Assuming a 75% sweep efficiency and recovery in 
the swept zone of 81.25%, the recoverable bitumen is 438,750M3 or 2.76 
MMbbls. At an average recovery of 600 bbls/d (95.36 M3B/d) as in Table 3.7, and 
assuming 5% downtime/yr for maintenance, the well would be productive for over 
13 years. A lifetime range of 10 to 15 years is a reasonable expectation. 

(xviii) Cumulative Energy Injection - cumulative energy injection is another perspective 
on the SAGD and (other EOR processes). Using the above example (xvi), 
cumulative energy (steam) injected, for a SAGD well pattern over its lifetime, 
would amount 3,754,866 GJ or 3.75 x 1015 Joules. This is an enormous amount 
of energy, equivalent to: 

(a) about 900,000 tonnes of TNT 
(b) 60 Hiroshima atomic bombs 

This is one explanation as to why the Richfield Oil proposal, 1958 (Table 1.6) to 
detonate several atomic bombs for bitumen EOR, was ultimately rejected in 
1962. It is also a reason why monitoring of surface movements, above and 
around SAGD projects, is a good idea. 
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Table 3.1 

In-Situ EOR Projects in Athabasca Oilsands 
 
 

Company’s Location Expected Production (KBD) 

CNRL Kirby 232 

Petrocan MacKay River  

 Meadow Creek 73 

 Lewis  

JACOS Hangingstone 45 

Devon Jackfish 35 

Nexen Long Lake 58.5 

Cenovus Christina Lake 70 

 Foster Creek 250 

 Borealis 100 

Suncor Firebag 140 

Suncor/Nexen Meadow Creek (2020) 80 

Dover Creek E.L. Josilyn Creek 2.9 

Husky Sunrise 200 

Connacher Great Divide 10 

MEG Energy Christina Lake 25 

Petrobank Whitesands 1.8 

   

Totals  1371.2 
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Table 3.2 
 

Steam: Bitumen EOR Chronology (Selected Events) 
 
1926 - J.O. Absner, granted patent for in-situ bitumen recovery 

1960 - IOL starts pilot testing of CSS at Cold Lake, AB 

1969 - R. Butler files first SAGD patent 

1974 - AOSTRA formed by Alberta to ‘foster bitumen extraction…’ 

1975 - IOL, starts commercial production at Cold Lake, AB 

1978 - IOL, conducts first SAGD field test at Cold Lake, AB 

1982 - R. Butler becomes technical program director of AOSTRA 

1984 - JACOS starts CSS pilot at Hangingstone, AB (McMurray Formation) 

1985 - BP starts CSS pilot at Wolf Lake, AB (Clearwater Formation) 

1987 - AOSTRA UTF test facility opens, tests SAGD (McMurray Formation) 

1987 - Elan patents SWSAGD process 

1989 - BP/Amoco test SAGD at Wolf Lake, AB (Lower Grand Rapids Formation) 

1994 - JACOS starts SAGD pilot at Hangingstone, AB 

1995 - Elan Energy, first SWSAGD well at Cactus Lake, SK, focus on deep, thin pay, heavy 
oil 

1996 - Foster Creek constructed – Canada’s first commercial SAGD project 

1999 - 5 of 7 SWSAGD pilot wells suspended 

2001 - Alberta gov’t declares SAGD is now a commercial process 

2006 - Husky starts SAGD at Tucker Lake, AB (Clearwater formation) 

2007 - Shell starts SAGD at Hilda Lake, AB (Clearwater formation) 

 - Devon Canada starts SAGD at Jackfish, AB, first to rely only on saline water for 
make-up 

2008 - The Long Lake Project (OPTI, Nexen) starts production – Canada’s first integrated 
SAGD – Upgrader project 

2013 - R. Kerr (Nexen) patents SWSAGD(U), SWSAGD with uplifted toe 

2014 - Now 45 SAGD projects active in Alberta 

2015 - IOL proposes 50 KBD Cold Lake expansion using a modified SAGD + solvent 
process 

 - IOL Aspen project (McMurray) forecast to start in 2020 with production up to 162 KBD 
using SAGD 

  



122 
 

Table 3.3 
 

Input/Default Values, Process Model – SAGD [ST] 
 
 

  
Input Factor (symbol)  Metric (units) English (units) 

       

Reservoir Factors:       

Sandstone or Carbonate (S or C)  S  S  

Porosity (ϕ)  0.3 (v/v) 0.3 (v/v) 

Initial Bitumen Saturation (Sib)  0.8 (PVF) 0.8 (PVF) 

Initial Water Saturation (Siw)  (1-Sib) (PVF) (1-Sib) (PVF) 

Bitumen Density (SB)  1014 (kg/m3) 8.0 (API) 

Initial Bitumen Viscosity (Mi)  3 x 106 (cp) -  

Initial Reservoir Pressure  (Pi)  1724 (KPa) 250 (psia) 

Initial Reservoir Temperature  (Ti)  15 (oC) 59 (oF) 

Depth to top of Reservoir (d)  152.4 (m) 500 (ft) 

       

Process Factors:       

Reservoir Heat Loss (LR)  0.10 (FHWH) 0.10 (FHWH) 

Steam Q at well head (Qwh)  0.95 (w/w) 0.95 (w/w) 

Steam Q at sand face (Qsf)  0.80 (w/w) 0.80 (w/w) 

Pressure (P)  1724 (KPa) 250 (KPa) 

Residual Bitumen Saturation (Srb)  0.15 (PVF) 0.15 (PVF) 

Residual Water Saturation (Srw)  0.20 (PVF) 0.15 (PVF) 

PW Recycle Vol. Ratio (Rv)  0.9 (v/v) 0.9 (v/v) 

       

Cost Factors:       

Steam Costs (at wh) (CS)  31.46 ($/M3L) 5 ($/bbl) 

CO2 Tax (CCO2)  0.01265 ($/nM3) 0.35815 ($/MSCF) 

       

Emission Factors:       

CO2 emission from boiler (IS)  78 (nM3/M3L) 438 (SCF/bbl) 
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Table 3.4 
 

SAGD Model Output Example Format 
 
 
Performance Factors  Metric (units) English (units) 

       

Cost Factors:       

Process Costs   55.45 ($/M3B) 8.81 ($/bblB) 

CO2 Taxes   1.74 ($/M3B) 0.28 ($/bblB) 

Total Cost + Tax   57.19 ($/M3B) 9.09 ($/bblB) 

       

Diagnostic Factors:       

Steam Dew Point (TS)  204.78 (oC) 400.60 (oF) 

Energy to Oil Ratio  (ETOR)  4.7545 (GJ/M3B) 0.7556 (MMBTU/bbl) 

Steam to Oil Ratio  (SOR)  1.7624 (M3/M3B) 1.7624 (bbl/bblB) 

Produced Water to Oil Ratio (PWOR)  1.7496 (M3/M3B) 1.7496 (bbl/bblB) 

Heated Bitumen Viscosity (MS)  10.04 (cp)   

Recovery Factor (rf)  0.8125 - 0.8125 - 

P/Hydrostatic P (P/PH)  1.000 - 1.000 - 

       

Environmental Factors:       

Water Recycle Ratio (WRR)  0.9927 (M3/M3) 0.9927 (bbl/bbl) 

Make up Water (MUW)  0.1878 (M3/M3B) 0.1878 (bbl/bblB) 

Indirect CO2 Emissions (ICO2)  137.54 (M3/M3B) 772.01 (SCF/bblB) 

       

WARNINGS       

ALERTS       

 
 
 

Where: - Performance Factors are based on default inputs 
 - WRR = produced water volume / (injected steam + water) 
 - MUW assumes 90% recycle of produced water 
 - B = Bitumen 
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Table 3.5 
 

SAGD – P – Sensitivity; Productivity Index 
 
 

Selected Inputs:        

Process P (KPa) 1724 2500 4500 6500 8500 10500 

Equiv. Hydrostatic 
Depth 

(m) 161.4 230.0 406.8 583.7 760.5 937.3 

Steam Qsf (-) 0.85 0.83 0.69 0.59 0.50 0.41 

Selected Performance Factors: 

Process Costs ($/M3B) 49.58 59.10 92.89 171.71 233.82 326.81 

CO2 Tax ($/M3B) 1.56 1.85 2.91 5.39 7.34 10.25 

Total Cost + Tax ($/M3B) 51.14 60.95 95.80 177.10 241.16 337.06 

Steam Dew Point (TS) (oC) 204.78 223.75 257.44 281.13 299.22 314.22 

ETOR (GJ/M3B) 4.4023 5.2609 8.2589 15.1612 20.4633 28.2716 

SOR (M3/M3B) 1.5758 1.8784 2.9526 5.4580 7.4322 10.3881 

PWOR (M3/M3B) 1.5644 1.8617 2.9159 5.3943 7.3307 10.2308 

WRR (M3/M3) 0.9927 .9911 0.9876 0.9883 0.9864 0.9849 

MUW (M3/M3B) 0.1679 0.2029 0.3282 0.6032 0.8346 1.1803 

Bit. Viscosity (MS) (cp) 10.04 7.16 4.38 3.30 2.73 2.37 

ICO2 (M3/M3B) 122.98 146.59 230.42 425.94 580.01 810.68 

        

GDPI (Prod. Index)  100.0 118.4 151.4 174.4 191.8 205.8 

        

 

Where: - Qsf based on an algorithm with Qwh = 1.0 
 - GDPI = Gravity Drainage Productivity Index, based on Gravdrain™ 
    equation with productivity ~ (1/MS)1/2 

 - GDPI = 100 @ 1724 KPa 
 - Other inputs = default values (except Qsf) 
 - hydrostatic gradient at 0.5 psi/ft (11.31 KPa/m) 
 - LR = 0.10 
 - surface pressure at 101.35 KPa 
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Table 3.6 
 

SAGD – Best, Base, Design Case 
 
 

  
Best Possible 

Case 
Base Case Design Case 

Heat Loss (LR) (fraction) 0.00 0.10 0.50 

     

Process Costs ($/M3B) 49.90 55.45 99.80 

CO2 Tax ($/M3B) 1.57 1.74 3.13 

Total Cost + Tax ($/M3B) 51.47 57.19 102.93 

     

TS (oC) 204.78 204.78 204.78 

ETOR (GJ/M3B) 4.2791 4.7545 8.5581 

SOR (M3L/M3B) 1.5862 1.7624 3.1724 

PWOR (M3L/M3B) 1.5747 1.7496 3.1493 

WRR (M3L/M3L) 0.9927 0.9927 0.9927 

MUW (M3L/M3B) 0.1690 0.1878 0.3380 

MS (cp) 10.04 10.04 10.04 

ICO2 (nM3G/M3B) 123.79 137.54 247.57 

     

Production (M3B/day) 95.36 95.36 95.36 

Steam (M3L/day) 151.3 168.0 302.52 

 (bbl/day) 951.98 1057.1 1903.46 

Energy (GJ/day) 408.05 453.39 816.10 

 (MW(t)) 4.725 5.250 9.450 

 (KW/m) 5.906 6.562 11.812 

 

Where: - B= bitumen, L = liquid, G = gas, n = normal conditions 
 - design case for LR = 0.5 (fraction of input energy lost in reservoir) 
 - production = 600 bbls/day for all cases 
 - well length = 800m for all cases 
 - 1 MW = 86.364 GJ/day 

  



126 
 

Table 3.7 
 

25KBD Commercial SAGD Module: Size Factors 
 
 

  
Single Well 
Pair Design 

Case 

25 KBD SAGD 
Commercial 

Module 
    
No. of Well Pairs/Patterns 1 41.7 

Production (M3B/d) 95.36 3973.3 

 (bblB/d) 600 25000 

Total Opex ($/M3B) 102.93 102.93 

 ($/d) 9815.40 408971 

Energy (at wh) (GJ/d) 816.10 34003.9 

 (MW(t)) 9.450 393.73 

 (MMBTU/hr) 32.26 1344.19 

Steam Use (M3L/d) 302.52 12604.9 

 (bbl/d) 1903.5 79310.0 

MUW (M3L/d) 32.23 1343.0 

 (bbl/d) 202.80 8450.0 

Water 
Treatment 

(M3L/d) 332.55 13856.1 

 (bbl/d) 2092.41 87182.6 

Produced Water (M3L/d) 300.32 12513.1 

 (bbl/d) 1889.60 78732.5 

Nat. Gas Use (nM3/d) 23608.3 983669.9 

 (MMSCFD) 0.83370 34.737 

CO2 Emissions (nM3/d) 23608.3 983669.9 

 (MMSCFD) 0.83370 34.737 

 (tonnes/d) 43.799 1824.97 

 (tonnes C/d) 11.944 497.67 

 

Where: - Water treatment capacity = Produced water + MUW 
 - L = liquid, B = Bitumen, n = normal conditions, G = gas 
 - 1 MW = 3.414 MMBTU/hr = 86.364 
 - 1 tonne CO2 = 19034.5 SCF = 539.0 nM3 = 0.2727 tonnes carbon 
 - Nat. gas taken as CH4 
 - LR = 0.5 
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Table 3.8 
 

SAGP – ProForma Performance Estimate 
 
 

  Mature SAGD (1) SAGP (2) (2) – (1) 

Input/Calculated Values: 

Bitumen voidage gas (nM3/M3B) 10.434 10.434 0 

SOR1 (at P, TS) (M3G/M3B) 400.61 333.5 -67.1 

Fraction nc gas in 
steam 

- 0.0025 0.0030 +0.0005 

Heat Loss (LR) - 0.5 0.4 -0.1 

PP Steam (KPa) 1724 1719.7 -4.3 

Selected Performance Factors: 

Steam Costs ($/M3B) 99.80 83.09 -16.71 

nc Gas Costs ($/M3B) 0.00 0.92 +0.92 

CO2 taxes ($/M3B) 3.13 2.61 -0.52 

Total Cost + Tax ($/M3B) 102.93 86.62 -16.31 

TS (Steam Dew Point) (oC) 204.775 204.653 -0.122 

ETOR (GJ/M3B) 8.5581 7.1245 -1.4336 

SOR (M3L/M3B) 3.1724 2.6410 -0.5314 

ICO2 Emissions (M3G/M3B) 247.57 206.11 -41.46 

PWOR (M3L/M3B) 3.1493 2.6218 -0.5314 

WRR (M3L/M3L) 0.9927 0.9927 0 

MUW (M3L/M3B) 0.3380 0.2814 -0.0566 

MS (cp) 10.044 10.068 +0.024 

r.f. - 0.8125 0.8125 0 

 
Where: - Mature SAGD taken as LR = 0.5; other default values are used 
 - SAGP assumes nc gas injection = gas to occupy bitumen voidage 
 - Fraction nc gas in injection steam = 1/SOR1 
 - SOR1 = 455.52 SOR (TS + 273.15)/P    M3G/M3B at TS, P  
 - Bitumen voidage nc gas = 2.89245 P/(TS + 273.15)    nM3/M3B 
 - B = Bitumen, L = Liquid, G = Gas, n = normal conditions 
 - nc gas cost taken as 2.50 $/MSCF (0.08829 $/nM3) 
 - no value ascribed to nc gas recovered at project end 
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Table 3.9 
 

Best Possible SAGD Performance 
 
 

Process P (KPa) 1724 2500 4500 6500 8500 10500 

Hydrostatic Depth (m) 161.4 230.0 406.8 583.7 760.5 937.3 

A. Base (Default) Case: 

SOR (M3L/M3B) 1.5758 1.8784 2.9526 5.4580 7.4322 10.3881 

ETOR (GJ/M3B) 4.4023 5.2609 8.2589 15.1612 20.4633 28.2716 

Total Cost + Tax ($/M3B) 51.14 60.95 95.80 177.10 241.16 337.06 

CO2 Emissions (nM3/M3B) 122.98 146.59 230.42 425.94 580.01 810.68 

QSF - 0.85 0.83 0.69 0.59 0.50 0.41 

B. Best Possible Case: 

SOR (M3L/M3B) 1.4182 1.6906 2.6573 4.9122 6.6890 9.3493 

ETOR (GJ/M3B) 3.9621 4.7348 7.4330 13.6451 18.4170 25.4444 

Total Cost  ($/M3B) 46.02 54.86 86.22 159.39 217.03 303.36 

CO2 Emissions (nM3/M3B) 110.68 131.93 207.38 383.35 522.01 729.62 

QSF - 0.85 0.83 0.69 0.59 0.50 0.41 

C. Insulated Tubing: 

SOR (M3L/M3B) 1.2055 1.4032 1.8335 2.8982 3.3445 3.8332 

ETOR (GJ/M3B) 3.3678 3.9299 5.1288 8.0506 9.2085 10.4322 

Total Cost  ($/M3B) 39.11 45.52 59.49 94.04 108.52 124.37 

CO2 Emissions (nM3/M3B) 94.08 109.50 143.09 226.18 261.00 299.14 

QSF - 1.0 1.0 1.0 1.0 1.0 1.0 

        

 
Where: - A = default case, except Qwh = 1.0 (LR =0.10) 
 - B = best possible case, LR = 0, Qwh =1.0 
 - C = same as B, except Qsf = 1.0, LR = 0, Qwh = 1.0 
 - Hydrostatic depth assumes P gradient at 11.31 KPa/m and surface P = 
   101.35 KPa  
 - Qsf for A & B, based on an algorithm 
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Figure 3.1 
 

Steam EOR Production 
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Figure 3.2 
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Figure 3.2 
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Figure 3.3 

 

 

 

  



133 
 

Figure 3.4 
 

Residual Bitumen in Steam-Swept Zones 
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Figure 3.5 
 

The Gravdrain Equation for SAGD Bitumen Productivity 
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Figure 3.6 
 

SAGD Economic Limits vs P 
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Figure 3.6(a) 
 

SAGD Hydraulic Limitations 
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Figure 3.7 
 

SAGD Steam Heat Losses  
(Steam Q at Sand face) 
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Figure 3.8 
 

Energy Loss Impacts on SAGD Costs 
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Figure 3.9 
 

Feasibility of Steam Superheat to Supplement SAGD 
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Figure 3.10 
 

SAGD Latent Heat Costs vs. Electricity Costs 
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Chapter 4 – ‘Burning Questions’ 

4.1    Introduction 

(1)  What is ISC? 

For the purposes of this book, and with a focus on bitumen EOR, in situ combustion 
(ISC) is defined as a family of in-situ bitumen EOR processes where air or oxygen ([A] or 
[O]) is injected into a bitumen (or heavy oil) reservoir; combustion is initiated, using 
residual bitumen (or bitumen fractions) as a fuel in the reservoir; and, the energy 
released by combustion heats the reservoir matrix and the reservoir fluid so that heated 
bitumen (and water) drain to a production well. Wet combustion (wISC) is an ISC 
process ([A+W] or[O+W]) where water is also injected to scavenge heat from the 
combustion-swept zone. Injected water acts as a heat transfer agent to transfer heat 
from the combustion-swept zone to the cold bitumen interface. 

The ISC process can take place in three or four phases as follows: 

 (i) Conditioning (start-up) - fluid/gas injectivity is a major issue for bitumen 
reservoirs. The reservoir is prepared (usually by steam cycling or steam huff-and-
puff) so that there is a gas chamber or a hot zone with communication between 
wells and there is sufficient gas injectivity and sufficient temperature in the 
reservoir matrix and fluids around the oxidant gas injector to sustain and initiate 
combustion ignition (T > 200 °C). 

(ii) Ignition - compressed air or oxygen gas is injected and HTO ignition is achieved 
and sustained. If necessary, an ignition supplement can be used, but preheating 
to about 200 °C is usually sufficient for auto-ignition of oil sands bitumen. A 
combustion front is established, and for forward-combustion, the front moves 
away from the injector well. 

(iii) Propagation - gases are injected at a rate to sustain combustion. The combustion 
front moves outward and away from the gas injection well. It is usually envisioned 
at this stage that the process has created three process zones in the reservoir 
(Figure 4.1(a)) - from up to downstream; a hot combustion-swept zone (CSZ), 
followed by a combustion zone (CZ), followed by a steam zone (SZ). 

(iv.) Scavenging - for some processes (eg. wISC), water is injected, after the CSZ has 
been established, to scavenge heat by vaporizing water to produce steam. The 
steam then migrates along with injection gases, outward to the bitumen interface, 
where it condenses and contributes to heat transfer. The wISC process has four 
process zones - the three zones attributed to dISC (CSZ, CZ, SZ) preceded by a 
wet zone (WZ) where injection water has cooled the CSZ and has not yet been 
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vaporized (Figure 4.1(b). Steam produced at the edge of the WZ passes through 
the combustion front, on to the steam zone where it supplements process steam 
from the connate water evaporation and/or process steam produced as a product 
of combustion. 

The literature is rife with schematic representation of ISC processes and the three or 
four process zones, described above, are all simplifications of more detailed 
descriptions. Figure 4.2 shows a more complex schematic of ISC. 

Because of the choice of oxidizing gas (air (A) or oxygen (O)) and the choice of a wet 
process (wISC) or a dry process (dISC), there are four generic process choices for ISC - 
dISC (A), dISC(O), wISC(A) and wISC(O). Each of these processes are modelled 
separately herein. There are no explicit models using enriched air (EAir), but EAir ISC 
performance can be estimated as combinations of ISC(O) and ISC(A). 

ISC can be a ‘tricky’ process to operate/model, with several issues that can affect 
operation and performance, namely: 

(i) Process control of ISC is more complex than SAGD. Injection rates of oxidant 
gases (A or O) are adjusted to attain/maintain a target process P and to sustain 
HTO combustion. There is a minimum air/oxygen flux rate necessary to sustain 
HTO combustion (Figure 4.3). (Fortunately, the minimum flux rate is the lowest 
for bitumen/heavy oil. Theoretically, as combustion moves outward from/near to 
the injection well, injection rates may have to be increased to maintain/attain 
minimum flux rates at the combustion front. If water is injected to scavenge CSZ 
heat (ie. wISC), the water/oxidant gas ratio is maintained at/near a target value 
(for ISC(A) the ratio is usually 100 - 150 bbls water/MMSCF air). Vent gas (flue 
gas) and liquids (bitumen + water) are each produced at rates to help control 
process pressure and to ensure that no/little oxygen breaks through to the 
production well(s). 

(ii) Well geometry - in the past, for heavy or medium oil reservoirs, ISC process 
designs used vertical wells with patterns of injector/producers to control and 
confine the process (eg. Figure 2.3). Vent gas and liquids (oil + water) were 
produced in the same production wells. This would not work for bitumen, with 
poor gas injectivity and limited bitumen mobility. Bitumen ISC requires horizontal 
wells with short flow paths for bitumen production. The THAI process (toe-to-
heel) geometry with a vertical oxidant gas injector at/near the toe of a long 
horizontal well (Figure 2.5) can theoretically work, but field tests have been 
unsuccessful for bitumen. One of the problems was that combustion vent gas and 
product liquids are removed in the same horizontal production well. COSH or 
COGD processes (Figure 4.4, Figure 2.6 and Figure 2.7) use horizontal 
production wells and separate produced liquids and vent gases, but these 
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processes have not yet been field-tested and they may require an extensive 
conditioning phase prior to ISC operations (see 4.5(1)). 

(iii) Oxidation mechanisms - there are two generic regions (process conditions) 
where in-situ oxidation can occur. Low temperature oxidation (LTO) occurs at < 
300oC, where oxidation is partial/incomplete and not all fuel is consumed as the 
combustion front moves outward from the injection point. LTO combustion 
products can include organic acids that can cause corrosion and 
stimulate/stabilize the formation of water-in-oil (W/O) emulsions that can interfere 
with oil/water separation and inhibit fluid flow in the reservoir and in production 
tubing. 

The desirable oxidation route is high temperature oxidation that occurs at 400 to 
600oC, where oxidation is near complete and no residual fuel is bypassed. For 
the most part, LTO is undesirable and should be avoided, if possible, and HTO is 
desirable and should be sought. If injection rates are too high, water injection in a 
wISC process can cause HTO to revert to LTO. Sometimes, it can be difficult to 
determine if LTO is active in the reservoir. 

(iv) Oxygen breakthrough - if combustion is incomplete, or if LTO is active, oxygen 
can break through to the production well and/or to the vent gas well(s). If enough 
oxygen is present, combustible gas mixes can be produced and ‘explosions’ can 
occur in the well. Explosions/blasts have occurred in many ISC projects. Also, 
combustible light gases, including hydrogen or carbon monoxide, can be 
produced in-situ when bitumen is pyrolyzed downstream of the combustion front. 

(v.) Water-channeling - in a wISC process, water is injected to scavenge heat from 
the CSZ. If the water injection rate is too high or if the reservoir has high 
permeability channels through or away from the CSZ, water may channel to the 
production well or to the combustion front, prior to being vaporized to steam. If 
the water channels to the production well, steam is not produced and will not 
improve heat transfer to the bitumen interface. If water channels to the 
combustion front, combustion may revert to LTO or, in the worst case, 
combustion will be quenched by the water, allowing oxygen to break through to 
the production or vent gas wells. 

(vi.) Gas override - combustion gases and growth of the combustion zone tend to 
migrate to the top of the pay zone and override productive reservoir zones below. 

(2) Why ISC? 

In situ combustion (ISC) has always been a ‘holy grail’ for bitumen and/or heavy oil 
EOR, with the following potential advantages: 
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(i.) ‘Free’ Fuel - because ISC uses a portion of residual bitumen, after pyrolysis, that 
would otherwise not be produced, the ‘fuel’ has no alternative use and thus, no 
economic value. 

(ii.) Low(est) cost - because of (i), ISC carries the expectation that it is the low cost 
process for bitumen and/or heavy oil EOR. 

(iii.) High temperatures - ISC combustion temperatures (TCB) are much hotter (400-
600oC) than other process alternatives (eg. SAGD or SOLVEX); so, on average, 
reservoir fluids are expected to be hotter that other alternatives with improved 
productivity and improved mobility. (This expectation may not be met?). As 
another expectation, because of higher average T, heat transfer can be rapid. 
(This expectation may also not be met?) As another consequence, bitumen can 
be heated to temperatures wher carbon-carbon bond cracking is possible (> 
400oC), so some in situ upgrading may also be expected. 

(iv.) Steam zone stability - one variant of ISC is wet ISC (wISC) where water is 
injected to scavenge heat from the CSV, by producing steam upstream of the CZ. 
This in turn, can help to stabilize the steam zone (SZ) downstream of the 
combustion zone (CZ). If the SZ is stabilized, heat transfer to the bitumen 
interface is dominated by steam condensation, a proven process with rapid heat 
transfer (eg. SAGD) (again, this expectation may not be met?) 

(v.) Field test success - particularly for heavy oil, some field tests have shown some 
success. 

(vi.) Easy ignition - lab tests have shown that bitumen in a sandstone matrix, 
preheated to about 200oC, is easy to self-ignite. Ignition should not be an issue, 
for bitumen. 

(vii.) Low flux - the oxygen flux rate to sustain HTO combustion is much lower for 
bitumen or heavy oil compared to other oils (Figure 4.3). 

(vii.) Low energy delivery costs - compared to energy injection choices, air or oxygen 
costs are lower (lowest). 

(viii.) Low energy use - because of energy scavenging, wet ISC can have lower energy 
use rates than other process types. 

(x.) No net water use - because ISC mobilizes and recovers connate water, wISC 
and dISC processes are net water producers with zero net make-up water 
demands. 
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The above advantages are mostly reputed advantages. Process analysis herein may 
refute some of these potential advantages for certain ISC process types. It will also show 
that ISC has some disadvantages that can be very serious for process viability. 

(3) ISC Zones - What is a zone analysis? 

For purposes herein, a process zone is a reservoir volume where a defined process 
element takes place (eg. steam condensation), preferably in a steady-state process. 
Zone boundaries are well-defined by process conditions. Fluids flow in/out of the zone. 
Zones can grow or shrink depending on process conditions. ISC processes can be 
traditionally broken into three or four zones, depending on water injection options. Figure 
4.1 shows a block schematic of process zones for dISC and wISC processes. 

Starting at the upstream injection site (for air (A), oxygen (O) or water (W) injection and 
finishing downstream at the cold bitumen interface, fluids flow from the wet zone (WZ), 
to a combustion-swept zone (CSZ), to a combustion zone (CZ), and finally to a steam 
zone (SZ). For a dry process, where water is not injected, the WZ is absent. (Under 
certain conditions, discussed herein, the SZ can also be absent). 

For a point-source injector, in a homogeneous reservoir, in 2D, the zone fronts are 
concentric circles. In 3D, the zone fronts are concentric spheres. In real reservoirs with 
non-point-source injectors and non-homogenous reservoirs, the zone front geometry is 
much more complex and asymmetrical. 

In order from fluid injection (upstream) to the cold bitumen interface (downstream) the 
zones (WZ, CSZ, CZ and SZ) can be characterized as follows: 

(i.) Wet zone - for a wet process, a wet zone WZ is formed near the injection site, 
where water has not yet vaporized to produce steam. Water can be injected 
separately or in the same well as oxygen or air injection. Produced water can be 
recycled with little/no treatment. The leading (downstream) edge of the WZ is 
where water is all vaporized by contacting and extracting heat from the hot 
reservoir matrix in the CSZ, produced by downstream combustion in the CZ. The 
trailing (upstream) edge of the zone is at the fluid injection site. The WZ grows as 
water cools the CSZ rock matrix, prior to vaporization. Fluids entering the zone 
can include water, air or oxygen. Fluids leaving the WZ are steam, air or oxygen. 

(ii.) The combustion swept-zone (CSZ) is formed directly downstream of the WZ and 
it contains hot reservoir rock and gases (steam, N2 and O2) with no residual 
liquids or fuel (coke). Created by downstream combustion, the leading 
(downstream) edge of the zone is at/near the beginning of the combustion front. 
The trailing (upstream) edge of the zone is at the water vaporization front at the 
WZ leading edge. Upstream fluids, in the zone, are saturated steam, oxygen and 
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nitrogen. Downstream fluids are superheated steam, oxygen and nitrogen. At the 
leading (downstream) edge, the CSZ grows as the combustion produces hot rock 
matrix. At the trailing (upstream) edge, the CSZ shrinks from WZ growth. 

(iii.) The combustion zone (CZ) is formed downstream of the CSZ. The CZ is complex 
and contains several subzones, including in order from up to down stream, 

(a) a combustion front where oxygen reacts with residual ‘fuel’ to release heat 
and produce hot combustion gases, 

(b) a pyrolysis zone where residual bitumen is heated, fractionated and 
pyrolyzed to produce coke fuel,  

(c) a hot bitumen bank where residual bitumen is pushed (‘bulldozed’) by the 
hot combustion gases. Some bitumen can drain to the production well. 

(d) a superheated steam zone where hot combustion gases and steam cool to 
preheat the reservoir Matrix and vaporize connate water. 

Upstream fluids entering the extended CZ are superheated steam and non- 
condensable oxidant gases (air or oxygen). Downstream fluids leaving the zone 
are saturated steam and non-condensable flue gases (N2, CO2, CO, etc.). No 
liquid water drains from this zone, but hot bitumen can drain. The leading 
(downstream) edge of the CZ is defined as where steam first starts to condense. 
The trailing (upstream) edge of the zone is the start (onset) of the combustion 
front. The CZ grows outward at the leading edge as steam condensation moves 
forward into the SZ. The CZ shrinks at the trailing edge as the combustion front 
moves forward. 

(iv.) The Steam Zone (SZ) is formed downstream of the CZ, under certain conditions, 
where steam condenses to supply latent heat and hot combustion gases (N2, 
CO2, CO, etc.) supply sensible heat to the bitumen interface and the cold virgin 
reservoir. Steam is diluted with non-condensable combustion gases so that 
condensation follows a dewpoint curve, with T dropping and non-condensable 
gas concentration increasing. Eventually, the steam + nc gas mixture is removed 
as vent gas at TV where TV< TS. Heat provided to the SZ is a combination of 
latent heat from steam condensation and sensible heat when nc gases cool from 
TS to TV. Condensed water from steam and some connate water (Siw – Srb) drain 
from the SZ and are collected in a production well. Some heated bitumen (Sib -  
Srb) is also produced. The leading (downstream) edge of the SZ is at the cold 
bitumen interface. The trailing (upstream) edge of the SZ is where steam first 
starts to condense at TS. The leading edge of the SZ grows as the zone 
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penetrates the reservoir. The trailing edge of the SZ shrinks as the steam 
condensation front moves forward. 

(v) Extended Combustion Zone (ECZ) - if the CZ grows at a faster rate than the SZ, 
the CZ will overrun the SZ and form an extended combustion zone (ECZ) with 
blended features of both zones. Heat for ECZ growth is provided both from steam 
condensation and hot combustion gases. But steam condensation cannot be 
spatially segregated in a separate SZ. The downstream edge of the ECZ is the 
cold bitumen interface. The upstream edge is the combustion front. 

(vi) Instabilities - each of these zones contains defined process steps with defined, 
measurable boundary points. The zones, as defined, may be different sizes 
(volumes) and grow at different rates. Steady-state is not necessary for stability. 
The choice of zone boundaries, as defined herein, allows for simple energy and 
material balance calculations for incremental zone growth elements. Assuming 
that hot gases from the CZ are the sole source of heat for the SZ, the relative 
growth rates for the CZ and the SZ can be calculated. An instability is present if 
the CZ growth rate exceeds the SZ growth rate.  An ECZ is created which may 
be undesirable because heat transfer to the bitumen interface may no longer be 
dominated by steam condensation. Another instability occurs when the growth 
rate of the WZ exceeds the growth rate of the CSZ. If so, the WZ will encroach 
into the CZ and the HTO can revert to LTO or super-wet combustion. Super-wet 
combustion is undesirable because unused fuel is left behind and the CZ growth 
rate is accelerated to increase the risk of SZ instability. This risk is exacerbated 
by the potential of water channeling. Dry ISC and some wet ISC processes have 
unstable steam zones and process models use an ECZ analysis. These 
processes are expected to have reduced productivity compared to other 
processes. Model output WARNINGS can flag these conditions. 

(4) The Importance of Stability 

For processes with a combustion component and multiple process zones, integrity of the 
zones is an important factor. Steam condensation heat transfer at the leading edge of 
the process is necessary for good productivity. A healthy combustion zone is also 
necessary to maintain good HTO heat release. 

(i) Steam Heat transfer - when compared to heat transfer from hot nc combustion 
gases, condensing steam heat transfer is much more effective and faster. For 
example, the heat available from cooling non-condensable gases from 500 to 
200oC is about 16 BTU/SCF. The same volume of saturated steam at 200oC 
contains 39 BTU/SCF of latent heat, more than double the energy content of nc 
gases. Also, when steam condenses it produces a transient low pressure that 
draws in more steam (a heat pump without the plumbing). When hot nc gas 
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cools, near the bitumen interface, to deliver heat, the residual gas is a good 
insulator. If it is not removed, the gas can retard further heat transfer. The heat 
conductivity of nc gas is about 0.3 (mW/cmK). The heat conductivity of liquid 
water from condensed steam is about 6.8 (mW/cmK) - a factor of more than 20 
times better. 

Heat transfer rates at/near the bitumen interface are proportional to the effective 
contact area between bitumen and the heat transfer medium (steam or gas). For 
lighter oils with some in-situ mobility, especially for processes with significant 
pressure gradients, fingering can occur and enhance the interface area. The 
immobility of bitumen creates sharp, smooth interfaces without any fingering. 

Thus, the expectation for the bitumen interface is that steam-condensation heat 
will transfer will be much more effective than nc gas heat transfer, by about an 
order of magnitude or more. Preservation of a healthy steam zone is an important 
factor for good productivity. 

Physical combustion-tube lab tests do not model the cold bitumen interface, 
because of preheat requirements to attain good gas injectivity. Other, 3D physical 
models are also preheated. 

(ii) CZ Stability - is also important for wet processes for wet ISC processes, where 
water is injected to scavenge heat. If the WZ grows faster than the CSZ, the WZ 
can overtake the combustion front and de-stabilize combustion, causing HTO to 
revert to LTO, loss of ignition or reversion to super wet combustion - all 
undesirable. Depending on geometry and reservoir inhomogeneities, the WZ can 
also become unstable if water channels to the combustion zone or to the 
production well(s). To account for this additional risk, the growth rate of the CZ 
should be higher   than the growth rate of the WZ. This safety factor can be 
dependent on well geometry and actual reservoir homogeneity. 

4.2 ISC History 

(1) The ISC Record 

ISC is the oldest of all thermal EOR processes with over nine decades of field history. 
Testing started in the 1920’s. 

Table 4.1 shows an annotated chronology of ISC process development. ISC actually 
started as an ’accident’ in the 1910’s when some oil producers injected hot air into an oil 
production well to try to inhibit wax deposition. Commercial operation and testing started 
in the 1950’s. The hayday of ISC was in the 1960’s with over 100 ISC projects operating 
(Table 4.1). The world’s oldest ISC project, still operating, is the Supplacu de Barcau 
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project in Romania, started in 1964. Because it is a top-down process, this project has 
inspired several ISC researchers to propose top-down ISC processes for bitumen 
recovery (eg.COSH, COGD). In retrospect (Sarathi, 1999) most of the ISC projects in 
North America have been failures (Table 4.2). Only about 20% of USA ISC projects have 
matured to commercial projects, circa 1999 (Sarathi, 1999). The most common causes 
of failure were, lack of reservoir continuity, channeling or gas override, poor combustion 
and well failures (Sarathi, 1999). 

The original focus of ISC was for medium and heavy oils. Recently the focus has shifted 
to light oils, using ISC as a method to re-pressurize depleted reservoirs. Circa 1999, 
there were more ISC light oil projects in the USA than heavy oil ISC projects. This trend 
has continued in the 21st Century. By about 1997, world ISC production was less than 
30 KBD (Table 4.3). 

(2) ISC (Oxygen) 

In the 1980’s there were ten field pilot tests of ISC(O) - four in the USA (Greenwich, 
Forest Hills TX; Arco, Holt TX; Mobil, Esperson Dome TX; and, US DOE, Teapot Dome, 
WY) and six tests in Canada (Husky, Golden Lake SK; Dome, Lindbergh AB; BP, 
Marguerite Lake AB; Gulf, Pelican Lake AB; Petrocam, Kinsella AB; and Canoxy, 
Morgan AB). (Sarthi, 1999). The greenwich test (1982) is touted as the first ISC(O) field 
test. Currently, (circa 2016) there are no ISC(O) field projects in operation. The tests 
generally confirmed ISC(O) potential benefits - easy, spontaneous ignition, reduced gas 
injection rates, reduced vent gas volumes, better efficiency and higher steam bank (SZ) 
temperatures. The tests also exhibited some ISC(O) risks - increased safety and 
corrosion risks and increased pilot costs using trucked-in liquid oxygen. 

(3) Wet Combustion (wISC) 

Many projects have operated in the wISC mode, with water injection to scavenge heat 
from the combustion-swept zone (CSZ). Usually, water injection was delayed until there 
was an extensive CSZ to minimize risks of water channeling. After filtration (and de-
oiling) hot production water is recycled to a water injection well or injected as a batch 
into the air (or oxygen) injection well. For good performance, typical water/air ratios are 
100 to 150 bbls water/MMSCF air and there are three classes of wet combustion 
(Sarathi, 1999). 
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 wISC(air) wISC(oxygen) 

 (i) incomplete wISC <100 bbls W/MMSCFDair <477  bbls W/MMSCFoxygen 

 (ii) normal wISC 100 - 150 W/MMSCFDair 477 - 716 W/MMSCFoxygen 

 (iii) superwet >150 W/MMSCFDair  >716 W/MMSCFoxygen 
  or quenched ISC 

 
 (where ISC(O) numbers are based on oxygen equivalency to wISC(air) rates). 

Quenched or super-wet ISC tests have shown little success, so this option should be 
avoided for bitumen ISC EOR. 

(4) Reverse Combustion 

Using the same geometry as normal ISC processes, ignition can be initiated at/near the 
production well(s) and the combustion front proceeds outward from the production 
well(s), in reverse direction compared to fluid flows. All produced oil must pass through 
the combustion front on its way to the production well. The inventory of oxygen in the 
reservoir can be much larger than the inventory for traditional forward combustion (an 
additional risk factor). The ‘fuel’ combusted can be much lighter than the fuel (eg. coke) 
used for forward combustion. Produced oil, after passing through the combustion front, 
can be upgraded due to pyrolysis and cracking reactions. After production, the residual 
oil levels can be much higher than forward combustion and recovery factors will thus be 
lower than forward combustion. 

In the 1980's BP tested reverse combustion at Wolf Lake, AB and found the process to 
be ‘feasible’ (Ashghari, 2009). But, compared to Athabasca bitumen (no mobility) Wolf 
Lake bitumen (lighter, hotter) has some mobility. This is not a prospective process for 
bitumen EOR at most oil sands deposits. 

4.3 The ISC Models 

(1) Process Modelled 

 Four versions of ISC are explicitly modelled herein: 

(i) Dry ISC using air (dISC(A)) is the ‘traditional’ ISC process, where compressed air 
is injected into a reservoir, the oxygen in the air combusts residual fuel in the 
reservoir to release heat. Vent gas is either removed in a separate well or co-
mingled with produced liquids. 
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(ii) Wet ISC using air (wISC(A)) is similar to dISC(A) but some water (produced 
water recycle) is also injected to scavenge heat from the combustion-swept zone 
(CSZ) to produce steam, in-situ, which in turn migrates to the bitumen interface to 
condense and release heat. 

(iii) Dry ISC using oxygen (dISC(O) is similar to dISC(A) except the oxidizing gas is 
compressed oxygen, not air. 

(iv)  Wet ISC using oxygen (wISC(O) is similar to wISC(A) except the oxidizing gas is 
compressed oxygen, not air. 

Enriched air processes are not explicitly models. 

(2)  Key Assumptions, ISC Models 

In addition to general process assumptions (2.2(2)), for ISC process models, the 
following assumptions are made: 

(i) Simple combustion stoichiometry (Tables 4.4 and 4.5) is assumed, with no 
sulphur compounds, no hydrogen (from water gas shift reactions) and no oxygen 
carryover to the vent gas (ie. all oxygen is reacted by HTO reactions.  

(ii) Heat release - all oxygen is reacted by HTO reactions, with a combustion heat 
release of 480 BTU/SCF oxygen (17,885 KJ/nm3 oxygen), independent of fuel 
type, x, r, ϕ, Srb, Siw, Srw, rock type or oxidant gas composition. Figure 4.5 shows 
specific oxygen heat released for various fuels compared to the above 
assumption. 

(iii) Wet/Dry - the above assumption is assumed to be valid for both dry ISC and wet 
ISC processes. In particular, it is assumed that any steam produced by water 
heat scavenging, has no effect on combustion temperatures (TCB). This has been 
verified by lab combustion tube tests. 

(iv) Wet Zones (WZ) - for wet ISC processes (wISC(A) and wISC(O)) there is a wet 
zone (WZ) formed upstream of the dry zones (CSZ, CZ, SZ) (see Figure 4.1). 

(v) Wet Zone stability - A healthy CSZ is necessary for process stability. R2 = the 
growth rate ratio of CSZ / WZ is used as a measure of CSZ stability. If R2 is too 
low, the WZ will overtake the CSZ and potentially destabilize the combustion 
front. R2 is defined so that as R2 increases, CSZ stability is improved. 
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(vi) Combustion Temperature (TCB) is assumed to be independent of steam or water 
content in injected gases/fluids, as long as the WZ does not encroach on the 
combustion front. (This has been demonstrated in lab tests). 

(vii) Scavenging - for wet ISC processes (wISC(A) and wISC(O) all water injected is 
assumed to pass through the CSZ, CZ and SZ as steam. Water injected is totally 
vaporized to steam. There is no channeling, fingering or other bypass of water. 

(viii) Heat Losses - no heat losses are applied to the CSZ scavenging for the R2 
calculation. Any potential heat loss is assumed to be covered by the extra safety 
margin for R2 target values (eg. R2 default value = 2.0). 

(ix) Specific Oxygen Heat Releases - in an oxidizing environment, like the Earth's 
atmosphere, it is appropriate to categorize fuels based on their heat release 
during combustion (eg. BTU/lb fuel). But, in a reducing environment, like a 
hydrocarbon reservoir, it is appropriate to focus on specific oxygen heat releases 
(eg. BTU/SCF oxygen) during combustion. In Earth's atmosphere, the fuel is 
costly and oxygen is ‘free’. In a hydrocarbon reservoir, the oxygen is costly and 
the fuel is ‘free’. Table 4.6 discusses the effects of oxidizing and reducing 
atmospheres. Figure 4.5 shows specific oxygen heat releases for various fuel 
types based on ultimate (ash-free) analyses of the fuel and measured heat of 
combustion (HHV). The assumption above (ii) of 480 BTU/SCF oxygen is 
appropriate for bitumens, heavy oils, coke or pitch that might be formed during 
the ISC process. The combustion of sulfur components will lower specific oxygen 
heat releases; the combustion of light fuels will increase the values. 

(x) Bitumen-equivalent fuel value is taken as 6 MMBTU/bbl or 39.84 GJ/M3B. 

(xi) CO production - any CO production is assumed to be produced in the vent gas. 
The water-gas-shift-reaction (CO+H2O → CO2+H2+heat) is assumed not to occur. 
Vent gas CO2 emissions (direct CO2 emissions) include CO as a CO2 equivalent. 

(xii) Vent gas - process geometry (well design/placement) is assumed such that all nc 
gas produced (N2, CO2, CO, …) is vented separately from liquid products. The 
vent gas is assumed to be saturated with steam at TV. 

(xiii) Combustion Temperature (TCB) - is preferably measured in a lab combustion tube 
test. TCB is assumed to be independent of process pressure or oxidant gas 
composition. This has been demonstrated in lab tests. 

(xiv) Bitumen equivalent fuel (BF) - is estimated based on specific oxygen heat release 
on a bitumen equivalent fuel value of 6 MMBTU/bbl. There is no provision to 
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account for upgraded bitumen nor for cracked pyrolysis gas production, other 
than the H/C ratio in the fuel consumed in Tables 4.4 and 4.5. 

(xv) Reservoir heat losses (LR) - heat losses to/in the reservoir (LR) are an input value 
as a fraction of input heat at the well head. Heat loss fractions (LR) are applied 
equally to the CZ and the SZ. 

(xvi) Gas retention in reservoir fluids - there is no allowance for CO2 (or other nc 
gases) as dissolved species in reservoir fluids or in production fluids. All CO2 + 
CO + N2 is produced in the vent gas. Gases are assumed to be well-mixed in all 
zones, with no nc gas segregation/removal except in vent gas. 

(xvii) Connate water in the CZ - for residual connate water (Srw) entering the CZ from 
the SZ, it is only necessary to provide latent heat at TS to produce steam. The 
steam produced is swept by combustion gases back into the SZ at TS. 

(xviii) SZ liquid production - liquids produced from the SZ or the ECZ (bitumen + water) 
are assumed to be produced at an average T of TS, even though there may be a 
temperature gradient (dew point curve from TS to TV) in the SZ due to nc gas 
dilution of steam. 

(xix) Hot bitumen CZ production - no reflux steam is assumed to be produced using 
heat from hot CZ bitumen draining to the production well (this appears to be 
negligible, even without heat losses, prior to drainage). 

(xx) ECZ - if R1<1, the CZ and SZ no longer exist as separate entities (the SZ is 
overrun by the faster growing CZ). For calculations, the CZ and SZ are replaced 
by an ECZ that includes interactions and heat transfer at the cold bitumen 
interface. Bitumen and water draining from the ECZ are assumed to be produced 
at TS, even though there is a temperature gradient in the zone. Assuming 
produced liquids are mixed/intermingled as they drain to a production well, they 
will be at the same average temperature TS. 

(3) Input Values/Defaults 

General process inputs were discussed previously (2.2(4)). Table 4.7 shows some 
specific inputs for ISC processes and default values used. Some inputs may need 
further descriptions as follows: 

(i) Combustion stoichiometry is shown in Table 4.4 for both ISC(O) and ISC(A) 
processes. Nitrogen is shown as N2

+ including argon and other minor 
constituents. Air and/or Oxygen gas are assumed to be injected as dry gases 
without any significant water vapour. The fuel consumed is assumed to have a 



155 
 

H/C atomic ratio of x. The molecular ratio of CO/(CO+CO2) is taken as r. Table 
4.5 shows combustion stoichiometry using default input values (x = 0.5, r = 0.10). 

(ii) Combustion temperature (TCB) is the in situ combustion temperature. This is a 
predominant property of the reservoir matrix and reservoir fluids. It does not 
depend (strongly) on the oxidant gas composition nor on the amount of steam 
produced from water scavenging, as long as the process is stable (R1>1, R2~>2). 
The combustion temperature (TCB) can be estimated based on operator 
experience or it can be determined by laboratory combustion tube tests. The 
default value is TCB = 550oC (Table 4.7).    

(iii) Residual fluid saturations (Srb, Srw) – Srb and Srw are the average residual bitumen 
and water saturations, that would pass from the steam zone (SZ) into the 
combustion zone (CZ), assuming that the ISC process would have distinct SZ 
and CZ zones. (Siw – Srw) and (Sib – Srb) represent connate water and bitumen 
that is produced in the SZ. Default values are Siw = 0.2, Srw = 0.2, Sib = 0.8, Srb = 
0.15 (Table 4.7). 

(iv) Reservoir heat loss (LR), the fraction of well-heat heat injection lost to the 
reservoir, is applied equally to the CZ and the SZ, based on heat input to each 
zone. Default value is LR = 0.10 (same as SAGD). 

(v) Water injection - for wet processes (wISC(A) and wISC(O)) the model user must 
input water injection rates (WIR) and temperature (Twi). Default values are WIR = 
100 bbls/MMSCFAir for wISC(A) and 500 bbls/MMSCFOxygen for wISC(O). The 
default Twi = Tl (initial reservoir temperature). 

(4) Model Outputs 

General process outputs were previously described (2.5(2)(3)), but special outputs and 
units for ISC processes include the following: 

 Oxygen use rate – nM3/M3B or SCF/bblB (for air and oxygen ISC processes) 
 Air use rate – nM3/M3B or SCF/bblB (for air ISC processes) 
 Vent gas production rate (wet) – nM3/M3B or SCF/bblB 
 Bitumen fuel demand (BF) - PVF (pore volume fractation) 
 Recovery factor (rf) - fraction of bitumen produced from process swept zones 
 R1 = the ratio of SZ/CZ growth rates 
 R2 = the ratio of CSZ/WZ growth rates 
 R3 = the fraction of steam in the process lost to vent gas 
 TS = steam dewpoint oC or oF 
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The stability factors R1 and R2 are particularly important. R1 and R2 are both defined so 
that bigger is better. If R1< 1, the growth rate of the SZ exceeds the growth rate of the 
SZ. The combustion zone will overtake the steam zone and hot combustion gases will 
compete with steam condensation for heat transfer to the bitumen interface. Productivity 
can be impaired by an order of magnitude (2.4(2)). 

If R2< 1 the wet zone grows faster than the CSZ (or the CZ) and water will overtake the 
combustion front. Because water channeling adds to the risk, the default target value is 
set at R2 > 2. If R2 < 2, there is a good chance that water will channel either to the 
production well, where it will not contribute to improving heat transfer to the bitumen 
interface, or it can channel to the combustion front, where either it can cause HTO to 
revert to LTO or it can quench (or partially quench) the combustion. The risk of 
channeling depends strongly on the geometry of well placement for the ISC process. 

RS is the fraction of steam, entering the SZ, that is lost to the vent gas. RS is a measure 
of process steam losses. Vent gas steam cannot contribute to heat transfer at the 
bitumen interface. 

The bitumen-equivalent fuel use (BF) is another output factor that can indicate instability 
in the ISC process. If BF > Srb there is not enough bitumen carried over from the steam 
zone to provide fuel for the combustion zone. But, even prior to the combustion front, 
residual bitumen is pyrolysed in the pyrolysis subzone. Some bitumen is produced and 
the residual ‘coke’ is used as a fuel. So, only a portion of the residual bitumen from the 
steam zone is available as fuel for combustion. To account for a dearth of fuel, a 
WARNING is issued if BF > 0.5 Srb.  

(5) WARNINGS / ALERTS 

In addition to WARNINGS/ALERTS already discussed (3.3(4)). ALERTS are based on 
input inconsistencies or inaccuracies. WARNINGS are based on output (calculated) 
performance factors. Additional WARNING/ALERTS for ISC processes include: 

(i) Fuel is too light - if x (the H/C) ratio of fuel consumed (Tables 4.4 & 4.5) exceeds 
1.5, the fuel may be too light for most (all) ISC applications. 

(ii) SZ is unstable - if R1< 1 SZ may be unstable. R1 = growth rate ratio of (SZ/CZ). If 
R1< 1 the CZ is growing faster than the SZ and it will overtake it. The CZ and SZ 
tandem is best represented by a combined, extended CZ (ECZ) (Figure 4.1). 
Heat transfer at the bitumen interface may be slow, and productivity could be 
impaired. 
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(iii) CZ may be unstable - if R2< 2, the CZ may be unstable. R2 = growth rate ratio of 
CSZ/WZ for wet ISC processes. Accounting for the extra risk of water channeling, 
if R2< 2 the WZ can overtake the CSZ and impinge on the combustion front. 

(iv) There is a fuel shortage - if combustion fuel demand (BF) is greater than residual 
bitumen from the SZ (Srb), there is not enough fuel in the CZ to fuel the 
combustion front. 

(v) There may be a fuel shortage - residual bitumen from the SZ is fractionated and 
pyrolyzed in the leading section of the CZ. If BF > 0.5 Srb, there may not be 
enough fuel for combustion, after pyrolysis. 

(vi) There is no SZ possible - if vent gas temperature (TV) exceeds or equals steam 
dew point temperature (TS), no steam condensation occurs and there is no 
defined SZ in the ISC process. Performance will be poor.  

4.4 Process Performance 

(1) Performance Factors 

Table 4.8 shows performance factors predicted by the models, based on default input 
values for the four basic ISC processes - dISC(A), dISC(O), wISC(A) and wISC(O) - and 
for SAGD, with the following highlights. 

(i) Process Costs, for ISC are the sum of the cost of compressed oxidizing gas (air 
or oxygen), and the cost of vent gas treating (ie. incineration). Costs vary from 
12.90 $/M3B for wISC(O) to 49.69 $/M3B for dISC(A), compared to equivalent 
SAGD costs of 55.45 $/M3B. All ISC processes have costs less than SAGD. The 
low-cost process is wISC(O). 

(ii) CO2 taxes are the sum of taxes associated directly with vent gas emissions and 
vent gas treatment (CO2 from incineration fuel) and indirectly CO2 from air 
compression or oxygen production from a nearby cryogenic oxygen plant. Taxes 
vary from 1.82 to 7.08 $/M3B compared to SAGD CO2 taxes of 1.74 $/M3B (all 
based on a 25 $/tonne carbon tax). All ISC processes have higher taxes than 
SAGD. The low tax case is wISC(O). The high tax case is dISC(A). 

(iii) Total costs + taxes for ISC vary from 14.72 $/M3B to 56.77 $/M3B, all lower than 
SAGD total costs of 57.19 $/M3B. The low cost + tax case is for dISC(A). 

(iv) Steam dew points (TS) - vary from 146 to 198oC for ISC, compared to 205oC for 
SAGD. In the steam zone, if there is one, ISC processes run cooler than SAGD. 
The low case TS is for dISC(A) the high ISC case is for wISC(O). 
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(v) ETOR for ISC is based on specific heat releases for oxygen gas of 480 BTU/SCF 
and be energy used to incinerate vent gases. ETOR for ISC processes varies 
from 2.489 to 6.960 (GJ/M3B) compared to 4.755 (GJ/M3B) for SAGD. The low 
ETOR case is wISC(O) the high ISC ETOR case is dISC(A). 

(vi) PWOR accounts for water produced as a product of combustion, connate water 
production and water injected in a wet ISC process. PWOR varies from 0.27 to 
2.00 for the ISC processes, compared to 175 for SAGD. The low PWOR case is 
dISC(A). The high ISC - PWOR case is wISC(O). 

(vii) Oxygen use is a measure of oxygen efficiency. It accounts for oxygen in air or in 
pure oxygen from an air separation unit (ASU). Oxygen use varies from 139 to 
389 nM3/M3B, with the low case for wISC(O) and the high case for dISC(A). For 
the air cases, air use is 4.774 times oxygen use rates. 

(viii) Vent gas (wet) is measured as a wet volume, saturated with steam at vent gas 
temperatures (TV, input value). Vent gas make varies from 126 to 1913 nM3/M3B, 
with the low case from wISC(O) and the high case from dISC(A). 

(ix) CO2 emissions are separated into direct emissions from vent gas + incineration 
CO2 and indirect emissions from air compression or from cryogenic oxygen 
manufacture. (CO2 emissions from SAGD steam boilers are considered to be 
indirect emissions (ICO2)). ISC CO2 total emissions vary from 144 to 560 
nM3/M3B, compared to 138 nM3/M3B for SAGD. The low ISC CO2 emitter is 
wISC(O) and the high case emitter is dISC(A). 

(x) R1 stability factor is the growth rate ratio of the SZ/CZ. If R1 > 1 the SZ can exist 
as a separate entity. For the four ISC processes R1 varies from 0.3 to 1.0. The 
low case is for dISC(O); the high case is for wISC(A). 

(xi) R2 stability factor is the growth rate ratio of the CSZ/WZ for wet ISC processes. 
For R2 > 2 the process is deemed to be stable. For wISC(A), R2 = 1.8; for 
wISC(O), R2 = 1.7. 

(xii) R2 is a factor that measures the fraction of process steam ‘lost’ to the vent gas 
prior to condensation (ie. latent heat is ‘wasted’). For the ISC processes, R2 
varies from 0.07 (for wISC(O) to 0.24 (for dry ISC(A)). 

(xiii) Heated bitumen viscosity (MS), at steam dew point temperature, varies from 11.6 
to 44.8cp, compared to SAGD MS at 10.0 cp. The low viscosity case is for 
wISC(O); the high case is for dISC(A). 
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(xiv) The recovery factor (rf) is the fractional recovery of bitumen in the process-swept 
zone (ie. before accounting for sweep efficiency). For ISC it is assumed that all 
bitumen in the swept zone is recovered as liquid bitumen except for bitumen 
consumed as oxidation fuel. ISC recovery factors vary from 0.85 to 0.94, 
compared to SAGD rf = 0.8125. The high rf case is for wISC(O); the low rf case is 
for dISC(A). 

(xv) The water recycle ratio (WRR) is the ratio of produced water (not including vent 
gas steam) to injected water for the wISC processes. WRR can determine make-
up water needs or water self-sufficiency. For wISC processes, WRR varies from 
1.08 (wISC(O)) to 1.28 (wISC(A)) compared to 0.90 for SAGD. Recycle water for 
ISC only needs minimal treatment (filtration), without volume losses. SAGD 
needs make-up water, mainly because of volume losses during treatment. 

(2) Economic Limit Charts 

As previously discussed (3.4(2)), economic limits can be defined herein, as a total cost 
of 300 $/M (47.68 $/bblB) when reservoir heat losses are at 50% (LR = 0.5). A locus of 
limit points on a ϕ vs Sib plot shows the limit as a function of the two key reservoir 
descriptors. Figure 4.6 shows an economic limit plot for the four ISC processes and 
SAGD, with other inputs using default values. 

The ISC(A) processes (wISC(A) and dISC(A)) have similar limits compared to SAGD - 
ie. process applicability is not extended to poorer reservoir types. However, the ISC(O) 
processes (wISC(O) and dISC(O)) show extended applicability compared to SAGD. In 
particular, the wISC(O) process has significant extensions. The wISC(O) process can 
operate with Sib as low as about 0.2 compared with SAGD limits at 0.3. If Sib = 0.8 is 
used as an example, wISC(O) can operate economically with porosity as low as 0.05 
compared to SAGD limits at ϕ = 0.15. 

(3) Pressure Sensitivity 

One of the major weaknesses of SAGD is poor performance with increased pressures 
(3.4(3)). One of the potential key strengths of ISC is that performance is relatively 
insensitive to increased process pressures (P). Table 4.9, 4.10, 4.11 and 4.12 and 
Figure 4.7 show ISC performance as a function of process pressure, between 1,724 KPa 
and 10,500 KPa. Increasing air compression costs as pressures increase are based on 
an algorithm. Oxygen costs are assumed to be independent of P (In a cryogenic ASU 
plant, liquid oxygen can be flashed to various pressures with little difference in 
incremental costs).  

As P increases from 1,724 to 10,500 KPa, total cost + tax increase as follows ($/M3B). 
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               ---------  Δ --------- 
   1724 KPa 10,500 KPa $/M3B  % 
    
   dISC (A) 56.78 97.36 40.58 71.5 

    dISC (O) 39.88 49.60 9.72 24.4 

    mISC(A) 41.84 77.02 35.18 84.1 

    wISC(O) 14.72 22.00 7.28 49.5 

    SAGD 51.14 337.06 285.92 559.1 

The ISC processes are much less sensitive to P than is SAGD. The low cost option is 
wISC(O); the high cost option is dISC(A). See Figure 4.7. 

Other diagnostic factors can be compared (SAGD to wISC(O)) as follows at an 
intermediate pressure (6500 KPa):   

       ---------  Δ --------- 
 @6500KPa SAGD wISC(O) units % 
 
 ETOR (GJ/M3B) 15.16 2.91 -12.25 -81 

 PWOR (M3/M3B) 5.39 2.43 -2.96 -55 

 WRR (M3/M3) 0.988 1.11 +0.122 +12 

 MS(cp) 3.30 3.66 +0.36 +11 

 TCO2 (nM3/M3B) 425.9 167.9 -258 -61 

 T Cost + Tax ($/M3B) 177.10 17.17 -159.9 -90 

 TS (oC) 281.1 272.1 -9.0 -3 

The potential advantages of wISC(O) compared to SAGD are significant - an 81% ETOR 
reduction, 55% PWOR reduction, 12% WRR increase, 61% CO2 emission reduction, and 
a 90% cost reduction. The ‘penalty’ to pay is a 3% reduction in TS and 11% increase in 
bitumen viscosity - both insignificant. 

4.5 Issues/Discussion 

(1) Process Design 

The ISC models are generic and not tied to any specific well design, but the performance 
results from the models, and cases run, can be used to make several suggestions: 

(i) Use oxygen gas not compressed air. EAir is also better than air. The literature 
has summarized some of the potential advantages of oxygen (Table 4.13). 
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Direct comparisons can also be made between equivalent air and oxygen 
process types (eg. wISC(A) vs wISC(O) and/or dISC(A) vs dISC(O)) using 
performance (for default inputs) predicted in Table 4.8. The presence of nitrogen 
in the reservoir harms performance. The advantages of oxygen are as follows 
(depending on wet or dry comparisons - range of benefits). 

- reduced total cost + tax by 16 to 27 $/M3B 
- increase TS by 22 to 40oC [faster drainage]  
- reduce energy use by 3 to 52% 
- reduce oxygen use by 3 to 52% 
- reduce vent gas volumes by 3 to 52% 
- reduce vent gas treating costs by 3 to 52% 
- reduce TCO2 emissions by 3 to 52% 
- decrease bitumen viscosity by 7 to 30cp 
- increase recovery factors by 0.5 to 6% 
- decrease fuel demand (BF) by 2 to 48%  

 The only downside for choosing oxygen is that (because the process operates at 
higher temperatures) stability factors are decreased, R1 by 23 to 60% and R2 by 
about 5%. But, this can be managed (see Chapter 7). 

(ii) Use a wet process (wISC) not a dry process (dISC). Heat scavenging by water 
injection is very valuable. Using Table 4.8, comparing equivalent wet vs dry 
processes, the benefits of going wet are as follows (default input values): 

- reduce total cost + tax by 14 to 25 $/M3B 
- increase TS by 12 to 30oC (faster drainage rates) 
- reduce energy use (ETOR) by 26 to 63% 
- reduce oxygen use by 26 to 63% 
- reduce vent gas volumes by 26 to 63% 
- reduce vent gas treating costs by 26 to 63% 
- reduce CO2 emissions by 26 to 63% 
- decrease produced bitumen viscosity by 3 to 26cp 
- increase R1 stability factor by 157 to 180% 
- increase recovery factors by 4 to 10% 
- decrease fuel demand (BF) by 23 to 59% 

 
Aside from channeling risks, there are no demonstrable downside to using a wet 
process. 

(iii) Separate Vent Gas Production - if vent gas is not separated and forced to be 
removed in the same well as produced liquids (eg THAI process), the vent gas 
temperature will equilabrate to the same temperature as produced liquids. Table 
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4.14 shows the impact of such a scheme, comparing performance factors for vent 
gas removal at 100oC (default case) to removal at TS (the temperature of 
produced liquids). The impact of vent gas removal at TS is: 

- Total cost + tax increase of 17.07 $/M3B (dISC(O)) to 58.18 $/M3B 
(wISC(A)). 

- ETOR increase (GJ/M3B) of 1.6 (dISC(O)) to 4.1 (wISC(A)) 
- O2 use increase (M3/M3B) of 83 (dISC(A)) to 228 (wISC(A)) 
- Vent gas (wet) increase (M3/M3B) of 839 (dISC(O)) to 3590 (wISC(A)) 
- TCO2 emissions (M3/M3B) of 168 (dISC(O)) to 575 (wISC(A)) 

 
The wet processes are most sensitive to not separating vent gas removal. The 
impacts are very significant. 

(iv) Minimize Vent Gas Temperature. Use a well design or a production strategy 
(eg.control vent gas rates and location) to minimize vent gas temperatures TV, 
and capture the maximum amount of heat from steam condensation. Tables 4.15, 
4.16, 4.17 and 4.18 and Figure 4.8 show the performance sensitivities of removal 
of cold or hot vent gas. ISC performance is very sensitive to vent gas 
temperatures. This is particularly important for ISC(Air) processes. Separate 
wells or separate removal sites should be provided or utilized. The default model 
value is for vent gas temperatures of 100oC. If vent gas is removed at 150oC (only 
a 50o increase in T, Tables 4.15 to 4.18 shoe the following impacts: 

- Total cost + tax increases ($/M3B) of 1.6 (wISC(O)) to 18.2 (dISC(A)) 
- ETOR increases (GJ/M3B) of 0.13 (wISC(O)) to 1.5 (dISC(A)) 
- Oxygen use increases (nM3/M3B) of 7.5 (wISC(O) to 83.0 (dISC(A)) 
- Vent gas increase (nM3/M3B) of 86 (wISC)O)) to 1006 (dISC(A)) 
- TCO2 emission increase (nM3/M3B) of 15.8 (wISC(O)) to 179.2 (dISC(A)) 

 
The impacts are significant. The wet processes are less sensitive than dry 
processes. ISC(O) processes are less sensitive than ISC(A) processes. 

(v) ISC Startup : Well Geometry. SAGD starts up by circulating steam in both 
injection and production wells. Heat conduction slowly heats the reservoir matrix 
and reservoir fluids between the parallel wells, until there is fluid communication 
between the wells. 

ISC processes also require start up using steam circulation (or steam huff and 
puff) for bitumen EOR. Two of the potential ISC geometries, with separate vent 
gas removal wells (COSH or COGD, Figures 2.6 and 2.7), have well spacings as 
large as 50m for the vent wells (an order of magnitude longer than SAGD). If heat 
conduction was the only mechanism used for start up, using an analogy to 
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SAGD,the ISC start up period, for bitumen EOR, could last for several years. This 
could make both COGD and COSH geometries impractical for bitumen ISC. One 
solution is to use the interior wells to run a SAGD process for several years until 
the vent gas wells are exposed to the steam chamber, and then convert to an 
ISC process. Another solution is to use one of the interior vertical wells for vent 
gas removal, until the gas chamber reaches the boundary vent gas wells. Either 
solution will be difficult to impose, in practice. 

The other potential ISC geometry, the THAI toe-to-heel geometry (Figure 2.5), 
doesn’t have these issues because the well spacing between the horizontal 
producer and the vertical injector is similar to SAGD spacing. But, THAI geometry 
forces vent gases to exit in the same well as produced liquids, impairing process 
efficiency (see (iii) above). One solution is to add vent wells to THAI. 

In any case, start-up of ISC processes for bitumen EOR is a difficult issue that 
needs to be addressed in both well geometry design and in operational strategy. 

(vi) Size Effects - similar to SAGD, an ISC project will be designed based on an 
‘average’ performance, not the default case performance. Table 4.19 shows such 
a design case for wISC(O) - The best performer of the ISC family of processes, 
and a pro rata 25 KBD design module for wISC(O) compared to the 25 KBD 
SAGD module. Some of the highlights for the 25 KBD wISC(O) module are as 
follows: 

(a)  oxygen used - 1.05 MnM3/d or 1,412 tonnes/d. This would achieve 
sufficient economy of scale (> 1000 tonnes/d) to construct an on-site 
cryogenic ASU plant to produce oxygen gas. A world-scale plant is 
about 3,000 tonnes/d (match to about 53 KBD bitumen). 

(b) water injected - 18,477 bbl/d (2937 M3/d. No outside water source is 
needed. (water injected < water produced). Only simple water 
treatment (filtration) is needed prior to recirculation. 

(c) oil treatment - oil/water separation needs to process 114,554 bbl/d 
(18,200 M3/d) of produced fluids to separate 25,000 bbl/d (3973 
M3B/d) of produced bitumen. This is about the same size as SAGD 
(103,733 bbl/d). 

 (d) CO2 emissions - without sequestration the ISC process produces 
about 38 MMSCFD CO2 (2009 tonnes CO2/day, 548 tonnes carbon 
per day). This is slightly larger than the 34.7 MMSCFD CO2 
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emissions from SAGD. (But, some CO2 emissions can be directly 
sequestered for wISC(O) (see Chapter 10)). 

Unlike SAGD, there is no practical limit to oxygen transportation so there 
is no upper limit to wISC(O) project size using a centralized oxygen ASU 
facility. 

(vii) Heat injection water - to increase R2 stability, for wet ISC processes. R2 is 
a measure of the relative growth rates for the ratio of CSZ/WZ rates. To 
account for the risk of water channeling and other factors the default 
stability criterion is R2 > 2.0. Heating the injection/recycle water reduces 
the WZ growth rate and increases R2. Figure 4.9 shows how heating 
injection water can stabilize the wISC(A) process. The model default for 
Tiw is 15oC or Ti (initial reservoir T). If water is heated or if hot produced 
water is recycled, retaining some heat, process stability can be improved 
significantly. As shown in Figure 4.9, if injection water is heated to 61oC, 
measured at the sand face, the wISC(A) process becomes R2 - stable. 
Heating injection water, by itself, does not affect other performance factors 
(except R2) because the amount of steam in the reservoir is unaffected by 
injection temperatures (Tiw). 

(2) ISC Strengths/Advantages - What’s Right with ISC? 

(i) Potential Lowest Cost Process - ISC, particularly wISC(O), is potentially 
the low-cost alternative for bitumen thermal EOR. Table 4.8 shows that 
wISC(O) total cost + tax of 14.72 $/bblB) are 42.47 $/M3B (6.75 $/bbl) less 
than SAGD costs, a 75% cost reduction. The high cost ISC option, 
dISC(A), has about the same costs as SAGD. 

(ii) Water Self-Sufficiency - because ISC mobilizes/produces connate water 
and because water injection for wISC processes requires little treatment 
(only filtration), the wet ISC processes are self-sufficient in water use, 
requiring no outside make-up water, except perhaps for ISC startups. 

(iii) Recycled water can be hot - for wet ISC processes, it is advantageous to 
inject heated water, either hot recycled produced water or heated water. 
This reduces the risk of water channeling (R1 < 2) and increases the safe 
capacity for water injection. 

(iv) Highest recovery factors (rf) - SAGD can leave behind substantial amounts 
of unrecovered bitumen (ie residual bitumen). ISC uses some bitumen as 
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fuel (BF) but recovers all the remaining bitumen in the HTO combustion-
swept zone. Table 4.8 shows that ISC processes recover 5 to 16% more 
bitumen than SAGD, depending on the ISC process used. 

 (v) Easy Ignition - lab tests have shown that bitumen is particularly reactive 
with oxygen (or air). It is easy to ignite. If bitumen is preheated to ~> 
200oC, auto ignition will occur, without the aid of an ignition stimulent. 

(vi) Easy to sustain HTO - Figure 4.3 shows that minimum air or oxygen flux 
rates are the least for heavy oil and bitumens. HTO of bitumen is easy to 
sustain. 

(vii) Pressure insensitivity - unlike SAGD, Tables 4.9 to 4.12 show that the 
performance of ISC processes is not too sensitive to increased pressures. 
Costs do increase with pressure but not as much as SAGD costs (Figure 
4.7). 

(viii) Low CO2 emissions are possible - total CO2 emissions for ISC processes 
(Table 4.8) are higher than SAGD emissions, except for wISC(O) which is 
about the same. But, the ISC(O) processes produce a vent gas that is 
almost pure CO2 (or a CO + CO2 mixture that can be oxidized to produce a 
near pure CO2). If this CO2 is sequestered, both dISC(O) and wISC(O) 
have CO2 emissions that are much less than SAGD (50 and 80% less, 
respectively). 

(ix) Lean zones - SAGD has problems breaching lean zones, because 
saturated steam cannot mobilize or vaporize connate water. ISC has no 
such issue and can rapidly breach lean zone barriers. 

(x) Vent gas treatment - is a significant cost, particularly for ISC(A) process 
types. Treating costs are aided by the fact that vent gas is produced 
at/near process pressures, so it need not be further compressed for 
treatment or conveyance for sequestration. 

(xi) Low cost option - wISC(O) is the low cost ISC process type, using oxygen 
gas not compressed air. As shown in table 4.8, compared to SAGD, 
wISC(O) has 74% cost reduction, 48% less energy use, 80% less CO2 
emissions (if vent gas is sequestered), no make-up with similar bitumen 
viscosity and similar operating temperature. 
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(3) ISC Weaknesses/Disadvantages – What’s Risky about ISC? 

(i) High well counts – for ISC in bitumen reservoirs depending on process 
geometry, the well count (per pattern) can be high. This may translate into 
high capex well costs. A COSH geometry (Figure 4.4) has a well count of 
4. Vertical pattern wells have well counts of 2 to 4 (Figure 2.3). THAI is a 
poor geometry for ISC, because the vent gas is removed with produced 
liquids at high TV.  
The bad news is that the ISC processes require multiple wells per pattern. 
The good news is that some of the wells can be small-diameter, slim hole 
wells. For example, to inect the same amount of energy, an oxygen well 
only needs about one tenth the volume capacity of a steam well. Likewise, 
a compressed air injector needs less than half the capacity of a steam well 
for the same energy injectivity. 

(ii) Protracted and complex start-up procedure – not only is there a risk of 
LTO or failed ignition, but ISC wells need to be in communication prior to 
start-up or attainment of steady-state operation. This may require several 
years of steaming to establish this communication (see 4.5(1)). 

(iii) Unstable SZ operation – steam zone stability is measured by R1 (Table 
4.8), the growth rate ratio for SZ/CZ. If R1 < 1, the CZ will overtake the SZ 
and steam condensation may not be the dominant heat transfer 
mechanism at the bitumen interface. Productivity may be as much as an 
order of magnitude less than SAGD productivity. Most ISC processes have 
unstable steam zones (Table 4.8). Increasing pressure can further 
destabilize the SZ (Tables 4.9 to 4.12). 

(iv) Unstable CZ operation – for wet ISC processes, if water injection rates are 
too high, the wet zone (WZ) can overtake the CZ and cause either super-
wet combustion (where the CZ grows rapidly with some fuel left behind), 
LTO where oxidation is incomplete with production of organic compounds, 
including acids due to partial  oxidation, or quenched combustion where 
oxidation stops and unused oxygen gas breaks through to the vent gas. All 
of these outcomes are undesirable. The problems are exacerbated by the 
extra risk of injection water channeling to the CZ or to the production well. 
CZ stability is measured by R2, the growth rate ratio of the CSZ/WZ. 
Accounting for the extra risks if R2 < 2.0 there is a risk of an unstable CZ. 
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Table 4.8 shows that both wISC(A) and wISC(O) are unstable, with default 
input values. 

(v) Vent gas management – it is important to manage vent gas from ISC 
processes, so that it is removed from the process zones at the lowest 
possible temperature (default TV = 100oC). If temperatures are high, costs 
and energy use increase rapidly (Tables 4.15 to 4.18). Management of this 
issue is a function of both, pattern well design and operating strategy. To 
minimize TV, vent gas removal should be from the flank areas of the 
process (eg. COSH). The THAI geometry (Figure 2.5) forces vent gas to 
be removed at the same T as produced liquids. The COGD geometry 
(Figure 2.7) offers the extra ability to shut in some vertical vent gas wells 
as an operation strategy to minimize TV. Vent gas management can be 
complex and difficult. 

(vi) Vent gas treating – vent gas can contain uncombusted hydrocarbons, CO 
and H2 gas and trace quantities of sulfur gases (eg. H2S). The process 
model assumes that vent gas is incinerated prior to atmospheric venting, 
using natural gas as an incinerator fuel. This may be the minimum 
treatment necessary and these costs are included in model outputs. If 
desulfurization is also required, costs can be increased substantially. 

(vii) High CO2 emissions – as shown in Table 4.8, ISC processes are high CO2 
emitters compared to SAGD – up to 300 percent more. The bad news is 
that ISC CO2 emissions are higher than SAGD; the good news is that 
ISC(O) vent gas is almost pure CO2, suitable for sequestration (see 
Chapter 10). 

(viii) Poor conformance – combustion gas override has been a major issue for 
some ISC projects, particularly the vertical-well pattern configurations 
(Figure 2.3). Top down processes (COGD or COSH) should minimize 
these problems, but the THAI geometry may still have this issue. 

(ix) Separation difficulty – ISCC can produce organic acids that stimulate the 
formation of water-in-oil (W/O) emulsions that can cause separation 
difficulties for surface processing/treating of oil/water mixtures. 

(x) Poor field heat history – ISC has been dubbed as a process failure for 
heavy oil ISC (Table 4.2, Sarathi, 1999). A recent field test of THAI for 
bitumen EOR was also unsuccessful. As a primary process, without other 
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hybrid components, ISC for bitumen EOR has shown little promise of 
success. 

(xi) High product bitumen viscosity – some ISC processes (eg. dISC(A), Table 
4.8) run too cold to produce bitumen in the desired viscosity range (< 
20cp). Temperatures are increased by using ISC(O) or wISC process 
types. 

(xii) Limited ISC(O) field tests – ISC(O) processes seem to have better 
prospects than ISC(A) processes (Table 4.8) but field tests of ISC(O) have 
been few and far between, with only about a dozen tests, worldwide 
(Sarathi, 1999). The tests showed some promise, but they also showed 
some drawbacks (Table 4.13). To date, there is no ISC(O) process in 
operation. 

(xiii) Lateral growth rates - can be an issue for ISC, particularly if the SZ is 
unstable. There is a way to increase lateral growth, to increase well 
spacing and decrease surface footprints (see Chapter 7). 

(xiv) Extra risks using Oxygen – although wISC(O) is the low-cost process for 
the ISC family, there are extra risks using oxygen (Tale 4.13). Corrosion is 
an issue and the risk of creating an explosive gas mixture is increased 
compared to ISC(A). 

(xv) Heat location – heat release is not adjacent to the bitumen interface. 

(4) Other Issues 

(i) Oxygen vs compressed air costs – in the past, oxygen manufacturers 
attempted to enter the ISC market but they were often rebuffed because 
the delivery cost (at the sand face) of oxygen was more costly than the 
cost of compressed air. Figure 4.10 shows a typical cost comparison for 
cryogenic oxygen vs. compressed air (circa 1984). A 25,000 bbl/day 
design module (Table 4.19) needs about 1400 tonnes/d of oxygen. For 
pressures < 600psi compressed air appears to be the choice. 

But, what was not accounted for was: 

(a) the ‘harm’ that nitrogen causes for the ISC process performance, 
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(b) the cost of handling a vent gas (for air) that is five times the volume 
of vent gas from oxygen ISC. 

c) the loss of steam to the vent gas that is also five times the volume for 
ISC (air) compared to ISC (oxygen). 

(d) the cost of vent gas treating (ie. Incineration). 

(e) the potential cost of vent gas desulfurization 

(f) the ‘benefits’ of having the option to directly sequester vent gas from 
ISC (oxygen), with only minor treatment. 

If these factors are considered, oxygen is the preferred oxidant gas for 
ISC. 

(ii) Pipe costs/sizes – based on energy content and gas volumes, there is 
about ten times more energy content (at 480 BTU/SCF) in oxygen gas 
than in steam. Even compressed air has twice the energy content of 
steam. The capacity (volume/time) of a pipeline or well to deliver gas (at 
constant design linear flow rated (ft/sec) is proportional to the square of 
the pipe diameter. So, if a steam well is seven inches in diameter, a pipe 
for equivalent energy delivery for oxygen is only 2.7 inches in diameter 
and for compressed air the pipe is only five inches in diameter. 

Well designs for ISC(O) and ISC(A) can involve smaller pipes than for 
steam. ISC(A) wells may be considered as ‘slim holes’. 

(iii) Water channeling measurement – for wet ISC processes (wISC(O) or 
wISC(A)) one of the risks is that water will channel to the production well 
before steam is produced by scavenging heat from the combustion-swept 
zone (CSZ). But, how does an wISC operator know if water is channeling 
to the production well? If the water were to scavenge heat and produce 
steam, the condensed steam in the production well may be almost 
identical to water that channeled directly. There is no measurement in the 
well (P,T) that can tell the operator that water has channeled. 

One solution is as follows. If channeling is suspected for a test period (~ a 
few days). Add a foreign soluble inorganic salt to the injection water (eg. 
KCl). If water produces steam, the salt will be left behind and condensed, 
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produced water will be salt-free. If water channels, the salt will be retained 
in the produced water. A produced water analysis (eg. for KCL) and a 
model calibrated to the project (ie. Using LR) that would predict the WRR, 
and enable the project operator to calculate the fraction of water injected 
that channels to the production well. 

(iv) Carbonate reservoirs – one of the issues for ISC in carbonates is the 
thermal decomposition of limestone (CaCO3 → CaO + CO2). This can act 
as a heat sink, to disrupt the model heat balance and CO2 production can 
add to CO2 emissions. Because of this, and because carbonate reservoirs 
usually have lower porosity (ϕ) and lower permeability (k) than sandstone 
reservoirs, ISC in carbonates can be difficult. (The reservoir issues (ϕ,k) 
can be partially offset by natural (or induced) fractures in the reservoir). 

(v) Produced Gas Analysis – if it is assumed that no non-condensing gases 
are ‘lost’ in the reservoir, the analysis (dry basis) for ISC(A) process types, 
of produced gas can be used to calculate the ‘apparent’ H/C ratio (x) of the 
‘fuel’ consumed in the in situ combustion reactions. For ISC(A), as shown 
in Table 4.4, a dry analysis of produced, vent gas can yield 2 ratios – the 
ratios of CO2/N2+ and CO/N2+. There are also 2 unknowns – x (the H/C 
ratio of the fuel) and r (the fraction of produced carbon gas as CO). So, 
both r and x can be calculated. The case for ISC(O) is more difficult. Only 
one ratio (CO/CO2) is available from a dry gas analysis, so x cannot be 
calculated, based on dry gas analysis of vent gas. An inert carrier gas (ie. 
N2+ for ISC(A) is needed to facilitate the calculations. If impure oxygen is 
used (eg. 95% O2, 5% Ar), the Ar gas ‘impurity’ can be used to facilitate 
the calculation for x. (If sulfur gases are produced, (eg. SO2, H2S) the 
same procedure can be used to calculate the sulfur content of the fuel 
consumed). 

(vi) Hydrogen Production – carbon monoxide (CO) is produced in ISC, as a 
result of incomplete combustion reactions. In the reservoir, depending on 
process conditions (P,T) and trace reservoir constituents, the water-gas-
shift reaction can be favored (ie. CO + H2O = CO2 +H2) to produce in situ 
hydrogen. (Trace reservoir constituents (eg. clays) can act as a catalyst for 
the water-gas-shift reaction). Hydrogen content of produced gas may 
become a concern, particularly if there is some oxygen breakthrough. 
Hydrogen has the widest explosive/combustible limits of any gas. 
(Unconfined hydrogen gas explosions are one of the major hazards for 



171 
 

refineries and chemical processing plants). This issue is more of a concern 
for ISC(O) processes, where nitrogen dilution cannot help reduce the 
concern.  

(vii) Oxygen Purity – Cryogenic air separation is the preferred process (today) 
to produce high volumes of oxygen gas, suitable for ISC(O) purposes. If 
the oxygen is purchased as an over-the-fence product, purity will usually 
be set at 99 to 99.9% on a volume basis. This is not the least costly purity 
for oxygen. The three main constituents of dry air are N2, O2 and Ar (Table 
4.20). Using boiling points as an indicator of separation ease, O2 and Ar 
separation from N2 is easy compared Ar separation from oxygen (Table 
4.20). The low cost process is to produce an O2 + Ar mixture with about 
95% (v/v) oxygen (Table 4.20). This mixture may be the best bet for EOR. 
Argon is an inert gas, that cannot interfere with process chemistry. 

(vii) Oxygen Production – new technology using membranes, to separate air 
components and produce oxygen and/or enriched air (EAir) can potentially 
supplant cryogenic ASU technology. High temperature ion-exchange 
membranes have also shown some promise. EAir from membranes may 
be attractive alternative to compressed air or oxygen gas from a cryogenic 
ASU. 

(viii) Wet air oxidation (WAO) – is a technology developed by Zimmermann, in 
the 1950’s, defined as the oxidation of organic (and some inorganic) 
substances in an aqueous solution (or suspension) by means of oxygen 
(or air) at elevated T and P. The organic matter is oxidized in the liquid 
phase. It is necessary to have liquid water for WAO. WAO is similar to 
LTO for ISC processes. The usual T range (150-320oC) requires elevated 
P to maintain some liquid water. Associated P range is (2-15 MPa) and 
typical residence times are 15-120 min. All these conditions can be 
present in an oil reservoir undergoing ISC EOR. WAO (eg. LTO) breaks 
down large molecules, but slows down for smaller partially oxidized 
compounds – small carboxylic acids, acetic acid, propionic acids, 
methanol, ethanol and acetaldehyde. PH of WAO waters can be very low. 
For ISC, an indicator of LTO or WAO is the pH of produced fluids. 

(ix) Oxygen Voidage Inventory – Voidage created by bitumen + water 
production, for ISC EOR processes, is negligible compared to oxygen or 
air injection rates, but on a cumulative basis, oxygen inventory can be a 
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concern, particularly at/near the end of recovery. Voidage is concentrated 
in the CSZ at elevated T. 

 A worst-case example is for a dry ISC(O2) (ie.[O2]) process in a good 
reservoir. Suppose the net pay for a single pattern is 50m with a 100m 
spacing and 1000m well length. Assuming a 70% sweep efficiency and the 
base (default) reservoir quality, the voidage created amounts to 1.05 x 106 
M3. If this were occupied by oxygen at default conditions (P=1724 KPa) 
and an average T = 400oC, the oxygen inventory would be about 7.96 x 
106 nM3. The energy contained in this oxygen (ie. Combustion) is 1.424 x 
1011 KJ. (1.424 x 1014J). The risk is that this energy could be released 
quickly by rapid combustion (or explosion). To put this in perspective, the 
usual measure for explosive capacity is 1 tonne of TNT which releases 
about 4.184 x 109 joules. So, the oxygen inventory for the example is 
equivalent to about 34,000 tonnes of TNT (or 0.034 Megatonnes TNT). 

 To again put this into perspective, the Hiroshima atomic bomb was 
equivalent to about 15,000 tonnes of TNT. So, as a worst scenario, 
oxygen inventory energy can exceed the energy of an atomic bomb. This 
can be a significant risk.  

 A wet ISC(O) process reduces the risk by a factor of two, since water in 
the wet zone, occupies about half of the voidage. An air ISC process 
reduces this risk by another factor of five due to nitrogen dilution of 
oxygen. 

 This risk can also be ameliorated by the shut down strategy for an ISC 
process. If water or inert gas (N2 or flue gas) is injected much of the 
oxygen inventory can be replaced by a risk-free fluid – steam, water, inert 
gas. 
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Table 4.1 
 

ISC Chronology (Selected Events) 
 
 

1916 - Lewis, USBM, notes ‘possible’ ISC where warm air injected to maintain pressure 
and/or to inhibit paraffin deposition 

1920 - Marietta OH, first ‘successful’ ISC test 

1922 - Hope Natural Gas Co., achieves T combustion ~2300oF (1260oC) in ISC 

1923 - E.R. Walcott, issued first ISC patent 

1927 - Marland Oil Co. (now Conoco), starts ISC pilot at Ponca City, OK 

1928 - Lindsly, USBM, first theoretical ISC paper 

1935 - First ISC field test in Russia 

1947 - Magnolia Oil Co. (now Mobil) and Sinclair Oil Co. (now Arco) begin in-depth lab 
program on ISC 

1954 - H.Ramey suggests ISC(O) or ISC(EAir) 

1960’s - Hay Day for US ISC projects/production (Table 4.2) 

1963 - Getty Oil starts Bellvue LA, ISC(A) project, largest in USA 

1964 - Romania, Suplacu de Barcau, ISC started, new largest and oldest in world, uses top-
down process (inspiration for COSH, COGD?) 

1965 - Mobil Oil Canada, starts Battrum, SK, ISC(A) project 

1969 - Husky starts Golden Lake ISC(A) project (heavy oil) 

1982 - Greenwich Oil Co., Forest Hill USA, first ISC(O) field test (10 API) 

1983 - BP tests ISC(O) at Wolf Lake (Clearwater formation) 

1994 - K.Kinsman, E.Lau, B.Good receive patent for COSH process 

1997 - ISC now on wane in USA (Table 4.2) 

2000 - THAI process announced 

2002 - THAI – CAPRI patent issued 

2006 - Petrobank, field test of THAI at Conklin, AB (bitumen), three well pairs, some in situ 
upgrading (+4 API), poor productivity, lift and sand influx problems 

2011 - THAI test shut down at Conklin 

2011 - Petrobank, THAI test at Kerrobert (heavy oil), two well pairs, ‘substantial’ in situ 
upgrading  
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Table 4.2 
 

USA ISC History – Success or Failure? 
 
 

 
Number of Projects 

 
 

 Total T & E Success Tsuccess Failure % Failure 

1950’s 42 6 10 26 61.9 

1960’s 127 15 34 78 61.4 

1970’s 33 12 4 13 39.4 

1980’s 14 4 3 7 50.0 

1990’s 2 0 1 1 50.0 

Totals 226 37 53 136 60.2 

 

Where: - project = commercial production or field pilot 

- entries are for majors + independants 

- Sarathi (1999) 

- T = Technical, E = Economic 

- Failure = Unsuccessful 
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Table 4.3 
 

World ISC Prod. (circa 1997) 

 

Country 
No. of ISC 
Projects 

API range 
Total 

Productivity 
Kbbl/d 

USA 9 11.5-33 5.14 

Canada 4 14-18 6.51 

Albania 1 12 .13 

Azerbaijan 1 16 .60 

China 1 29 - 

Hungary 1 39 .27 

India 5 13.5-17 .355 

Kazakhstan 1 22.3 4.15 

Romania 5 15.9-19 11.44 

Russia 1 17.4 .18 

Totals 29 11.5-39 28.775 

 

    (Sarathi, 1999) 
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Table 4.4 
 

ISC Stoichiometry (Model) 
 

 

Oxygen: 

 CHx + FO2  →  (l-r) CO2 + rCO +  H2O + HEAT 

                               

Air: 

 CHx + FO2 + 3.744 FN2  →  (l-r) CO2 + rCO +  H2O + 3.774 FN2
+ + HEAT 

 

Where: F = (1 +  + ) ; x = atomic H/C ratio of fuel; r = fraction of carbon combusted to CO ; 

N2
+ = N2 + Ar in air HEAT= 480 BTU/SCFO2 (17,884.7 KJ/M3) ;  

  nc = non-condensible dry air (no water vapour) 

 

Special Cases: 

  (1) model default values (x = .5, r = .1, F = 1.175) 

  (2) coke fuel, complete combustion (x = 2.0, r = 0, F = 1.125) 

  (3) light fuel, complete combustion (x = 2.0, r = 0, F = 1.500) 

 

 

 Generic (1) (2) (3) 

Steam prod. (SCF/SCFO2) (.5 x/F) 0.2128 0.2222 0.6667 

CO + CO2 (SCF/SCFO2) (1/F) 0.8511 0.8889 0.6667 

nc gas prod:     

ISC(O) : (SCF/SCFO2) (1/F) 0.8511 0.8889 0.6667 

ISC(A) : (SCF/SCFO2) (3.774 + 1/F) 4.6251 4.6629 4.4407 

ISC(A) / ISC(O) [(3.774/F) + 1] 5.4343 5.2457 6.6607 
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Table 4.5 
 

Default ISC Stoichiometry (Model) 
 

 

For ISC (oxygen): 

 CH.5 + 1.175 O2  →  .9 CO2 + .1 CO + .25 H2O + HEAT 

                               

Air: 

 CH.5 + 1.175 O2 + 4.4345 N2
+  →  .9 CO2 + .1 CO + .25 H2O + 4.4345 N2

+ + HEAT 

 

Where: N2
+ = N2 + Ar in air ; HEAT= 480 BTU/SCFO2 (17,884.7 KJ/M3O2)  

  ncg = non-condensible gas (N2
+, CO, CO2) 

 

Ratios: 

(steam/oxygen)  =  0.212766 

(CO + CO2)/oxygen = 0.85106 

N2
+/oxygen = 3.774 

Air/oxygen = 4.774 

CO/oxygen = 0.085106 

CO2/oxygen = 0.765957 

Ncg/oxygen = 0.85106 for ISC(O) 

    = 4.6251 for ISC(A) 

[ncg for ISC(A)] / [ncg for ISC(O)] = 5.4345 
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Table 4.6 
 

Combustion Environments - Mechanisms 
 

                                                                   

(earth’s atmosphere) 

In an oxidizing atmosphere 

(hydrocarbon reservoir) 

In a reducing atmosphere 

 
 Heat release is proportional to fuel 

consumed 
 TCB can be increased by increasing 

O2 concentration. TCB is independent 
of fuel concentration. TCB is 
determined by fuel properties and O2 
availability 

 Combustion occurs in air as chain 
reactions of ions/free radicals. 
Combustion is improved by a non-
combusted solid (eg. an incinerator 
chequer wall). Combustion is 
improved by steam (not water) 

 TCB is only a week function of P 
 Ignition, in air, needs a spark. Ignition 

can be spontaneous in the presence 
of high surface area solids. 

 LTO can occur (eg. rusting) 
 Ignition is easier at high P, T 
 Fuel cost is the key issue 
 Combustion is quenched by water 
 Heat release is best expressed as 

BTU/lb fuel 

 
 Heat release is proportional to O2 

consumed 
 TCB can be increased by increasing 

fuel availability. TCB is independent of 
O2 concentration. TCB is determined 
by fuel properties and fuel availability 

 Combustion occurs as chain 
reactions of surface (rock) ions/free 
radicals. Combustion is improved by 
the reservoir matrix. Combustion is 
improved by steam (not water).                                   
 
 

 TCB is only a week function of P 
 Ignition in a reservoir is spontaneous 

with some preheat 
 

 LTO can occur  
 Ignition is easier at high P, T 
 O2 cost is the key issue 
 Combustion is quenched by water 
 Heat release is best expressed as 

BTU/lb oxygen 

 

 

 Where: TCB = combustion temperature 
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Table 4.7(a) 
 

Input/Default Values, Process Model – dry ISC(A) ([A]) 
 
  
Input Factor (symbol)  Metric (units) English (units) 

       

Reservoir Factors:       

Sandstone or Carbonate (S or C)  S  S  

Porosity (ϕ)  0.3 (v/v) 0.3 (v/v) 

Initial Bitumen Saturation (Sib)  0.8 (PVF) 0.8 (PVF) 

Initial Water Saturation (Siw)  (1-Sib) (PVF) (1-Sib) (PVF) 

Bitumen Density (SB)  1014 (kg/m3) 8.0 (API) 

Initial Bitumen Viscosity (Mi)  3 x 106 (cp) -  

Initial Reservoir Pressure  (Pi)  1724 (KPa) 250 (psia) 

Initial Reservoir Temperature  (Ti)  15 (oC) 59 (oF) 

Depth to top of Reservoir (d)  152.4 (m) 500 (ft) 

       

Process Factors:       

Reservoir Heat Loss (LR)  0.10 (FHWH) 0.10 (FHWH) 

Combustion temperature (TCB)  550 (oC) 1022 (oF) 

Mole fraction H2 in fuel (x)  0.50 (MF) 0.50 (MF) 

CO Production (r)  0.10 (CF) 0.10 (CF) 

Vent Gas Temperature (TV)  100 (oC) 212 (oF) 

Process Pressure (P)  1724 (KPa) 250 (oF) 

Residual Bitumen Sat in SZ (Srb)  0.15 (PVF) 0.15 (PVF) 

Residual Water Sat in SZ (Srw)  0.20 (PVF) 0.20 (PVF) 

       

Cost Factors:       

Air Compression (CA)  0.01766 ($/nM3) 0.50 ($/MSCF) 

Vent Gas Treating (CV)  0.00833 ($/nM3) 0.25 ($/MSCF) 

CO2 Tax (CCO2)  0.01265 ($/nM3) 0.35815 ($/MSCF) 

       

CO2 Emission Factors:       

Air Compression (IA)  0.020 (M3/M3) 0.020 (SCF/SCF) 

Vent Gas Incinerators  (IV)  0.100 (M3/M3) 0.100 (SCF/SCF) 
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Table 4.7(b) 
 

Input/Default Values, Process Model – dry ISC(O2) ([O2]) 
 
  
Input Factor (symbol)  Metric (units) English (units) 

       

Reservoir Factors:       

Sandstone or Carbonate (S or C)  S  S  

Porosity (ϕ)  0.3 (v/v) 0.3 (v/v) 

Initial Bitumen Saturation (Sib)  0.8 (PVF) 0.8 (PVF) 

Initial Water Saturation (Siw)  (1-Sib) (PVF) (1-Sib) (PVF) 

Bitumen Density (SB)  1014 (kg/m3) 8.0 (API) 

Initial Bitumen Viscosity (Mi)  3 x 106 (cp) -  

Initial Reservoir Pressure  (Pi)  1724 (KPa) 250 (psia) 

Initial Reservoir Temperature  (Ti)  15 (oC) 59 (oF) 

Depth to top of Reservoir (d)  152.4 (m) 500 (ft) 

       

Process Factors:       

Reservoir Heat Loss (LR)  0.10 (FHWH) 0.10 (FHWH) 

Combustion temperature (TCB)  550 (oC) 1022 (oF) 

Mole fraction H in fuel (x)  0.50 (MF) 0.50 (MF) 

CO Production (r)  0.10 (CF) 0.10 (CF) 

Vent Gas Temperature (TV)  100 (oC) 212 (oF) 

Process Pressure (P)  1724 (KPa) 250 (psia) 

Residual Bitumen Sat in SZ (Srb)  0.15 (PVF) 0.15 (PVF) 

Residual Water Sat in SZ (Srw)  0.20 (PVF) 0.20 (PVF) 

       

Cost Factors:       

Oxygen Costs (CO)  0.08475 ($/nM3) 2.40 ($/MSCF) 

Vent Gas Treating (CV)  0.00833 ($/nM3) 0.25 ($/MSCF) 

CO2 Tax (CCO2)  0.01265 ($/nM3) 0.35815 ($/MSCF) 

       

Emission Factors:       

Oxygen Production (IO)  0.093 (M3/M3) 0.093 (SCF/SCF) 

Vent Gas Treating  (IV)  0.100 (M3/M3) 0.100 (SCF/SCF) 
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Table 4.7(c) 
 

Input/Default Values, Process Model – wet ISC(Air) ([A+W]) 
  
 
Input Factor (symbol)  Metric (units) English (units) 

       

Reservoir Factors:       

Sandstone or Carbonate (S or C)  S  S  

Porosity (ϕ)  0.3 (v/v) 0.3 (v/v) 

Initial Bitumen Saturation (Sib)  0.8 (PVF) 0.8 (PVF) 

Initial Water Saturation (Siw)  (1-Sib) (PVF) (1-Sib) (PVF) 

Bitumen Density (SB)  1014 (kg/m3) 8.0 (API) 

Initial Bitumen Viscosity (Mi)  3 x 106 (cp) -  

Initial Reservoir Pressure  (Pi)  1724 (KPa) 250 (psia) 

Initial Reservoir Temperature  (Ti)  15 (oC) 59 (oF) 

Depth to top of Reservoir (d)  152.4 (m) 500 (ft) 

       

Process Factors:       

Reservoir Heat Loss (LR)  0.10 (FHWH) 0.10 (FHWH) 

Combustion temperature (TCB)  550 (oC) 1022 (oF) 

Mole fraction H in fuel (x)  0.50 (MF) 0.50 (MF) 

CO Production (r)  0.10 (CF) 0.10 (CF) 

Vent Gas Temperature (TV)  100 (oC) 212 (oF) 

Water Injection Temperature (Tiw)  15 (oC) 59 (oF) 

Water Injection Rate (WIR)  5.6125x10-4 (M3L/M3Air 100 (bbls/MSCF) 

Process Pressure (P)  1724 (KPa) 250 (oF) 

Residual Bitumen Sat in SZ (Srb)  0.15 (PVF) 0.15 (PVF) 

Residual Water Sat in SZ (Srw)  0.20 (PVF) 0.20 (PVF) 

       

Cost Factors:       

Air Compression (CA)  0.01766 ($/nM3) 0.50 ($/MSCF) 

Vent Gas Treating (CV)  0.00833 ($/nM3) 0.25 ($/MSCF) 

CO2 Tax (CCO2)  0.01265 ($/nM3) 0.35815 ($/MSCF) 

       

Emission Factors:       

Air Compression (IA)  0.020 (M3/M3) 0.020 (SCF/SCF) 

Vent Gas Treating (IV)  0.100 (M3/M3) 0.100 (SCF/SCF) 
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Table 4.7(d) 

Input/Default Values, Process Model – wet ISC(O2) ([O+W]) 
 
  
Input Factor (symbol)  Metric (units) English (units) 

       

Reservoir Factors:       

Sandstone or Carbonate (S or C)  S  S  

Porosity (ϕ)  0.3 (v/v) 0.3 (v/v) 

Initial Bitumen Saturation (Sib)  0.8 (PVF) 0.8 (PVF) 

Initial Water Saturation (Siw)  (1-Sib) (PVF) (1-Sib) (PVF) 

Bitumen Density (SB)  1014 (kg/m3) 8.0 (API) 

Initial Bitumen Viscosity (Mi)  3 x 106 (cp) -  

Initial Reservoir Pressure  (Pi)  1724 (KPa) 250 (psia) 

Initial Reservoir Temperature  (Ti)  15 (oC) 59 (oF) 

Depth to top of Reservoir (d)  152.4 (m) 500 (ft) 

       

Process Factors:       

Reservoir Heat Loss (LR)  0.10 (FHWH) 0.10 (FHWH) 

Combustion temperature (TCB)  550 (oC) 1022 (oF) 

Mole fraction H in fuel (x)  0.50 (MF) 0.50 (MF) 

CO Production (r)  0.10 (CF) 0.10 (CF) 

Vent Gas Temperature (TV)  100 (oC) 212 (oF) 

Water Injection Temperature (Tiw)  15 (oC) 59 (oF) 

Water Injection Rate (WIR)  2.806x10-3 (M3L/nM3Ox) 500 (bbls/MSCF) 

Process Pressure (P)  1724 (KPa) 250 (oF) 

Residual Bitumen Sat in SZ (Srb)  0.15 (PVF) 0.15 (PVF) 

Residual Water Sat in SZ (Srw)  0.20 (PVF) 0.20 (PVF) 

       

Cost Factors:       

Air Compression (CA)  0.01766 ($/nM3) 0.50 ($/MSCF) 

Vent Gas Treating (CV)  0.00833 ($/nM3) 0.25 ($/MSCF) 

CO2 Tax (CCO2)  0.01265 ($/nM3) 0.358
15 

($/MSCF) 

       

Emission Factors:       

Air Compression (IA)  0.020 (M3/M3) 0.020 (SCF/SCF) 

Vent Gas Treating (IV)  0.100 (M3/M3) 0.100 (SCF/SCF) 
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Table 4.8 
 

ISC vs SAGD Performance Factors 
 
 

  ISC Processes 

Performance Factors SAGD dISC(A) dISC(O) wISC(A) wISC(O) 

Costs:       

Process Costs ($/M3B) 55.45 49.69 34.95 36.62 12.90 

CO2 Tax ($/M3B) 1.74 7.08 4.93 5.22 1.82 

Ttl Tax + Cost ($/M3B) 57.19 56.77 39.88 41.83 14.72 

Diagnostics:      

TS (oC) 204.8 146.21 185.47 175.58 197.75 

ETOR (GJ/M3B) 4.7545 6.9601 6.7403 5.1284 2.4886 

PWOR (M3/M3B) 1.7496 0.2723 0.3216 0.9739 2.0049 

SOR (M3/M3B) 1.7624 - - - - 

O2 Use (M3/M3B) - 389.16 376.88 286.75 139.15 

Air Use (M3/M3B) - 1857.87 - 1368.93 - 

Vent Gas (wet) (M3/M3B) - 1912.94 340.89 1409.51 125.86 

DCO2 (M3/M3B) - 331.20 320.75 244.04 118.42 

ICO2 (M3/M3B) 137.54 228.45 69.14 168.33 25.53 

TCO2 (M3/M3B) 137.54 559.66 389.88 412.37 143.95 

R1 - - 0.3966 0.3017 1.0216 0.8456 

R2 - - - - 1.7995 1.7040 

RS - - 0.2362 0.0893 0.1121 0.0684 

MS (cp) 10.04 44.77 15.07 19.09 11.55 

BF (PVF) - 0.1190 0.1158 0.0913 0.0471 

r.f. - 0.8125 0.8512 0.8552 0.8859 0.9412 

P/PH - 1.000 1.000 1.000 1.000 1.000 

WRR (M3/M3) 0.9927 - - 1.2676 1.0756 

WARNINGS  NONE 1,4,6 1,4 1,2,4 1,2,4 

 
Where: - default input values 
  R1 = (SZ/CZ) growth rate ratio ;  

R2= (CSZ/WZ) ratio ;  
RS = vent steam loss 

- water injection rates for wISC(A) = 100 bbls/MMSCF air 

- water injection rates for wISC(O) = 500 bbls/MMSCF oxygen 
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Table 4.9 
 

wISC (Oxygen) – Pressure Sensitivity 
 
 

  Process Pressure P (KPa) 

Performance Factors 1724 2500 4500 6500 8500 10500 

Costs:        

Process Costs ($/M3B) 12.90 13.32 14.23 15.05 18.45 19.28 

CO2 Tax ($/M3B) 1.82 1.88 2.01 2.12 2.60 2.72 

Ttl Tax + Cost ($/M3B) 14.72 15.20 16.24 17.17 21.05 22.00 

Diagnostics:       

TS (stm dew 
point) 

(oC) 197.75 216.20 248.95 272.08 289.98 304.77 

ETOR (GJ/M3B) 2.4886 2.5731 2.7543 2.9134 3.5721 3.7353 

PWOR (M3/M3B) 2.0049 2.1124 2.2938 2.4322 2.9394 3.0706 

WRR (M3/M3B) 1.0756 1.0960 1.1119 1.1146 1.0986 1.0975 

O2 Use (M3/M3B) 139.15 143.87 154.00 162.90 199.73 208.86 

Vent Gas (wet) (M3/M3B) 125.86 127.65 134.10 140.84 172.05 179.49 

DCO2 (M3/M3B) 118.42 122.45 131.06 138.64 169.98 177.75 

ICO2 (M3/M3B) 25.53 26.15 27.73 29.23 35.78 37.37 

TCO2 (M3/M3B) 143.95 148.59 158.80 167.87 205.76 215.12 

R1 - 0.8456 0.7231 0.5384 0.4311 0.2784 0.2404 

R2 - 1.7040 1.6958 1.6919 1.6989 0.7725 0.7768 

RS - 0.0684 0.0471 0.02605 0.01798 0.01372 0.01108 

MS (cp) 11.55 8.13 4.90 3.66 3.00 2.59 

BF (PVF) 0.04705 0.04856 0.0518 0.0545 0.06586 0.06861 

r.f. - 0.9412 0.9393 0.9353 0.9318 0.9177 0.9142 
Hydrostatic 
Depth 

(m) 152.4 221.0 397.9 574.70 751.5 928.4 

WARNINGS  1,2 1,2 1,2 1,2 1,2 1,2 

 
Where: - oxygen cost are independent of P (O2 can be flashed to P) at ASU 
 - except for P, all inputs are default values 
 - water injection rates = 500 bbls/MMSCF O2 (0.002806 M3L/M3O) 

- hydrostatic depth (m) = P/11.31 
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Table 4.10 
 

wISC (Air) – Pressure Sensitivity 
 
 

  Process Pressure P (KPa) 

Performance Factors 1724 2500 4500 6500 8500 10500 

Costs:        

CA (air comp.cost) ($/M3A) 0.01766 0.0212 0.0277 0.0323 0.0359 0.0390 

Process Costs ($/M3B) 36.62 41.60 51.59 59.26 65.66 71.41 

CO2 Tax ($/M3B) 5.22 5.22 5.32 5.43 5.52 5.61 

Ttl Tax + Cost ($/M3B) 41.84 46.82 26.91 64.69 71.18 77.02 

Diagnostics:       

TS (stm dew point) (oC) 175.58 192.28 221.83 242.63 259.16 273.09 

ETOR (GJ/M3B) 5.1284 5.1744 5.3022 5.4168 5.5200 5.6151 

PWOR (M3/M3B) 0.9739 1.0195 1.0780 1.1112 1.1359 1.1563 

WRR (M3/M3B) 1.2676 1.3152 1.3570 1.3693 1.3736 1.3746 

O2 Use (M3/M3B) 286.75 289.32 296.47 302.87 308.64 313.96 

Air Use (M3/M3B) 1368.93 1381.20 1415.33 1445.91 1473.45 1498.85 

Vent Gas (wet) (M3/M3B) 1409.51 1394.96 1402.94 1423.11 1444.80 1466.32 

DCO2 (M3/M3B) 244.04 246.23 252.31 257.76 262.67 267.20 

ICO2 (M3/M3B) 168.33 167.12 168.60 171.23 173.95 176.61 

TCO2 (M3/M3B) 412.37 413.35 420.91 428.99 436.62 443.81 

R1 - 1.0216 0.9067 0.7188 0.6047 0.5243 0.4630 

R2 - 1.7995 1.7877 1.7742 1.7714 1.7739 1.7797 

RS - 0.1121 0.0769 0.0423 0.0290 0.02202 0.0177 

MS (cp) 19.09 12.95 7.39 5.35 4.28 3.61 

BF (PVF) 0.09127 0.0920 0.0940 0.0958 0.0974 0.09887 

r.f. - 0.8859 0.8850 0.8825 0.8803 0.8783 0.8764 

Hydrostatic Depth (m) 152.4 221.0 397.9 574.70 751.5 928.4 

WARNINGS  2,4 1,2,4 1,2,4 1,2,4 1,2,4 1,2,4 

 
Where: - compressed air costs based on a cost algorithm 
 - except for CA, P, all inputs are default values 
 - water injection rates = 100 bbls/MMSCF air (0.00056125 M3/M3A) 

- hydrostatic depth (m) = P/11.31 
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Table 4.11 
 

dISC (Air) – Pressure Sensitivity 
 
 

  Process Pressure P (KPa) 

Performance Factors 1724 2500 4500 6500 8500 10500 

Costs:        

CA (air comp.cost) ($/M3A) 0.01766 0.0212 0.0277 0.0323 0.0359 0.0390 

Process Costs ($/M3B) 49.70 55.77 67.80 76.74 83.94 90.27 

CO2 Tax ($/M3B) 7.08 7.01 6.99 7.02 7.06 7.09 

Ttl Tax + Cost ($/M3B) 56.78 62.78 74.79 83.76 91.00 97.36 

Diagnostics:       

TS (stm dew point) (oC) 146.21 161.09 187.53 206.26 221.20 233.94 

ETOR (GJ/M3B) 6.9601 6.9384 6.9678 7.0138 7.0578 7.0984 

PWOR (M3/M3B) 0.2723 0.2993 0.3262 0.3369 0.3427 0.3465 

O2 Use (M3/M3B) 389.16 387.95 389.59 392.16 394.63 396.90 

Air Use (M3/M3B) 1857.87 1852.07 1859.92 1872.19 1883.95 1894.79 

Vent Gas (wet) (M3/M3B) 1912.94 1870.51 1843.64 1842.67 1847.31 1853.66 

DCO2 (M3/M3B) 331.20 330.17 331.57 333.76 335.85 337.79 

ICO2 (M3/M3B) 228.45 224.09 221.56 221.71 222.41 223.26 

TCO2 (M3/M3B) 559.66 554.26 553.13 555.47 558.26 561.05 

R1 - 0.3966 0.3866 0.3467 0.3148 0.2900 0.2697 

RS - 0.2362 0.1597 0.0853 0.05733 0.04276 0.0338 

MS (cp) 44.77 28.17 14.38 9.76 7.47 6.09 

BF (PVF) 0.1190 0.1187 0.1191 0.1198 0.1204 0.1210 

r.f. - 0.8512 0.8516 0.8511 0.8502 0.8495 0.8487 

Hydrostatic Depth (m) 152.4 221.0 397.9 574.70 751.5 928.4 

WARNINGS  1,4,6 1,4 1,4 1,4 1,4 1,4 

 
Where: - compressed air costs based on a cost algorithm 
 - except for CA, P, all inputs are default values 

- hydrostatic depth (m) = P/11.31 
 

 
 
  



187 
 

Table 4.12 
 

dISC (Oxygen) – Pressure Sensitivity 
 
 

  Process Pressure P (KPa) 

Performance Factors 1724 2500 4500 6500 8500 10500 

Costs:        

Process Costs ($/M3B) 34.94 35.17 35.68 36.08 43.20 43.47 

CO2 Tax ($/M3B) 4.93 4.96 5.03 5.09 6.09 6.13 

Ttl Tax + Cost ($/M3B) 39.88 40.14 40.72 41.17 49.30 49.60 

Diagnostics:       

TS (stm dew point) (oC) 185.64 203.58 235.57 258.43 276.79 291.67 

ETOR (GJ/M3B) 6.739 6.795 6.904 6.984 8.366 8.419 

PWOR (M3/M3B) 0.3217 0.3326 0.344 0.3490 0.3717 0.3738 

O2 Use (M3/M3B) 376.81 379.915 386.02 390.52 467.78 470.75 

Vent Gas (wet) (M3/M3B) 340.83 337.07 336.13 337.65 402.94 404.57 

DCO2 (M3/M3B) 320.69 323.33 328.52 332.35 398.11 400.64 

ICO2 (M3/M3B) 69.13 69.04 69.51 70.08 83.80 84.24 

TCO2 (M3/M3B) 389.81 392.37 398.04 402.44 481.90 484.88 

R1 - 0.3007 0.2685 0.2161 0.1834 0.1222 0.1102 

RS - 0.08899 0.06056 0.03283 0.02228 0.01676 0.01338 

MS (cp) 15.01 10.28 5.94 4.32 3.46 2.95 

BF (PVF) 0.1158 0.1166 0.1182 0.1194 0.1389 0.1396 

r.f. - 0.8553 0.8542 0.8523 0.8508 0.8264 0.8255 

Hydrostatic Depth (m) 152.40 221.00 397.90 574.70 751.50 928.40 

WARNINGS  1,4,6 1,4 1,4 1,4 1,4 1,4 

ALERTS  NONE NONE NONE NONE NONE NONE 

 
Where: - oxygen costs are independent of P (oxygen can be flashed at ASU site to 

  provide desired P) 
 - except for P, all inputs are default values 

- hydrostatic depth (m) = P/11.31 
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Table 4.13 
 

Suggested Potential Advantages of O or EAir for ISC 
 

 (1)   at high P and high rates, O2 is less expensive than compressed air 

 (2)   surface facilities (pilots) are simple 

 (3)   lower gas injection rates can open up tight reservoirs not suitable for ISC(A) 

 (4)   high CO2 partial press – CO2 miscible displacement 

 (5)   CO2 oil dissolution can improve/accelerate recovery 

 (6)   better combustion efficiency 

 (7)   easier ignition 

 (8)   higher steam bank T and Q 

 (9)   improved sweep efficiency 

 (10) lower produced gas/oil ratios 

 (11) alleviates some ISC(A) issues – poor injectivity, ignition failures, sand migration, 

    erosion, gas leakage, emulsions, corrosions & explosion hazards 

 

Suggested Disadvantages of O or EAir for ISC 
 

 (1)   safety 

 (2)   the amount of O2 stored, in the reservoir, behind the fire front is much greater for 

    O2 c/w A (can be reduced using wISC) 

 (3)   corrosion 

 (4)   ISC(O) pilots are more costly than ISC(A) pilots 

 

    (Sarathi, 1999) 
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Table 4.14 
 

The Impact of Vent gas Removal at TS Conditions 
 
 

  Process Types 

 dISC(A) dISC(O) wISC(O) wISC(A) 

At TV = 100oC      

TS (steam dew point) (oC) 185.6 146.5 197.4 175.2 

Total Costs ($/M3B) 39.88 56.72 29.93 42.11 

ETOR (GJ/M3B) 6.739 6.954 5.079 5.162 

O2 Use (M3/M3B) 376.81 388.84 283.99 288.64 

Air Use (M3/M3B) - 1856.30 - 1377.96 

Vent Gas (wet) (M3/M3B) 340.83 1911.33 256.87 1418.81 

TCO2 Emissions (M3/M3B) 389.81 559.18 294.49 415.09 

At TV = TS     

Total Costs ($/M3B) 56.95 74.87 77.58 100.29 

ETOR (GJ/M3B) 8.330 8.439 8.857 9.240 

O2 Use (M3/M3B) 465.78 471.85 495.22 516.65 

Air Use (M3/M3B) - 2252.59 - 2466.47 

Vent Gas (wet) (M3/M3B) 1179.82 2917.53 2962.97 5008.40 

TCO2 Emissions (M3/M3B) 557.71 738.38 765.05 989.87 
 

Where: - process P = 1724 KPa for all cases 

- except for TV, all inputs are default values 

- default conditions TV = 100oC 
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Table 4.15 
 

Wet ISC (Oxygen) – Vent Gas Temperature Sensitivity 
 
 

  Vent Gas Temperature TV (oC) 

 100 125 150 175 197.4 75 50 

Process Costs ($/M3B) 26.21 26.62 27.60 30.75 67.90 26.01 25.90 

CO2 Tax ($/M3B) 3.72 3.78 3.92 4.37 9.68 3.70 3.68 

Ttl Tax + Cost ($/M3B) 29.93 30.41 31.53 35.12 77.58 29.70 29.58 

TS (stm dew point) (oC) 197.40 197.40 197.40 197.40 197.40 197.40 197.40 

ETOR (GJ/M3B) 5.079 5.1212 5.2139 5.5017 8.8569 5.0566 5.0427 

PWOR (M3/M3B) 0.9932 0.9043 0.7366 0.4469 0.0001 1.0351 1.0518 

O2 Use (M3/M3B) 283.99 286.34 291.53 307.62 495.22 282.73 281.96 

Air Use (M3/M3B) - - - - - - - 

Vent Gas (wet) (M3/M3B) 256.87 281.79 343.26 545.36 2962.97 246.17 241.71 

Direct CO2 (M3/M3B) 241.69 243.70 248.11 261.80 421.47 240.62 239.96 

Indirect CO2 (M3/M3B) 52.80 55.52 62.16 83.91 343.58 51.61 51.09 

Total CO2 (M3/M3B) 294.49 299.21 310.27 345.71 765.05 292.23 291.06 

R1 - 0.7994 0.7226 0.5806 0.3379 0 0.8379 0.8562 

R2 - 1.8615 1.8615 1.8615 1.8615 1.8615 1.8615 1.8615 

RS - 0.06888 0.1576 0.3232 0.6061 1.000 0.0263 0.00845 

BF (bitumen fuel) (PVF) 0.0905 0.09116 0.09262 0.0971 0.1456 
0.0901

4 
0.08992 

r.f. - 0.8869 0.8861 0.8842 0.8786 0.8181 0.8873 0.8876 

WRR - 1.3441 1.2138 0.9711 0.5585 0.000 1.4071 1.4338 

WARNINGS  1,2,4 1,2,4 1,2,4 1,2,4 1,2,4 1,2,4 1,2,4 

ALERTS  NONE NONE NONE NONE NONE NONE NONE 

 
Where: - process P = 1724 KPa for all cases 

- except for TV, all inputs are default values 

- L = liquid, B = bitumen 

- TV default value = 100oC 
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Table 4.16 
 

Wet ISC (Air) – Vent Gas Temperature Sensitivity 
 
 

  Vent Gas Temperature TV (oC) 

 100 125 150 175.24 200 50 75 

Process Costs ($/M3B) 36.86 39.74 47.48 87.77  34.92 35.57 

CO2 Tax ($/M3B) 5.25 5.66 6.77 12.52 n/a 4.97 5.07 

Ttl Tax + Cost ($/M3B) 42.11 45.40 54.24 100.29  39.89 40.63 

TS (stm dew point) (oC) 175.24 175.24 175.24 175.24 175.24 175.24 175.24 

ETOR (GJ/M3B) 5.162 5.405 6.031 9.24  4.979 5.0455 

PWOR (M3/M3B) 0.958 0.8297 0.5731 0  1.0361 1.0155 

O2 Use (M3/M3B) 288.64 302.19 337.23 516.65  278.42 282.11 

Air Use (M3/M3B) 1377.96 1442.65 1609.94 2466.47 n/a 1329.16 1346.80 

Vent Gas (wet) (M3/M3B) 1418.81 1616.09 2157.87 5008.40  1297.09 1334.89 

Direct CO2 (M3/M3B) 245.65 257.18 287.00 439.70  236.95 240.10 

Indirect CO2 (M3/M3B) 169.44 190.46 247.99 550.17 n/a 156.29 160.42 

Total CO2 (M3/M3B) 415.09 447.64 534.99 989.87  393.24 400.52 

R1 - 0.996 0.8254 0.5199 0  1.1367 1.0872 

R2 - 1.876 1.876 1.8760 1.876 n/a 1.876 1.876 

RS - 0.113 0.2585 0.5301 1.00  0.01386 0.04312 

BF (bitumen fuel) (PVF) 0.9181 0.0956 0.1052 0.1507  0.0889 0.08996 

r.f. - 0.8852 0.8805 0.8685 0.8117 n/a 0.8889 0.8875 

WRR - 1.276 1.055 0.653 0  1.4302 1.3835 

WARNINGS  1,2,4 1,2,4 1,2,4 
1,2 

3,4,7 
1,2,7 2,4 2,4 

ALERTS  NONE NONE NONE NONE NONE NONE NONE 

 
Where: - process P = 1724 KPa for all cases 

- except for TV, all inputs are default values 

- L = liquid, B = bitumen 

- TV default value = 100oC 
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Table 4.17 
 

Dry ISC (Oxygen) – Vent Gas Temperature Sensitivity 
 
 

  Vent Gas Temperature TV (oC) 

 100 50 125 150 175 185.64 200 

Process Costs ($/M3B) 34.94 34.45 35.61 37.16 42.25 49.89 839.78 

CO2 Tax ($/M3B) 4.93 4.86 5.02 5.24 5.97 7.05 119.28 

Ttl Tax + Cost ($/M3B) 39.88 39.31 40.63 42.40 48.21 56.95 959.06 

TS (stm dew point) (oC) 185.64 185.64 185.64 185.64 185.64 185.64 185.64 

ETOR (GJ/M3B) 6.739 6.674 6.8151 6.984 7.525 8.33 91.2101 

PWOR (M3/M3B) 0.3217 0.3483 0.2822 0.2079 0.07924 0 -0.5998 

O2 Use (M3/M3B) 376.81 373.18 381.06 390.53 420.75 465.78 5099.89 

Air Use (M3/M3B) - - - - - - - 

Vent Gas (wet) 
(M3/M3B) 

340.83 319.92 374.99 459.83 745.93 
1179.8

2 
46162.96 

Direct CO2 (M3/M3B) 320.69 317.60 324.30 332.36 358.09 396.41 4340.34 

Indirect CO2 (M3/M3B) 69.13 66.70 72.94 82.30 113.72 161.30 5090.59 

Total CO2 (M3/M3B) 389.81 384.30 397.24 414.67 471.81 557.71 9430.92 

R1 - 0.3007 0.3337 0.2610 0.1899 0.07046 0 -0.1178 

R2 - - - - - - - - 

RS - 0.08899 0.01091 0.2036 0.4175 0.7830 1.000 1.3644 

BF (bitumen fuel) (PVF) 0.1158 0.1148 0.1169 0.1194 0.1272 0.1384 0.5569 

r.f. - 0.8553 0.8565 0.8539 0.8508 0.8411 0.827 0.3039 

WARNINGS  1,4 1,4 1,4 1,4 1,4 1,4 1,3,4,7 

ALERTS  NONE NONE NONE NONE NONE NONE NONE 

 
Where: - process P = 1724 KPa for all cases 

- except for TV, all inputs are default values 

- L = liquid, B = bitumen 

- TV default value = 100oC 
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Table 4.18 
 

Dry ISC (Air) – Vent Gas Temperature Sensitivity 
 
 

  Vent Gas Temperature TV (oC) 

 100 75 50 125 146.48 175 

Process Costs ($/M3B) 49.65 47.48 46.38 54.60 65.53 172.91 

CO2 Tax ($/M3B) 7.07 6.76 6.61 7.78 9.34 24.66 

Ttl Tax + Cost ($/M3B) 56.72 54.24 52.99 62.38 74.87 197.57 

TS (stm dew point) (oC) 146.48 146.18 146.48 146.48 146.48 146.48 

ETOR (GJ/M3B) 6.954 6.735 6.614 7.425 8.439 18.260 

PWOR (M3/M3B) 0.2729 0.322 0.341 0.169 0 -0.563 

O2 Use (M3/M3B) 388.84 376.59 369.81 415.16 471.85 1020.98 

Air Use (M3/M3B) 1856.30 1797.83 1765.48 1981.98 2252.59 4874.18 

Vent Gas (wet) (M3/M3B) 1911.33 1781.92 1722.89 2220.27 2917.53 9836.66 

Direct CO2 (M3/M3B) 330.92 320.50 314.73 353.33 401.57 868.92 

Indirect CO2 (M3/M3B) 228.26 214.15 207.60 261.67 336.81 1081.15 

Total CO2 (M3/M3B) 559.18 534.65 522.33 615.00 738.38 1950.07 

R1 - 0.3955 0.4863 0.5395 0.2334 -5x105 -0.5187 

R2 - - - - - - - 

RS - 0.2345 0.0895 0.0288 0.5365 1.000 2.0635 

BF (bitumen fuel) (PVF) 0.1189 0.1157 0.114 0.1257 0.1399 0.2515 

r.f. - 0.8513 0.8553 0.8576 0.8428 0.8251 0.6856 

WARNINGS  1,4,6 1,4,6 1,4,6 1,4,6 1,4,6,7 1,3,4,6,7 

ALERTS  NONE NONE NONE NONE NONE NONE 
 

Where: - process P = 1724 KPa for all cases 

- except for TV, all inputs are at default values 

- L = liquid, B = bitumen 

- TV default value = 100oC 
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Table 4.19 
 

25 KBD wISC(O) Module c/w SAGD 
 
 

  wISC(O) SAGD 

 
Design 
Pattern 

25 KBD 
Module 

25 KBD 
Module 

No. of Patterns  1 41.7 41.7 

Production (M3B/d) 95.36 3973.3 3973.3 

 (bblB/d) 600 25000 25000 

Total Cost + Tax ($/M3B) 27.85 27.85 102.93 

 ($/d) 2655.8 110746 408971 

Energy Use (@wh) (GJ/d) 448.86 18717.4 34003.9 

 (MW(t)) 5.197 216.73 393.73 

 (MMBTU/hr) - - 1344.19 

Water injected (M3L/d) 0.2676 11.159 0 

 (bbl/d) 1.6837 70.212 0 

Steam Injected (M3/M3B) 0 0 12604.9 

 (bbl/d) 0 0 79310.0 

Produced Water (M3L/d) 341.3 14233.1 12513.1 

 (bbl/d) 2147.6 89555 78732.5 

Water Treatment (M3L/d) 0 0 13856.1 

 (bbl/d) 0 0 87182.6 

Oxygen Used (nM3/M3B) 263.19 263.19 0 

 (nM3/d) 25097.3 1046558 0 

 (tonnes/d) 33.86 1412.09 0 

CO2 Emissions (nM3/d) 25963.7 1082685 983670 

 (MMSCFD) 0.9169 38.23 34.737 

 (tonnes/d) 48.17 2008.7 1824.97 

 (tonnes C/d) 13.14 547.8 497.67 
 

Where: - design pattern conditions = LR = 0.5 + default input values 
 - no sequestration of ISC vent gas ; 1 MW(t) = 3.414 MMBTU/hr = 86.364 
  GJ/d 

- produced water for ISC excludes vent gas steam 

- 1 tonne O2 = 26172.5 SCF = 741.14 nM3 

- 1 tonne CO2 = 19034.5 SCF = 539.0 nM3 = 0.2727 tonnes Carbon 
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Table 4.20 
 

Air Constituents – Selected Properties 
 
 
 

    Gas Constituents (v/v%) 

Gas Symbol TC (K) PC (KPa) BP (oC) Dry Air 
EXN2 + 
others 

+EXAr 

Nitrogen N2 126.2 3390 -196 78.0840 - - 

Oxygen O2 154.6 5050 -297 20.9460 95.7210 99.9888 

Argon Ar 150.8 4870 -186 0.9340 4.2683 - 

Other Inert Gases - - - - 0.0023 0.0107 0.0112 

Other Gases - - - - 0.0337 - - 

Totals - - - - 100.0000 100.0000 100.0000 
 

Where: - various sources 
 - other inert gases includes He, Ne, Kr, Xe… 

- other gases include CH4, CO2, H2 (removed by absorption at front end of 

 an ASU plant) 
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↓ 

↓ 

Figure 4.1 
 

Schematic – ISC Process 
 

 
(a) Dry Combustion A 
             VG 
              

 A,O →      CSZ      →       CZ       →       SZ 
 
  
               B    B            W 
 
(b) Dry Combustion B 

               VG 
              

 A,O →      CSZ      →       SZ 
 
  
              B          W 
 
(c) Wet Combustion A 

                          VG 
              

                    WZ       →       CSZ     →       CZ       → SZ 
    
  
                      B           B          W 
 
 (d) Wet Combustion B 

                  VG 
              

                   WZ      →       CSZ       →     ECZ 
 
  
                   B            W 
 

Where: W = Water  WZ = Wet Zone 
 A = Air CSZ = Combustion-Swept Zone 
 O = Oxygen CZ = Combustion Zone 
 B = Bitumen SZ = Steam Zone 
 VG = Vent Gas ECZ = Extended Combustion Zone (CZ + SZ) 
 

 

→ A,O 
W → 
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Figure 4.2 
 

In Situ Combustion Schematic 
 
 

 
 
 

Patent Application Publication    Apr.25, 2013    Sheet 30 of 37     US 2013/0098603 A1 
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Figure 4.3 
 

Minimum ISC Air Flux vs API 
 
 
 

 
 

 

(Sarathi, 1999) 
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Figure 4.4 
 

COSH, COGD Processes 
 

 

 

 

Patent Application Publication    Apr.25, 2013    Sheet 29 of 37     US 2013/0098603 A1 
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Figure 4.5 
 

Combustion Heat Release 
 

 

 

Patent Application Publication    Mar.20, 2014    Sheet 15 of 29     US 2014/0076555 A1 
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Figure 4.6 
 

ISC Economic Limits 
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where    - economic limit at 300 $/M3B cost for La=0.5 
- P=1724 KPa for all processes
- Except for Φ, sib, LR; other values = default 
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Figure 4.7 
 

P Sensitivity: Total Costs 
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Figure 4.9 
 

wISC(A) Process – Effect of Heating Injection Water 
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default 

Tiw=61ºC Stability Criterion R2 = 2.0 

where: 
- R2 = CSZ/WZ growth rate ratio 
- Default values except Tiw
- R1=1.0054 
- Other performance factors are     
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Figure 4.10 
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Chapter 5 – The ‘Dissolution Solution’ 

5.1    Introduction 

The use of volatile solvents as a steam additive for bitumen EOR is now an accepted and 
proven practice in commercial SAGD projects (eg. [ST + SV]). Solvents have benefits for 
bitumen EOR. But, a pure solvent process for bitumen EOR is not yet commercialized (circa 
2016). Despite a long history, development has been protracted, at best. 

(1)  What is Solvex? 

For the purposes herein, [SV] SOLVEX is defined as a process to recover bitumen 
whereby a heated solvent vapour (or a solvent mixture vapour) is introduced into a 
reservoir, migrates through a gas chamber to the bitumen interface, where solvent gas 
condenses to release heat (heat of condensation) and condensed solvent liquid 
dissolves into bitumen (ie. dissolution) to produce a low-viscosity solvent-bitumen 
mixture that drains, by gravity, to a production well. At least notionally, the SOLVEX 
geometry is similar to SAGD, with a horizontal gas injector above a horizontal production 
well, parallel to the injector and in the same vertical plane (see Figure 2.4). 

Solvent production of bitumen is one area of the EOR zoo that is filled with process 
acronyms, sometimes with little or no difference between the processes (eg. SOLVEX, 
N-Solv, BUTEX, PROPEX, VAPEX, SAP, LASER, DOVAP, SA-SAGD, ESSAGD, 
SAS… etc.) 

 Again, for purposes herein, the following acronyms are used, and ‘added’ to the family 

 SV  = Solvent 

 mSV = mixture of solvents 

 SVOR = Solvent to Oil Ratio (the solvent-equivalent of SOR) 

 ISVOR = Injected SVOR 

 LSVOR = Lost SVOR (solvent lost to the reservoir) 

 PSVOR = Produced SVOR (the solvent-equivalent of PWOR) 

 ESVOR = ‘Engaged’ SVOR (the solvent that condenses at/near the bitumen  
   interface and engages with bitumen in dissolution) 

(2) Why Solvents? 

Solvent EOR [SV] has the following potential advantages for bitumen EOR: 

(i) Low viscosities – Bitumen, in most reservoirs, behaves like a solid, with 
very high in situ viscosities (>106 cp).In order to produce bitumen at good 
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rates, viscosity needs to be reduced to about 20cp – a reduction of about 

five orders of magnitude. This is accomplished (eg. steam) by heating the 
bitumen to about 200oC. Figures 5.1 and 5.2 show that this viscosity reduction 
can also be achieved by bitumen dissolution by an alkane solvent (nCS) or by a 
combination of modest heating/warming and dissolution by a solvent (Figure 5.3). 

(ii) Bitumen warming – can be achieved using the heat of condensation of solvent 
gases. 

(iii) Lab tests – scaled physical model tests of SOLVEX have been successful, 
demonstrating good, stable bitumen production (eg. VAPEX or nSolv tests). (But, 
lab tests include preheating the matrix + fluids and issues are similar to issues (or 
SAGD (See 2.4 (6)). 

(iv) SAGD similarity – solvent vapor penetrates the reservoir and condenses at/near 
the bitumen interface to provide heat for the process and the condensed solvent 
is proximate to the bitumen to also provide dissolution benefits. 

(v) No water use – SOLVEX is a dry process. 

(vi) Low costs? – depending on solvent losses, SOLVEX is potentially a low-cost 
process option. 

(vii) Field experience – solvent addition to SAGD steam is a field-proven successful 
process. 

(viii) Emissions – SOLVEX is a low CO2 – emission process option. Heat for warming 
is modest and heat demand for solvent reflux is also low. 

(ix) Small footprint – SOLVEX facilities can be much smaller than other options (eg. 
SAGD). 

(x) Green process – SOLVEX is expected to be the greenest option available (no 
water use, low CO2 emissions, small footprints). 

(3) What Solvents? 

 For use in bitumen EOR processes, a solvent(s) should have the following properties: 

(i) it should be easily volatile, so it can be injected as a gas, with high mobility in the 
reservoir gas chamber, 

(ii) it should be condensable, at/near process conditions, to a low-viscosity liquid, 
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(iii) it should be fully and rapidly miscible in oil/bitumen, 

(iv) it should be immiscible in reservoir, connate water, 

(v) it should be low cost, preferably with a lower cost than bitumen value, 

(vi) it should be readily available at/near a prospective field-site location, 

(vii) it should be easily separated (ie. low reflux cost) and recyclable from a 
bitumen/solvent mix, or alternately the bitumen/solvent mix should be directly 
marketable, 

(viii) it should be easy to handle, store and transport, 

(ix) residual levels of solvent in product bitumen should be acceptable to downstream 
operations (refineries or upgraders) – ie. it should be fungible with oil, 

(x) it should have a relatively high heat of condensation (or heat of dissolution) so it 
can warm bitumen (and the rock matrix) at/near where it condenses or dissolves 
(directly) into bitumen, 

(xi) it should not form, create or stabilize unwanted water-in-oil emulsions, 

(xii) it should not be chemically reactive with reservoir constituents, 

(xiii) it should be non-corrosive with carbon steel, 

(xiv) it should preferably be non-toxic, non-carcinogenic and non-radioactive, and 

(xv) residual solvent in the reservoir, at the end of the recovery process life, should be 
easy to recover. 

Looking at the above list, the first conclusion is that the solvent(s) should be a 
compound(s), or a mix of components, that could be found in bitumen, or other oils, even 
if it is a trace component. Alkanes are the choice that is obvious. Alkanes are less toxic 
than alternatives, readily available, miscible with bitumen and not chemically active in 
the reservoir. There are four sources of widely-available alkanes at/near a field location 
– field propane field butane, a C5+ cut from natural gas liquids (ie. condensate) already 
in use for bitumen dilution and pipelining) and a light naphtha cut from a refinery or 
upgrader. 

Solvent has to be volatile so it can be vaporized and injected as a gas, but it can’t be too 
volatile because it needs to supply heat, as heat of condensation. 
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Light normal alkanes (C3, nC4 nC5, nC6, nC7, nC8) are chosen for the [SV], SOLVEX 
process model used herein. ISO - alkanes are also potential candidates, but ISO - 
alkane properties are similar to n-alkanes. Table 5.1 shows selected properties → of the 
alkane solvents. 

(4) Solvent Mixtures 

Often, as solvent is not available as a pure compound. Table 5.2 shows compositions of 
field butanes in the USA and Canada, circa 2016. The SOLVEX process models, 
developed herein, allow binary and tertiary mixtures for the solvents used in the model, 
with pure alkanes as entries for the mixtures (eg. C3, nC4, nC5, nC6, nC7, nC8). There are 
15 choices of binary mixtures and 10 choices of tertiary mixtures. Including the 6 choices 
of pure solvents, this amounts to 31 SOLVEX process choices for pure solvents or 
solvent mixtures. 

There may be advantages to using a solvent mix, rather than a pure solvent, including: 

(i) availability 

(ii) reduced cost 

(iii) increased pressure range 

(iv) reduced operating temperatures 

There are also potential disadvantages to use solvent mixtures (see 5.5(3)), as will be 
discussed later (5.5(3) (vii)). 

(5) Solvent Dissolution 

Liquid dissolution is the process where two or more miscible liquids dissolve into each 
other to form a homogenous mixture with different (improved) properties than either 
component. Gas – liquid dissolution is the process where a gaseous solvent dissolves 
directly into a liquid (eg. bitumen). In either case, dissolution can be a slow process. 

The physics of dissolution at/near the interface of miscible liquids is poorly understood, 
particularly in a complex reservoir environment with a porous, tortuous rock matrix 
structure contacting the liquids and influencing dissolution rates and flow patterns. 

Dissolution may be the rate – limiting step for solvent processes. Lab experiments with a 
stagnant bitumen solvent liquid in a perforated well bore exposed to a bitumen – 
saturated reservoir, indicate that at reservoir temperatures (~15oC), time frames of about 
one to five weeks are needed to result in significant  dissolution, depending on solvent 
type and desired extent of dissolution. This rate is unsatisfactory for any commercial 
EOR solvent process. Not only is dissolution the rate-limiting step, but rates are too low 
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for commercial productivity. Cold, stagnant solvent EOR is not a viable process 
alternative for bitumen recovery. Also, because of the obvious complexity it is not 
practical to model dissolution rates. 

Dissolution rates can be improved by: 

(i) increased contact area between bitumen and solvent (eg. fingering helps), 

(ii) increased pressure (or partial pressure) for gas dissolution, 

(iii) good, sufficient residence time prior to solvent drainage, 

(iv) warming/heating of bitumen and solvent (see 5.1(6)), or 

(v) addition of some mechanical energy (eg. shear, stirring) 

 To account for dissolution constraints, SOLVEX models issue warnings if: 

(i) heated bitumen viscosity is too high (µm > 50cp), 

(ii) heated bitumen T is low (TDPL < 100oC), 

(iii) solvent engagement is too low (ESVOR < 0.2), 

(iv) solvent engagement is too high (ESVOR > 1.5), 

(v) some solvent won’t condense at process conditions (TPL < TDPL) (see 5.3(5)) 

(6) Bitumen Warming 

One of the practical potential solutions to increase solvent/bitumen liquid dissolution 
rates is to preheat the bitumen and/or the solvent. Lab tests with a stagnant liquid 
solvent exposed to a stagnant bitumen-saturated sand pack, at 15oC, indicated that 
significant dissolution, as measured by bitumen + solvent density, needs time frames of 
about one to five weeks. A common rule-of-thumb, for chemists, is that process rates 
double for each 10oC temperature increase. Using this rule-of-thumb and based on the 
dissolution lab tests, assuming dissolution times of ~5 minutes are needed for a 
commercial SOLVEX process, minimum preheat temperatures for commercial SOLVEX 
processes are between 125 and150oC. 

For EOR processes containing a SOLVEX component, some mechanical energy (ie. 
shear) may be provided by fluid drainage patterns in the EOR process and some 
fingering may occur with heated solvent/bitumen mixtures (or with heavy oil/solvent 
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mixtures). So, given some credit for these factors, the SOLVEX models will issue an 
output WARNING for temperatures less than 100oC. 

5.2  History 

The solvent EOR process [SV] to recover bitumen has a relatively short history (compared to 
steam or ISC processes). Pure solvent EOR R&D started in the 1970’s and 1980’s with the 
groups following similar paths (Table 5.3). 

The Nennigers (father, Emil and son, John) developed the N-Solv process and the U of C (also 
in Alberta) R&D lab (led by R.Butler) developed the VAPEX process. 

The N-Solv and the VAPEX processes have morphed into similar approaches, using heated 
solvent gas as an injectant, with SAGD (or a modified SAGD) geometry. Condensing solvent 
gas warms bitumen and the reservoir matrix (heat of condensation) at/near the cold bitumen 
interface. Condensed liquid solvent participates in dissolution with the warmed bitumen. 
(Alternately, solvent gas can dissolve directly into warmed bitumen, with the heat of dissolution 
similar to the heat of condensation). The warm bitumen + solvent mixture then drains, by 
gravity, to the production well. For the purposes of this book, this process will be termed as 
SOLVEX without detailing any subtle distinguishing features of VAPEX or N-Solv. 

In the decades following the turn of the century, there have been several field tests of SOLVEX 
(eg. DOVAP, BEST…) and interest groups (JIVE, DOVAP…). So far (circa 2014), field tests 
have mostly been inconclusive. 

Also starting in the 1980’s and 1990’s, steam + solvent hybrid processeswere developed as 
modifications to the SAGD process (eg. SAP, VAPEX (steam)…). IOL also developed a hybrid 
version as a modification of CSS (LASER) with tests at Cold Lake. Recently, a solvent + EM 
hybrid [SV+EM] has been tested and developed as the ESEIEH process, with positive test 
results. These processes, and many others, will be treated as hybrids and discussed in Chapter 
7. 

Also, recently (2010’s), IOL has developed a cyclic solvent process (CSP) for application at 
Cold Lake. In 2013, IOL started a $100M, multi-year field test of CSP at Cold Lake. This is 
reportedly a cyclic solvent process (no steam) using propane and/or propane mixtures. 

The BEST pilot (N-Solv using pure solvents) started up in 2014 and is currently producing about 
100 bbl/d of bitumen (2014). 

5.3  The SOLVEX Models 

(1) Processes Modelled 
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The models allow for pure solvents, binary solvent mixtures, and tertiary solvent mixes, as 
follows 

(i) Pure solvents – alkane solvents using C3, C4, C5, C6, C7 or C8 (ie. six separate 
models) 

(ii) Binary solvent mixtures – C3+C4, C3+C5, C3+C6, C3+C7, C3+C8, C4+C5, C4+C6, 
C4+C7, C4+C8, C5+C6, C5+C7, C5+C8, C6+C7, C6+C8, C7+C8, (ie. 15 separate 
models) 

(iii) Tertiary solvent mixtures – C3+C4+C5, C3+C4+C6, C3+C4+C7, C3+C4+C8, 
C4+C5+C6, C4+C5+C7, C4+C5+C8, C5+C6+C7, C5+C6+C8, C6+C7+C8 (ie. 10 
separate models) 

So, in total, 31 separate SOLVEX processes are modelled. If variation in the mix 
concentrations are considered, there is an innumerable number of processes modelled – 
unlike previous process models (eg. SAGD, ISC).  

(2) Key Assumptions 

(i) Process Zones – In addition to basic model assumptions outlined in 2.2(2), 
SOLVEX processes also have the following assumptions. For solvent processes 
with pure solvents or solvent mixtures, all components are condensable gases so 
there is no advantage to conduct a zone analysis (eg. ISC zones) to isolate a 
desirable mechanistic zone. No mater what solvent component dominates near 
the bitumen interface the dominant heat transfer mechanism will be solvent gas 
condensation with release of latent heat. SOLVEX can be represented by as 
solvent-swept zone followed by a solvent zone, where solvent condenses. There 
is no advantage to break the solvent zone into sub zones, where multiple solvent 
components condense.  

(ii) Process Versions – for each process with multiple solvent components, there are 
two process versions – one with produced liquid temperature TPL < TDPL where all 
solvents are condensed and second one with TPL > TDPL where the lightest 
solvent component doesn’t condense and is retained in the reservoir as a solvent 
gas or as a gas dissolved in reservoir liquids. 

(iii) Bitumen Production – no bitumen is produced from the growth element unless it 
is heated (warmed) and it is diluted by solvent liquid, in which case production is 
instantaneous, without kinetic limitations. 

(iv) Energy balance – heat demand is for 1M3 of virgin reservoir rock and residual 
water to be heated from Ti to TDPH and mobile reservoir fluids from Ti to TPL. 
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(v) Material balance – output liquids = injected solvents – solvent losses + connate 
water production + bitumen production. 

(vi) In situ upgrading – none assumed (ie. de-asphalting is a bonus). 

(vii) Swelling – no dissolution swelling or shrinkage. 

(viii) Losses – solvent loss and heat loss are separate input values without any 
linkage. 

(ix) Apportionment – solvent loss and heat loss are apportioned by liquid volume to 
each solvent component, if a mixed solvent is used.  

(x) Engagement – condensed liquid solvent needs to be proximate to the bitumen 
interface (ie. warmed bitumen interface). Any condensed solvent in the injected 
solvent gas (ie. quality reduction) is assumed to drain directly to the production 
well without bitumen dissolution. 

(xi) Contact Factor (CF) – accounts for the fraction of condensed solvent that 
‘contacts’ and dissolves into bitumen (not including condensed inlet solvent). 
Some condensed solvent can drain to the production well without dissolving into 
bitumen. The CF adjustment is equal for all solvent components. 

(xii) Dissolution steps – occurs in four steps – (a) solvent condensation, (b) contact of 
some condensed solvent with warm bitumen, (c) dissolution of the bitumen + 
solvent mixture and (d) drainage of the low-viscosity mix to the production well. 
Step (d) is assumed as instantaneous. 

(xiii) Input solvent losses (LSV) – includes (a) solvent leakage out of the process zone, 
(b) solvent gas occupying voidage, (c) solvent liquid occupying voidage, (d) 
solvent liquid or gas in a part of the part of the process zone where solvent or 
solvent + bitumen cannot drain to a production well (eg. below the well), and € 
solvent dissolved in residual bitumen that cannot drain or drains too slowly. 
Solvent losses (LSV) are apportioned to each solvent fraction without 
consideration of different losses for each component. 

(xiv) Reservoir heat loss (LR) – is similarly apportioned by heat content to solvent 
constituents. 

(xv) Solvent revaporization – for recycled and new (make up) solvent is conducted in 
a gas-fired heat exchanger at 85% efficiency, assuming all solvent is at the 
temperature of produced liquids and the only heat required is latent heat. 
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(xvi) Solvent loss costs – do not account for any solvent remaining in produced 
bitumen after reflux (ie. no credits) nor for any solvent recoverable at the end of 
the process life during blowdown or other processes used to recover solvent (ie. 
no credits).  

(xvii) Dew points – for processes with multiple solvent components, in order to 
characterize the process and calculate bulk performance factors, it is only 
necessary to determine the highest component dew point (TDPH), where the first 
component condenses, and the lowest component dew point (TDPL) where the 
last component starts to condense. TDPH determines the temperature to which the 
reservoir rock matrix (and residual liquids) is heated, and thus, the ultimate heat 
demand for the growth element. TDPL determines the maximum temperature at 
which liquids can be removed (produced) to also remove the liquid phase of the 
most volatile solvent component. 

(3) Input Values/Defaults 

In addition to background common inputs (2.2(5)) SOLVEX [SV] models also have the 
following inputs (Table 5.4). 

(i) The model user is asked to input alkane solvents used in order of ascending 
carbon number (ie. the most volatile solvent is the first component chosen). The 
fraction of solvent f = (v/v) liquids is entered for each solvent component (f1 = 
fraction of component 1). 

(ii) The temperature of produced liquids TPL is the average temperature of produced 
liquids in the production well (ie. water, bitumen, solvent and solvent + bitumen). 
(Default value TPL = TDPL) 

(iii) Srb is the residual bitumen saturation (default = 0.10) 

(iv) Srw is the residual water saturation (default = 0.20) 

(v) LR is the fractional heat loss in the reservoir (default 0.10) 

(vi) LSV is the fractional solvent lost in the reservoir (default 0.05) 

(vii) QSVSF is the quality of solvent vapor at the sand face (default = 0.80) 

(viii) CF is the contact factor is the portion of engaged solvent that contacts and 
dissolves into bitumen at/near the bitumen interface (default value = 1.00) 
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(ix) CO2 emission factor ICO2 5V is the CO2 emissions from the reflux heat exchanger 
assuming a gas-fired exchanger at 85% efficiency (default = 26.84 M3/GJ (1000 
SCF/MMBTU)) 

(x) Solvent unit costs C3 = 157$/M3L ; C4 = 236$/M3L ; C5 to C8 = 315$/M3L (50$/bbl) 

(4) Output Performance Factors 

Table 5.5 shows output SOLVEX performance compared to SAGD for pure solvents 
some of the new output factors are explained below.   

(i) Process Costs are the sum of (a) solvent loss costs and, (b) solvent vaporization 
energy costs. 

(ii) CO2 Taxes are taxes on solvent revaporization emissions assuming a natural gas 
heater at 85% efficiency. 

(iii) The highest dewpoint (TDPH) is the temperature where the first component starts 
to condense. 

(iv) The lowest dewpoint (TDPL) is the temperature where the last component starts to 
condense. (For single solvent component systems TDPH = TDPL = TDPSV) 

(v) The product solvent-to-oil ratio (PSVOR) is the ratio of produced solvent liquid to 
bitumen produced. 

(vi) The input solvent-to-oil ratio (ISVOR) is the ratio of injected solvent (as a liquid) 
to produced bitumen. 

(vii) The lost solvent-to-oil ratio (LSVOR) is the ratio of solvent lost to the reservoir to 
produced bitumen. 

(viii) The ‘engaged’ solvent-to-oil ratio (ESVOR) is a measure of solvent that contacts 
and dissolves into bitumen, accounting for liquid solvent at the sand face draining 
directly to the production well, lost solvent and solvent near the bitumen interface 
that drains prior to engaging bitumen. 

(ix) The energy-to-oil ratio (ETOR) is the ratio of energy used to reflux/vaporize 
solvent to produced bitumen. 

(x) µPB is the viscosity of warmed bitumen prior to dissolution. 

(xi) µM is the viscosity of the warm solvent + bitumen mixture.  
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(5) SOLVEX WARNINGS 

In addition to WARNINGS/ALERTS provided for other process types (2.2 (6), 3.3(4), 
4.3(5)) SOLVEX models have ‘extra’ WARNINGS, with WARNING triggers and 
remedies, as follows: 

(i) (TDPL< 100oC).  The lowest dewpoint (TDPL) is too low for a good solvent + 
bitumen mixture to form (ie. poor dissolution rates) prior to solvent draining 
separately. This may be accounted for inprocess input, by entering a contact 
factor (CF) of less than 1.0 (default value). The remedies are to increase process 
P,T, change the solvent to a heavier solvent or to change the process. 

(ii) µPB > 50cp.  The warmed bitumen viscosity is too high (at TPL) in order to 

facilitate good dissolution (ie. bitumen mobility is too low). The remedies are the 
same as for (i) above. 

(iii) µMIX > 20cp.  The viscosity of the solvent + bitumen mix is too high for good 

productivity. If this occurs, drainage rates are slow. For most solvents this is not 
an issue (Table 5.5). The remedies are the same as for (i) above. 

(iv) (ESVOR < 0.2).  The solvent engagement is too low. Engaged solvent is the 
fraction of injected solvent that condenses to a liquid near the bitumen interface 
and that dissolves into interface bitumen before the solvent drains separately to 
the production well. Liquid solvent in the injected solvent vapour, solvent that 
condenses away from the bitumen interface and some solvent that condenses 
near the interface, may never get a chance to see (engage) the bitumen. A 
measurement of solvent in production fluids is not, necessarily an indication of 
ESVOR. Remedies are to heat injected solvent to increase solvent gas quality at 
the sand face, change the solvent or to change the process. 

(v) (TPL > TDPL).  Produced liquids are too hot to produce all solvent as a liquid. Some 
solvent is trapped in the reservoir as a gas. Remedies are to reduce TPL (if 
possible), change the solvent or change the process. 

(vi) (TPL > TDPH).  Produced liquids are too hot. No solvent can be produced as a 
liquid or liquid mixture. Remedies are to reduce TPL (input value), change the 
solvent or change the process. 

(vii) (P/PH > 1.2).  Process pressures are too high (PH= hydrostatic pressure). Fluids 
may leak out of the process zone. The remedy is to reduce P. 

(viii) (P/PH < 0.8) Process pressures are too low. Fluids may leak into the process 
zone. The remedy is to increase process P. 
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(ix) (ESVOR > 1.5).  There is too much solvent in the process. The solvent + bitumen 
mixture viscosities are much lower than needed for good productivity. The 
remedies are to decrease P,T or to change the process. 

(x) (PPSVi > 0.95 PC).  The solvent injectant is too rich in one component (i) so that 
the solvent partial pressure (PPSVi) exceeds 95% of the critical conditions. The 
remedy is to change the solvent. 

(xi) (TSVDPi > 0.95 TC).  Similar to (x) above, the solvent injectant is too rich in one 
component (i) so that the solvent dewpoint (TSVDPi) exceeds 95% of the solvent 
critical temperature. The remedy is to change the solvent. 

5.4  Process Performance 

(1) Performance Factors 

Table 5.4 shows output performance factors based on default input values predicted by 
the SOLVEX models for pure solvents and for SAGD, with the following highlights: 

(i) Process costs are the sum of the cost of solvent losses and the cost of solvent 
reflux using a gas-fired surface heat exchanger at 85 percent efficiency. Process 
costs vary from 24.15 to 391.11 $/M3B compared to equivalent SAGD costs of 
55.45 $/M3B. The low cost case is PROPEX. The high cost case is for nC8 
solvent. Costs increase as the solvent gets heavier. Only PROPEX has process 
costs less than SAGD. 

(ii) CO2 taxes are the taxes associated with emissions from the solvent reflux heat 
exchanger. CO2 taxes vary from 0.2 to 1.32 $/M3B compared to SAGD CO2 taxes 
of 1.74 $/M3B. The low tax case is for PROPEX; the high tax case is for nC8 
solvent. CO2 taxes are all lower than SAGD. Low SOLVEX CO2 emissions are a 
strength. 

(iii) Total cost + tax, for SOLVEX vary from 24.35 to 392.43 $/M3B compared to 
SAGD at 57.19 $/M3B. The low case is for PROPEX; the high case is for nC8 
solvent (OCTEX). Only PROPEX has a larger total cost than SAGD. 

(iv) Solvent dew points (TSVDP) vary from 50.3oC to 269.72oC for SOLVEX solvents. 
The low dew point is for PROPEX; the high dew point is for nC8 solvent. This is 
the operating T for SOLVEX, equivalent to the steam dew point (TS) for SAGD of 
204.8oC. C3 to nC5 SOLVEX processes run cooler than SAGD. nC6 to nC8 
SOLVEX processes run hotter than SAGD (for default input cases). 
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(v) Energy use (ETOR) – very small for SOLVEX because only energy used is for 
solvent reflux. ETOR varies from 0.58 to3.88 GJ/M3B. The low is for PROPEX; 
the high is for nC8 solvent, compared to SAGD use of 4.75 GJ/M3B. 

(vi) CO2 emissions – total CO2 emissions for SOLVEX are from natural gas used in 
the heat exchanger to reflux solvent. Emissions vary from 15.5 to 104.11 
(nM3/M3B), compared to SAGD at 137.5 nM3/M3B. The low case is for PROPEX; 
the high case is for nC8 solvent. 

(vii) ESVOR – ‘engaged’ solvent to oil ratio, is the solvent that dissolves into bitumen 
at the interface. ESVOR varies from 2.21 to 18.43 (M3L/M3B). The low case is for 
PROPEX: the high case is for nC8 solvent. There is no comparative SAGD factor. 
The ‘sweet spot’ (preferred range) for ESVOR is between about 0.2 and 1.5 
(Figure 5.2). No SOLVEX process is within this range. 

(viii) LSVOR – lost solvent to oil ratio is the performance factor for SOLVEX that is the 
dominant cost factor. The default value is for five percent of injected solvent. 
LSVOR varies from 0.15 to 1.21 M3L/M3B, with PROPEX as the low case and 
nC8 solvent as the high case. There is no comparative SAGD factor. 

(ix) Produced bitumen viscosity (µPB) – before dissolution. If this viscosity is not below 
about 50cp, it is deemed herein that dissolution rates will be too slow. µPB varies 
from 18,100 to 3.8cp, with PROPEX as the high case and nC8 solvent as the low 
case. Only SOLVEX processes nC5 to nC8 have satisfactory µPB. In contrast, for 
SAGD µS = 10.04cp (µS = µPB). 

(x) Solvent + Bitumen mix viscosity (µMIX) – after dissolution, at process 
temperatures. µMIX varies from 0.44 to 0.13cp, compared to SAGD viscosity 
(µS) = 10cp. This is not a limit for SOLVEX. If solvent + bitumen dissolution is fast 
enough, product (solvent + bitumen) viscosities are very low. These SOLVEX 
viscosities are lower than the ‘sweet spot’ range 0.5 to 10cp as shown in Figure 
5.2.  

(2) Solvent Mixtures 

Table 5.5 shows an example how solvent mixtures perform compared to pure solvents. 
Using nC5, nC6 and nC5 + nC6 mixture (50/50 (LV/LV) as examples, mixing solvents has 
the following impacts on performance: 

(i) Total Cost + Tax – the costs using the solvent mixture 135.42 $/M3B are less 
than either pure solvent by itself (198.14 $/M3B for nC5 and 263.14 $/M3B for 
nC6). 
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(ii) Operating T (TDPH) – the mixture process operates at 148.37oC compared to 
154.63oC for nC5 and 197.24oC for nC6. Temperatures are significantly lowered. 
This can be good or bad, depending on other process limitations. 

(iii) Energy Use (ETOR) – the mixture process uses 8.22 GJ/M3B, compared to 12.15 
GJ/M3B for nC5 and 16.15 GJ/M3B for nC6. Energy use can be reduced in mixture 
processes. 

(iv) Solvent losses (LSVOR) – the mixture process loses 0.41 M3L/M3B, compared to 
0.61 M3L/M3B for nC5 and 0.81 for nC6. Solvent losses can be reduced. 

(v) CO2 emissions – the mixture process emits 59 nM3/M3B, compared to 67 
nM3/M3B for the nC5 process or 89 nM3/M3B for the nC6 process. Because energy 
use is reduced, CO2 emissions are also reduced. 

(vi) Produced bitumen viscosity (µPB) – before dissolution, because of T increases, 
the mixture µPB = 71cp, compared to nC5 at 34cp and nC6 at 12cp. This can be a 
problem for this mixture. Dissolution rates can be too slow. 

(vii) Mixture viscosity (µMIX) – after dissolution, for the solvent mixture µMIX = 0.26cp, 
compared to nC5 at 0.16cp and nC6 at 0.15cp. This is not an issue. 

(3) SOLVEX P Sensitivity 

SOLVEX performance is sensitive to reservoir parameters (eg. ϕ, Sib). The other key 
process variable, affecting performance, is process pressure (P). 

It is not desirable to operate SOLVEX processes above critical TC and PC, because: 

(i) supercritical or near-critical solvent fluids have no heat of condensation – there is 
no liquid phase above TC, PC, 

(ii) heat transfer, to reservoir rock and reservoir fluids is slow without condensation, 

(iii) gas or dense-phase dissolution can be slow, 

(iv) it is difficult (impossible) to attain/sustain a gas chamber at P≥Pc , and  

(v) it is not desirable (too costly) for process voidage to be required by high density, 
supercritical solvent 

Also, it is not desirable to operate SOLVEX below a minimum T, dissolution is too slow 
to attain low-viscosity mixes prior to solvent drainage. Figure 5.6 shows alkane 
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saturated vapour pressures (and hydrostatic reservoir depths) as a function of process 
temperatures. Table 5.7 shows how the above constraints can determine operable 
pressure (depth) ranges for each alkane solvent used. 

Operable P ranges vary from 47 to 3800 KPa (nC8 to nC4) or from 5 to 325m 
hydrostatic depth, if the minimum process T is set at 100oC. If minimum T is reduced to 
80oC operable P and depth ranges increase from 30 to 4200 KPa or 5 to 370m depth. 
The heavier solvents (C3 to C5) have wider operating ranges (Pmax = 2460 KPa (or nC8) 
compared to lighter solvents. The heavier solvents can potentially be used in shallow 
reservoirs (2 to 15m, for C5, C7, C8) compared to lighter solvents (35 to 285m, for C3, 
C4, C5). 

Table 5.8 shows how PROPEX costs vary with P, within the PC limit. As P increases 
TSVDP increases approaching the 100oC default lower limit for good dissolution rates. 
Total costs increase from 24 to 44 $/M3B. Solvent losses (LSVOR) increase from 0.15 
to 0.89 M3L/M3B. More solvent (ISVOR) is needed to heat the matrix and reservoir 
fluids, increasing from 2.9 to 17.9 M3L/M3B. ETOR increases from 0.6 to 1.3 GJ/M3B 
and CO2 emissions increase from 15 to 36 nM3/M3B from the solvent reflux heater. 

(5.5)  Issues/Discussion 

(1) Design Guidelines (SOLVEX) 

The models used herein for solvent EOR (SOLVEX) are not specific to well design or 
well geometry, but they do generate performance information that can be useful for 
design and application decisions – namely: 

(i) Short flow paths – are desirable so that solvent can easily contact bitumen and 
bitumen drainage has a short path. The SAGD geometry (Figure 2.4) would work, 
with parallel producer horizontal wells in the same vertical plane. Toe-to-heel 
geometry (Figure 2.5) may also work (but with lower productivity). 

(ii) Consider the use of an ISR (SV) reflux well – (see next section for a full 
discussion). The benefits are significant and the risks are minimal. 

(iii) Choose the appropriate solvent – depending on bitumen properties and process 
(reservoir) pressure: 

 High P (~ 4000 KPa) – only C3 works (at 80oC min. T) 

 Med P (~ 3000 KPa) – C4, C5, C6 

 Low P (< 2000KPa) – C6, C7, or C8 
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(iv) Well length/sizing – because of poor longitudinal conformance control, the SAGD 
configuration is probably limited to similar well lengths for steam EOR – ie. < 
1000m long. The ISR (SV) system can have much longer wells than SAGD (SV) 
because it can control longitudinal conformance. 

(v) If possible, choose a pure solvent process. Consider a process to concentrate a 
pure solvent from a field solvent, for use/recycle in the process. 

(2) Strengths/Advantages – What’s right with SOLVEX? 

(i) The lowest CO2 – emissions option – Table 5.5 shows SOLVEX comparison to 
SAGD. The sole CO2 source for SOLVEX processes is the flue gas from natural 
gas used as a heat source for solvent reflux. This is small compared to other 
processes. Compared to SAGD CO2 emissions (137.54 M3/M3B), the SOLVEX 
emissions vary from 15.5 to 104.1 M3CO2/M3B, reductions of 88 to 24 percent, 
depending on the solvent used. Light solvents (C3, C4) have reduced emissions 
compared to heavy solvents. 

(ii) The processes use no water – water is not needed to run a SOLVEX process. 
The heavier solvents may produce some surplus connate water, because of high 
operating temperatures. 

(iii) A much smaller surface footprint, than SAGD – no water treatment or boiler 
plants are needed, and oil treatment should be much simpler with SOLVEX 
(no/little water). 

(iv) C3 + C4 may have reduced or competitive costs – compared to SAGD. (But, 
based on default input values, PROPEX may not be a feasible process for 
bitumen EOR BUTEX may also have some difficulties). 

(v) Higher recovery factors than SAGD – solvent stripping of hot residual bitumen 
should be more efficient than steam. 

(vi) Mixtures can improve the process – the partial process (PP) of a solvent is the 
key factor to determine SOLVEX performance. The presence of a second (or 
third) solvent component lowers the PP of each component. This, in turn, lowers 
the dew points and lowers the operating temperature. The energy in the process 
is reduced significantly, by 32 to 49 percent, depending on which solvent is 
considered as the base case (Table 5.6). Because ETOR is reduced, solvent 
usage (LVOR) is also reduced – In the example case, by 32 to 49 percent (Table 
5.6). Also, CO2 emissions and total costs are also reduced (Table 5.6). (But, 
mixing also has some downsides – see 5.5(3)). 
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 (vii) Easy to start up - circulation of hot solvent/solvent gas should be an effective and 
rapid start up 

(viii) Reduced energy use compared to SAGD – Table 5.5 shows SOLVEX process 
ETOR vary from 0.58 to 3.88 GJ/M3B compared to SAGD with ETOR = 4.75, a 
reduction of 17 to 88 percent. 

(ix) Mixtures can extend operating ranges – pure SOLVEX has limited operational 
ranges (Table 5.7) due to properties of pure solvents. Solvent mixtures can 
extend the operational range by several multiples depending on the number and 
type of solvent in the mixture. But not good for shallow reservoirs. 

(x) SOLVEX can start small – a pilot using a few well pairs can require minimal 
capex equipment on surface. 

(xi) SOLVEX can be applied to thin pay resources – ceiling heat leaks are not a big 
issue. Single-well SOLVEX systems can be developed (see ISR and/or 
SWESAGD well designs, Ch.6). 

(xii) SOLVEX can be applied to carbonate reservoirs – there are no special 
disadvantages associated with solvents in carbonates. 

(xiii) Solvent + steam processes are economic and field proven (see Ch.7). 

(3) Weaknesses/Disadvantages – What’s wrong with SOLVEX? 

SOLVEX processes can have one/several disadvantages” 

(i) ESVOR is too high – the most serious SOLVEX issue stems from the imbalance 
between solvent demand for dissolution with solvent demand to heat reservoir 
growth elements. As shown in Figure 5.2, the most desirable solvent engagement 
(ESVOR) ratio is between about 0.2 and 1.5. Below 0.2, solvent-bitumen 
mixtures have viscosities that are too high for good productivity. Above 1.5, there 
is too much solvent and solvent-bitumen mixtures have viscosities that are lower 
than needed for good productivity (ie. excess solvent is ‘wasted’). Table 5.5 
shows that, for default input values, SOLVEX processes (with pure solvents) 
have ESVOR ratios in the range of 2 to18, depending on the solvent used. 
Solvent engagement is too high for effective solvent usage. In other words, the 
solvent demand for heating produces too much condensed solvent for solvent 
dissolution demands. 

(ii) PROPEX may not be a feasible process – Table 5.5 shows that the operating T, 
at default inputs, is only 50oC. At this temperature, the viscosity of bitumen, prior 
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to dissolution, is over 18,000cp – not enough mobility for rapid dissolution with 
condensed propane. A simple PROPEX process at default input conditions may 
not be a feasible process. (Higher P can increase PROPEX applicability (see 
5.5(4)(iv)). 

(iii) SOLVEX costs are higher than SAGD – Table 5.5shows that, excluding 
PROPEX, opex costs are 98 to 392 $/M3B compared to SAGD costs at 57 $/M3B 
– a 40 to 590% increase. Opex costs are the sum of solvent loss costs + solvent 
vaporization costs + CO2 taxes for vaporization fuel emissions. Costs are 
dominated by solvent losses ( ≥ 90%). 

(iv) SOLVEX costs are risky – Figure 5.5 shows the cost of solvent losses as a 
function of fractional loss rates (0.05 fraction of default inputs). The loss cost is a 
strong function of the loss rate. At solvent losses > 10 percent, all SOLVEX 
processes are not feasible. This risk is exacerbated by timing factors. A SOLVEX 
project won’t know the net solvent loss until after the project is completed and 
solvent recovery is attempted. 

(v) Process T (TSVDP) are too low – for C3, C4, SOLVEX (ie. PROPEX, BUTEX) at 
default conditions, process T is 50 or 106oC respectively. For good dissolution 
rates (see 5.1(6)) a minimum T of 125-150oC is suggested. PROPEX or BUTEX 
productivity may be poor. Higher operating P can raise the operating T or heavier 
solvents may be needed. 

(vi) SOLVEX operating range is limited by solvent properties. As noted in 5.4(3), it is 
not desirable to use super-critical (SC) or near-critical solvents for SOLVEX. On 
the low side, it is not desirable to operate at T < 100oC so that dissolution rates 
are sufficient for good productivity. As shown, in Table 5.7, these factors can limit 
the applicability of SOLVEX processes. PROPEX may not be feasible. BUTEX 
has a limited operating range – 1527 to 3797 KPa, or hydrostatic depths from 126 
to 327m (413 to 1073 ft). Heavier solvents (C5, C6, C7, C8) have even more 
restricted ranges – 211 to 289m (413 to 1073 ft) (1527 – 37997 KPa). As a 
comparison, the applicability range for SAGD is about 130m to 750m (427 to 
2460 ft). 

(vii) SOLVEX solvent mixes have ‘mixed’ blessings – using a solvent mix in a 
SOLVEX process has some harmful effects. Because the operating T is reduced, 
(see Table 5.6) heated bitumen viscosity, prior to dissolution, can increase 
substantially using solvent mixtures. This can be a process killer if dissolution 
rates are a concern. Even after dissolution, the viscosity of solvent + bitumen 
mixtures can increase – 58 to 74 percent for the examples in Table 5.6. 
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(viii) SOLVEX field tests have been disappointing so far, for bitumen EOR (eg. 
DOVAP tests). There are no successful field pilots and no operating commercial 
SOLVEX process. 

(ix) SOLVEX cannot tolerate nc gas – either as solution gas in the reservoir or as a 
component of the injectant solvent. Non-condensible gas can dilute solvent 
gases, reducing solvent partial pressures and dew points. It can accumulate in 
the reservoir and insulate the reservoir from heat transfer. It can also be trapped 
in the reservoir and inhibit injectivity. (N-Solv proponents advocate purging nc 
gas from the process). 

(x) Pure solvents for SOLVEX are not readily available – some surface processing 
may be necessary to purify solvents for recycling. 

(xi) Lab SOLVEX tests always involve preheating and don’t model cold interface heat 
transfer. 

(xii) SOLVEX may need an external heat source – (hybrid) to balance solvent use and 
solvent heating. 

(xiii) SOLVEX is too risky for ‘leaky’ reservoirs – cost is sensitive to solvent loss. 

(xiv) Poor lateral growth rates – similar to SAGD + ISC lateral growth is a key issue. Is 
there a way to increase lateral growth, increase well spacing and reduce surface 
footprints? (see Ch.7). 

(4) Other Issues 

(i) Direct Gas Dissolution/Exsolution – one of the consequences of how the 
SOLVEX model is structured is that for multiple solvent mixtures, if the produced 
– liquid temperature is greater than one of the solvent dew points, the solvent gas 
will be trapped in the reservoir with no way to escape (the model assumes no 
solvent can dissolve into bitumen before it can condense). For single solvent 
SOLVEX, this is not an issue because produced-liquid temperatures can never 
exceed solvent gas dew points. 

 However, in reality, this might not occur, because direct gas dissolution and 
exsolution can occur without the need for solvent condensation as an 
intermediate step. Since the heat of gas dissolution is similar to the heat of 
condensation, the model assumption can maintain an accurate forecast for heat 
balance calculations. Exsolution of gas dissolved in heavy oils and bitumens is a 
very slow process. So, even if produced fluid temperatures are higher than 
dissolved solvent gas dew points, the bitumen solvent mixture may not be de-
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gassed prior to production, and the heat of dissolution may be retained in the 
produced fluid mixture. Alternately, if some of the lighter solvent in the solvent 
mixture starts to degas, it can cool the produced fluids so that the issue above 
may not be important. 

 If this is a problem and light solvent gases build up in the reservoir. Injectivity may 
be impaired. The process may have to be operated in a cyclic fashion, with 
intermittent pressure blow downs to remove light solvent gases. 

(ii) Solvent Superheat – Solvent heat transfer occurs by latent heat release during 
condensation, similar for steam heat transfer. The case for steam superheat as a 
way to maintain latent heat at the sand face was previously discussed (3.5(xi)). 
Solvent vapour injection has similar advantages from superheat at/near the well 
head prior to injection to retain latent heat at the sand face. Because the heat of 
solvent condensation (Figure 5.4) can be much less than steam, depending on 
process conditions and the choice of solvent, heat loss in solvent vapour transit 
from the well head to the sand face can cause a quality deterioration of solvent 
gas more severe than steam quality deterioration for a similar heat loss. There is 
a strong incentive to superheat solvent vapour at/near the well head prior to 
injection. 

(iii) ISR solvent reflux – solvent vapour reflux can be conducted downhole using an 
ISR well design (Figure 6.2) using electric resistance heaters in the production 
well-bore. This can be a simple system without some of the issues for steam 
reflux (ie. no risk of salt deposition). 

(iv) PROPEX at Cold Lake – IOL is planning to test a cyclic propane process at Cold 
Lake (5.2).In 5.5(3) it was noted that, for default input conditions PROPEX may 
not be a feasible process, primarily because the process temperature is too low 
for rapid dissolution. But, a cyclic Cold Lake process using C3 solvent has factors 
that can improve dissolution rates and increase process feasibility –  

(a) Increased pressures increase solvent dew points and thus, increase 
dissolution rates. Table 5.8 shows the pressure sensitivity of 
PROPEX from 1724 to 4000 KPa (250 – 580psia). The high 
pressures increase process T up to 93oC. This can improve 
dissolution rates significantly. 

(b) The cyclic process adds some mechanical energy to the dissolution 
process from huff-and-puff fluid flow and from solvent mix degassing 
on the puff cycle. Mechanical energy input can also improve gas 
dissolution rates. 
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(c) Any condensed solvent liquid at the sand face, will be ‘pushed’ in the 
reservoir during the ‘huff’ cycle. Unlike the model assumptions for 
conventional SOLVEX process this solvent can participate in the 
recovery process, without first draining to a production well, prior to 
dissolution. 

(v) Miscible CO2, EOR – CO2 is a light solvent that can/has been used to recover oil. 
Table 5.11 shows selected properties for CO2 and other light solvents (C2, C3, 
C4). Miscible CO2 EOR has been used for many years as a tertiary process to 
recover light and medium oils. In about 2007, US CO2 – EOR production was 
about 245 KBD, and production was rising. CO2 miscible flooding is also 
attractive as a method to sequester CO2. 

 For oil recovery purposes, miscibility is defined as that physical condition 
between two or more fluids (eg. oil and solvent) that will permit them to rapidly 
mix, in all proportions, without the existence of an interface. Miscible CO2 is 
usually applied to a water flood, so displacement is a key factor. In miscible 
floods, minimum miscibility pressure (MMP) is determined by slim-tube lab 
displacement tests for a series of pressures. MMP is determined as when oil 
recovery, for a standard test, hits a plateau. MMP displacement recoveries can 
exceed 90% of OIP. Usually (always?), MMP is greater than PC for CO2, so that 
the CO2 miscibility condition is attained using supercritical (dense - fluid) CO2. 
MMP is a function of the properties of CO2 and oil – it is not strongly influenced 
by reservoir matrix properties. MMP is also a function of process T – as T 
increases MMP increases. DOE (2010) developed a set of applicability screens – 
3000 < d < 7000/J, T < 250oF, 1200 < P < 1500psia, 27 < API < 30 and oil 
viscosity < 12cp. 

 Sub miscible CO2 can also be used to recover oil, but efficiencies drop quickly as 
pressures are reduced. 

 This process is not applicable to bitumen or heavy oil EOR, but it does reflect on 
some aspects of SOLVEX, including: 

- supercritical solvents can dissolve into oil 
- solvent process efficiency can increase rapidly as P increases 
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Table 5.1 
 

Selected Solvent Properties 
 
 

 C3 nC4 nC5 nC6 nC7 nC8 

M.W.  44.10 58.12 72.15 86.18 100.21 114.23 

Heat of Condensation       

(ΔHV) KJ/kg 349.0 362.4 366.2 366.2 364.9 363.3 

 (BTU/SCF) 17.38 23.79  29.85 35.64 41.31 46.88 

B.P. (oC) -42.04 -0.50 36.07 68.73 98.43 125.68 

F.P. (oC) -187.68 -138.36 -129.72 -95.31 -90.56 -56.76 

TC (oC) 96.67 152.03 196.50 234.28 267.11 295.68 

PC (KPa) 4249 3797 3369 3012 2736 2486 

HHV (BTU/SCF) 2517.4 3262.1 4009.5 4756.1 5502.9 6249.7 

Liquid µ (cp, 20oC) 0.13 0.16 0.23 0.32 0.42 0.55 

Density (s.g.) (20oC) 0.585 0.579 0.626 0.659 0.684 0.703 
 
 

Where: - various sources 
 

  



229 
 

Table 5.2 
 

Field Butane Compositions 
(liquid v/v %) 

 
 
 

 Canada (1) USA (2) 

nC4 58 – 69 (v/v%) 60 – 75 (v/v%) 

iC4 29 – 38 25 – 40 

C3 0.2 – 5 0.2 

C1 + C2 0 – 0.5 - 

iC5 0 – 2.5 - 

nC5 0 – 1.0 0.2 

 

 Where: (1)  Keyera website, May 2016 

   (2)  DCP Midstream website, May 2016 
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Table 5.3 
 

Solvent Bitumen EOR Chronology (selected events) 
 
 

1976 - Emil Nenninger files a patent for solvent vapour, in situ gravity drainage recovery 
process 

1980-84 - N-Solv lab experiments supported by AOSTRA 

1991 - R.Butler announces a new process (VAPEX) for bitumen EOR, using hot water 
and a solvent vapour 

1998 - John Nenninger files a patent using heated solvent vapour with mild heating of the 
reservoir 

2002 - Huff and puff ‘VAPEX’ test by Nexen at Plover Lake, SK. 

2003 - ‘VAPEX’ test at DOVAP (UTF) site, a consortium of nine companies, (DOVAP = 
DOVER + VAPEX) 

2006 - Enbridge Inc. and Hatch Ltd. Acquire minority ownership of N-Solv corp. 

 - ‘VAPEX’ test at Winter, SK, by Nexen 

2008 - JIVE started (Joint Implementation of Vapour Extraction), an R & D Consortium 
(SRC + ARC + Companies) 

2011 - N-Solv announces MOU with ‘a major oil sands producer’ for a 500 bbl/d pilot in 
N.Athabasca region, a 300m well pair to be operated for one to three years? 

2012 - ESEIEH group (Solvent + EM) test at Suncor mine site 

2013 - IOL starts a $100M, multiyear field test of CSP (Cyclic Solvent Process) at Cold 
Lake (imperialoil.ca, 2016) 

2014 - ESEIEH test at DOVAP site 

 - BEST starts, 25 KBD cumulative production by Oct.2014 (~110 bbl/d avg.), uses 
warm C3 or C4 solvent 

 - N-Solv has over 400 patent claims in its portfolio 

2016 - IOL proposes a 50KBD Cold Lake expansion, using a modified SAGD process with 
a solvent additive  

 

  



231 
 

Table 5.4(a) 

Input/Default Values, Process Model 
 
  
Input Factor (symbol)  Metric (units) English (units) 

        

(1) Reservoir Factors:       

 Sandstone or Carbonate (S or C)  S  S  

 Porosity (ϕ)  0.3 (v/v) 0.3 (v/v) 

 Initial Bitumen Saturation (Sib)  0.8 (PVF) 0.8 (PVF) 

 Initial Water Saturation (Siw)  (1-Sib) (PVF) (1-Sib) (PVF) 

 Bitumen Density (SB)  1014 (kg/m3) 8.0 (API) 

 Initial Bitumen Viscosity (Mi)  3 x 106 (cp) -  

 Initial Reservoir Pressure  (Pi)  1724 (KPa) 250 (psia) 

 Initial Reservoir Temperature  (Ti)  15 (oC) 59 (oF) 

 Depth to top of Reservoir (d)  152.4 (m) 500 (ft) 

        

(2)   Unit Factors:       

 Natural Gas (VGT) (CNG)  2.37 ($/GJ) 2.50 ($/MMBTU) 

 Solvent Costs -        

 C3 (CSV)  157 ($/M3L) 25.0 ($/bbl) 

 nC4 (CSV)  236 ($/M3L) 37.5 ($/bbl) 

 nC5 – nC8 (CSV)  315 ($/M3L) 50.0 ($/bbl) 

 CO2 tax (C COZ)  0.01265 ($/nM3) 0.3582 ($/MSCF) 

 CO2 emission factor (ICO2SV)  26.84 (M3/GJ) 1000 (SCF/MMBTU) 
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Table 5.4(b) 
 

SOLVEX Process – Inputs/Defaults 
 

 

(3) Process Description: 

 (Choose solvents in order of ascending carbon number) 

 

  (i) uni-component solvent – pick 1 of C3 to C8 

 or, (ii) bi-component solvent mix 

    Component I – pick 1 of C3, C4, C5, C6, C7 

    Component II – pick 1 of C4, C5, C6, C7, C8 

    f1 = (v/v)L, fraction of component I in mix (L) 

 or, (iii) tri-component solvent mix 

    component I – pick 1 of C3, C4, C5, C6 

    component I – pick 1 of C4, C5, C6, C7 

          component I – pick 1 of C5, C6, C7, C8 

 

 f1 = (v/v)L, fraction of component I in mix (L) 

 f2 = (v/v)L, fraction of component II in mix (L) 

 

 

(4) Process Parameters (symbol)   Metric (units) English (units) 

        
 Process Pressure (P)  1724 (KPa) 250 (psia) 

 Solvent gas quality (sf) (QSF)  0.80  0.80  

 Residual Bitumen Saturation (Srb)  0.10 (PVF) 0.10 (PVF) 

 Residual Water Saturation (Srw)  0.20 (PVF) 0.20 (PVF) 

 Fractional Heat Lost to Reservoir (LR)  0.10  0.10  

 Temp. of Produced Liquids (TPL)  lowest 
TSVDP 

(oC) lowest 
TSVDP 

(oF) 

 Fractional Solvent Losses (LSV)  0.05  0.05  

 Solvent Contact Factor (CF)  1.0  1.0  
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Table 5.5 
 

SOLVEX, SAGD Performance Factors 
 
 

   SOLVEX 

 SAGD C3 C4 C5 C6 C7 C8 

Process Costs ($/M3B) 55.45 24.15 97.25 197.30 262.23 352.22 391.11 

CO2 Tax ($/M3B) 1.74 0.20 0.53 0.84 1.13 1.18 1.32 

Total Tax + Cost ($/M3B) 57.19 24.35 97.78 198.14 263.36 353.41 392.43 

TS (stm dew point) (oC) 204.8 - - - - - - 

TSVDP (oC) - 50.30 106.36 154.63 197.24 235.16 269.72 

ETOR (GJ/M3B) 4.7545 0.5771 1.5643 2.4786 3.3310 3.4874 3.8790 

PWOR (M3/M3B) 1.7496 0 0 0 0 0 0 

ISVOR (M3/M3B) - 2.9032 7.9268 12.1541 16.1483 21.8387 24.2490 

PSVOR (M3/M3B) - 2.7571 7.5305 11.5464 15.3409 20.7467 23.0365 

LSVOR (M3/M3B) - 0.1451 0.3963 0.6077 0.8074 1.0919 1.2124 

ESVOR (M3/M3B) - 2.2057 6.0244 9.2371 12.2727 16.5974 18.4292 

ICO2 (M3/M3B) 137.54 15.49 41.99 66.53 89.40 93.60 104.11 

µPB (cp) 10.04 18103 241.00 34.23 11.71 5.98 3.77 

µMIX (cp) - 0.443 0.157 0.164 0.150 0.137 0.130 

SOR (M3/M3B) 1.7624 - - - - - - 

WRR (M3/M3) 0.9927 - - - - - - 

MUW (M3/M3B) 0.1878 - - - - - - 

P/PH - 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

r.f. - 0.8125 0.875 0.875 0.875 0.875 0.875 0.875 

WARNINGS  NONE NONE NONE NONE NONE NONE NONE 

 
Where: - default input values 

- µPB = viscosity of bitumen prior to dissolution 
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Table 5.6 

SOLVEX - Comparison of Pure vs Mixed Solvents 
 
 

Performance Factors 
Pure  
nC5 

Pure 
nC6 

C5 + C6 

mix 

Costs + Taxes:    

Solvent Losses ($/M3B) 191.43 254.34 129.44 

Solvent Vaporization ($/M3B) 5.87 7.89 5.22 

Total Process Costs ($/M3B) 197.30 262.23 134.67 

CO2 Tax ($/M3B) 0.84 1.13 0.75 

Total Tax + Cost ($/M3B) 198.14 263.36 135.42 

Diagnostics:    

C5 dew point TSVDP1 (TDPL) (oC) 154.63 - 133.44 

C6 dew point TSVDP2 (TDPH) (oC) - 197.24 148.37 

Input Sol./Bit. Ratio (ISVOR) (M3L/M3B) 12.154 16.148 8.2185 

Prod. Sol./Bit. Ratio (PSVOR) (M3L/M3B) 11.546 15.341 7.8076 

Lost Sol./Bit. Ratio (LSVOR) (M3L/M3B) 0.608 0.807 0.4109 
Engaged Sol./Bit. Ratio 
(ESVOR) 

(M3L/M3B) 9.237 12.273 6.2461 

Energy/Oil Ratio (ETOR) (M3L/M3B) 2.479 3.331 2.2046 

Prod. Water/Oil Ratio (PWOR) (M3L/M3B) 0 0 0 

Ind. CO2 Emissions (M3G/M3B) 66.527 89.404 59.170 

Prod. Bit. Viscosity (µPB) (M3/M3B) 34.23 11.71 71.035 

Prod. Sol. C5 Viscosity cp 0.0995 - 0.1095 

Prod. Sol. C6 Viscosity cp - 0.1013 0.1363 

Mix. Viscosity (µm) cp 0.1642 0.1496 0.25958 

Hydrostatic P ratio (P/PH) cp 1.000 1.000 1.000 

Recovery Factor (r.f.) - 0.875 0.875 0.875 

WARNINGS  NONE NONE NONE 

 
Where: - C5 + C6 is 50/50  v/v liquid 
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Table 5.7 

SOLVEX – Applicability Limits 
 
 

 100oC minimum T 80oC minimum T 

Solvent ΔP range 
(KPa) 

Δd range 
(m) 

ΔP range 
(KPa) 

Δd range 
(m) 

     

C3 - - 3400 to 4200 285 to 370 

nC4 1530 to 3800 125 to 325 1100 to 3800 90 to 325 

nC5 593 to 3370 45 to 290 400 to 3370 35 to 290 

nC6 246 to 3010 25 to 255 150 to 3010 15 to 255 

nC7 106 to 2740 10 to 230 90 to 2740 10 to 230 

nC8 47 to 2490 5 to 210 30 to 2490 5 to 210 

     
 

Where: - refer also to Figure 5.6 
 - if minimum process T is set at 100oC, C3 SOLVEX (PROPEX) is not 
   feasible 
 - refer also to Figure 5.6 
 - process P = 101.3 + 11.31d, where d + depth in m 
 - operation at/above critical conditions (TC, PC) is not desirable (see Text) 
 - P range and hydrostatic depths are additive for solvent mixtures (ie. a 
   50/50 C3 + C4 mix has a max P of about 8000 KPa) 
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Table 5.8 

PROPEX – Pressure Sensitivity 
 

  Process Pressure P (KPa) 

Performance Factors 1724 2000 3000 4000 

Costs:      

Solvent Losses ($/M3B) 22.78 29.16 57.97 140.44 

Solvent Vaporization ($/M3B) 1.37 1.65 2.49 3.15 

Total Process Costs ($/M3B) 24.15 30.81 60.46 143.59 

CO2 Tax ($/M3B) 0.20 0.24 0.36 0.45 

Total Tax + Cost 24.35 31.05 60.82 144.04 

Diagnostics:     

TSVDP (oC) 50.3 57.26 77.74 93.35 

ISVOR (M3/M3B) 2.9022 3.7148 7.3844 17.8904 

PSVOR (M3L/M3B) 2.7571 3.5290 7.0151 16.9959 

LSVOR (M3L/M3B) 0.1451 0.1857 0.3692 0.8945 

ESVOR (M3L/M3B) 2.2057 2.8232 5.6121 13.5967 

ETOR (M3L/M3B) 0.5771 0.6951 1.0498 1.3278 

PWOR (M3/M3B) 15.49 18.66 28.18 35.64 

CO2 Emissions (M3/M3B) 0 0 0 0 

µPB cp 18104 8731 1472 506.4 

µm cp 0.4426 0.2692 0.0953 0.0480 

P/PH - 1.000 1.000 1.000 1.000 

r.f. - 0.875 0.875 0.875 0.875 
 

Where: - default input values except for P 
 - C3 :TC =  96.67oC; PC = 4249 KPa 
 - single solvent, TDPH  = TDPL = TSVDP 
 - M3L  = cubic meters liquid 
 - M3B = cubic meters bitumen 
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Table 5.9 

C4, C5 + Isomers (Selected Properties) 
 
 

  Butane Pentane 

 
 

nC4 iC4 nC5 iC5 (1) iC5 (2) 

       

MW  58.123 58.123 72.150 72.150 72.150 

TFP (oC) -138.36 -159.61 -129.72 -159.89 -16.57 

TBP (oC) -0.49 -11.81 36.07 27.84 9.5 

TC (oC) 151.97 134.70 196.55 187.24 160.60 

PC (bar) 37.96 36.40 33.70 33.81 31.99 

ΔHBP @ 25oC (KJ/mol) 22.46 21.30 25.79 24.69 22.74 

CP gas @ 25oC (J/mol.K) 98.49 96.65 120.04 118.97 120.80 

       

 
Where: - iC4 = methyl propane 
 - iC5 (1) = 2 methyl butane 
 - iC5 (2) = 2,2 dimethyl propane 
 - source = Polina et al (2001) 
 - 1 bar = 0.9869 atm. = 14.5035 psia = 100 KPa 
 - ΔHBP = heat demand to vaporize liquid at 298.15oK (25oC) = heat of 
   condensation 
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Table 5.10 
 

25 KBD Butex Module c/w SAGD 
 
 

Design Factors 
Butex 

Design Case 
25 KBD Butex 

Module 
25 KBD SAGD 

Module 

No. of Patterns - 1.0 41.7 41.7 

Production (M3B/d) 95.36 3973.3 3973.3 

 (bblB/d) 600 25000 25000 

Total Cost + Tax ($/M3B) 176.30 176.30 102.93 

 ($/d) 16811.97 701059 408971 

Energy Use (GJ/d) 268.509 11196.83 34003.9 

 (MW) 3.1090 129.64 393.73 

 (MMBTU/hr) 10.614 442.60 1344.19 
Lost Solvent 
(LSVOR) 

(M3/M3B) 0.7134 0.7134 - 

 (M3L/d) 68.0298 2836.84 - 

 (bbl/d) 428.044 17849.4 - 

Used Solvent 
(ISVOR) 

(M3/M3B) 14.2683 14.2683 
- 

 (M3L/d) 1360.625 56738 - 

 (bbl/d) 8561.05 356996 - 

Total CO2 Emissions (nM3G/M3B) 75.5744 75.5744 247.6 

 (nM3 G/d) 7206.8 300523 983669.9 

 (MMSCFD) 0.2545 10.6127 34.737 

 (tonnes/d) 13.3707 557.557 1824.97 

 (tonnes C/d) 3.6462 152.05 497.67 

 
Where: - design basis = LR = 0.5 + default input values (both Butex & SAGD) 
 - L = liquid, B = bitumen, n =normal conditions, G = gas 

- 1MW = 3.414 MMBTU/hr = 86.364 GJ/d 

- 1 tonne CO2 = 19034.5 SCF = 539.0 nM3 = 0.2727 tonnes Carbon 
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Table 5.11 

Light Solvents (Selected Properties) 
 
 

 
 

CO2 C2H6 C3H8 nC4H10 

Critical Conditions: 
    

TC (oF) 88 90 206 306 

 (oC) 31 32 96.7 152 

PC (psia) 1071 707.8 616.3 550.7 

 (KPa) 7384 4880 4249 3797 

Other Properties:     

MW - 44 30 44 58 

µ liquid (oC) cp 0.06 (25) 0.032(25)   

 s.g. 0.827 0.356 0.508 0.584 

TB (oF) -109.3 -127.5 -43.7 31.1 

 (oC) -78.5 -88.6 -42.1 -0.5 

      

 
Where: - (1) at saturation P and 60oF (15.6oC) 
 - TB = boiling point at 14.696 psia 
 - source NGPSA Eng. Data Book (1972) 
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Figure 5.1 

Bitumen – Viscosity Reduction with Solvent Dissolution 
 
 

 

  Source – Helper et al, (1989) 
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Figure 5.2 

SV + B Mix Viscosities vs Mixture Constituents 
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Figure 5.3 

Solvent, Bitumen, Mixture Viscosity 
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Where: 
- Mixtures are v/v mix. 
- Miscibility is assumed. 
- Bitumen µi ~ 3x106 cp 
- B = Bitumen 
- SV = solvent 
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Figure 5.4 

Heats of Vaporization/Condensation for Solvent Gases/Steam 
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Where: 
- M3G = M3 gas (STP) 
- algorithms used 
- H2OTc = 374oC 
- ΔHV = heat of vaporization 
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Chapter 6 – The Electric Avenue 

 

6.1 Introduction 

1. What is EEOR? 
2. Why EEOR? 

6.2 EEOR Process Descriptions 

1. The ISR (steam) Process 
2. The SWESAGD Process 
3. The EMEEOR Process 
4. Direct RHEEOR 
5. The ISR (solvent) Process 
6. Direct Contact EEOR 

6.3 EEOR History 

1. DCEEOR 
2. RHEEOR 
3. EMEEOR 

6.4 EEOR Models 

1. General Assumptions / Defaults 
2. ISR (steam) 
3. SWESAGD 

4. EMEEOR 

6.5 Performance 

1. Default Conditions 
2. Pressure Sensitivity 
3. Economic Limits 

6.6 Issues / Discussions 

1. Supporting Technologies 
2. Other Issues 
3. Design Guidelines 
4. Strengths 
5. Weaknesses 
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Chapter 6 – The Electric Avenue 

6.1    Introduction 

There are a few background issues for EEOR (Electric EOR). EEOR needs to be defined. More 
specifically, the nomenclature for various EEOR sub processes needs to be defined and the 
processes need to be described. Also, the motivations for EEOR need to be discussed. 

(1)  What is EEOR? 

For the purposes herein, EEOR is defined as a family of EOR bitumen recovery 
processes that use electricity at the well head, as the sole source of energy. 

There is confusion in the literature about the description and nomenclature for some 
EEOR process types. For example, an ‘electrical resistance’ heating process has been 
described as a process where electric currents (AC or DC) are introduced to a reservoir 
using reservoir water (connate water or high-saturation water zones) as electrical 
conduit. Heat is created where the currents see some ‘resistance’ (ie.I2R heating). But, 
the term ‘electrical resistance’ heating has also been used when electrical resistance 
heaters are contained in an injection well and provide heat by direct conduction to the 
reservoir. The term has also been used to describe a process where resistance heaters 
are contained in a well and heat is transferred to the reservoir using direct conduction or 
a heat transfer fluid such as water or solvent. Thus, the simple designation ‘electrical 
resistance’ heating can have multiple meanings. Other EEOR process descriptors such 
as ‘distributed heating’ or ‘concentrated heating’ can similarly be confusing. 

For the purposes herein, EEOR processes are subdivided into only three process types: 

(i) Resistive Heating EEOR (RHEEOR), where conventional electric resistive 
heaters, in or near to an injection well-bore, adjacent to or inside of the reservoir, 
produce heat for EEOR processes. Heat produced by such heaters can be 
transferred directly to the reservoir, using conduction ; or indirectly, using a heat 
transfer fluid – water (eg. ISR or SWESAGD) or solvent (eg. ISR (solvent)). 

(ii) Direct contact EEOR (DCEEOR), where electric current, either DC or AC, is 
injected directly into a reservoir, using connate water or other water zones, as an 
electrical conductor. Heat is released when the current paths meet a resistive 
zone, either inside or outside the reservoir (ie. I2R heating). 

(iii) Electromagnetic [EM] EEOR (EMEEOR), where electromagnetic radiation [EM] is 
injected into the reservoir, using radiative antennas contained in a well bore, or 
induction radiation produced using large induction coils created by a series of 
shafts and tunnels, surrounding sections of the reservoir. 
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These subsets, and daughter processes within each subset, will be discussed separately 
in Section 6.2. Within this group of processes only three processes are explicitly 
modelled, with the rationale for this selection given in Section 6.2. The processes 
modelled are: 

(a) The ISR (steam) Process 

(b) The SWESAGD Process, and 

(c) The EMEEOR Process 

(2) Why EEOR? 

Intuition may conclude that electricity is the highest-quality, highest-cost energy type, so 
it cannot compete with poorer-quality, lower-cost energy sources such as steam, 
combustion or solvent gases, for bitumen (or heavy oil) EOR. But, intuition can often be 
wrong. Intuition is not a good substitute for scientific analysis. 

There are more than a dozen potential advantages of EEOR that can make it an 
attractive approach for EOR – for example: 

(i) Well bore resistance heaters can be cost competitive – heat produced by water 
vaporization-condensation, using resistance heaters inside a reservoir can 
transfer heat at competitive costs compared to surface steam generation. 

 For a typical steam EOR process (eg. SAGD) produced water is cooled for 
treatment so it can be recycled. The sensible heat in the water is mostly wasted 
and dissipated as low-quality heat. The in-well resistance heaters (eg. ISR) can 
capture produced water sensible heat by refluxing hot produced water as steam 
or capturing sensible heat by a counter-flow heat exchange with produced fluids 
(eg. SWESAGD). Heat supplied by an ISR or SWESAGD resistance heater is 
mostly(totally) latent heat – much less than the total steam heat demanded by a 
surface SAGD boiler. 

 Also, when steam is conveyed from a surface boiler, through a surface 
distribution system and down a vertical well-bore (uninsulated) to the reservoir 
sand face, considerable heat can be lost in transit, increasing the steam costs at 
the sand face. The ISR and SWESAGD (RHEEOR) processes produce heat 
at/near the sand face without any transit heat losses. 

(ii) EM energy cost competitiveness depends on various process and comparative 
factors. First, it is important, when comparing different energy sources, to 
compare ‘apples to apples.’ Electricity costs, from a grid supply system, contain a 
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capex charge component. The default (base) case electricity cost of 0.07 $/KWh 
for a base load industrial user, includes the opex to produce the electricity, the 
cost of electricity transmission from an off-site location and a capex (utility return-
on-capital) charge. The off-site production cost, for the base case, is for a gas-
fired, combined-cycle powerplant. (This cost can be potentially reduced by an on-
site power plant, an on-site cogen plant or an off-peak power purchase strategy). 
In order to compare ‘apples to apples’, the default steam costs (5 $/bbl, 31.46 
$/M3B at the well head) reflects both opex costs (eg. natural gas) and a capex 
(return-on-capital) charge for an over-the-fence utility, selling steam to the SAGD 
operator. 

 Second, cost comparisons of steam and EM energy depend on the location of the 
comparison. There are three convenient comparison sites for an EOR project – 
(a) at the well head (wh) prior to energy injection into the well bore. (This is the 
traditional location for SAGD steam cost comparisons), (b) at the sand face (sf) 
after conveyance from the well head to the site where energy is first injected into 
the reservoir. (This site was used in (i) above to compare SAGD and ISR, 
SWESAGD steam costs) or (c) at the bitumen interface where the EOR recovery 
process is initiated. 

 Figure 6.1 presents a comparison of energy costs as delivered to the bitumen 
interface for SAGD (latent heat of steam, only) and the EEOR processes 
modeled (ISR, SWESAGD, EM) as a function of process pressure for a cost 
scenario as outlined in the Figure. Above about 2 MPa (290 psia), ISR costs are 
lower than SAGD. Above about 3.5 MPa (500 psia), EM and SWESAGD costs 
are less than SAGD. 

(iii) Depth, pressure advantages – electricity doesn’t lose any significant delivery 
energy as process pressure or depth increases. Steam has a triple whammy of 
increased cost/heat losses – (a) as pressure increases, steam temperatures 
increase and the key driving force for heat losses – the temperature difference 
between steam and overburden – also increases, (b) as depth increases and 
pressure increases, the steam residence time in the well bore prior to the sand 
face, also increases (increasing heat losses), and (c) as pressure increases the 
latent heat content of steam decreases, increasing useful heat costs at the 
bitumen interface. Figure 6.1 shows how latent heat costs increase with pressure. 

(iv) Injectivity – steam injection rates can be limited by fluid injectivity into the bitumen 
reservoir. Particularly during start up, bitumen reservoirs can have very poor fluid 
injectivity. SAGD start-up times can be very protracted (> 6 months). EM 
processes have no such limits and can, potentially, start up much faster than 
SAGD. 
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(v) Directional control (lateral conformance) – [EM] antennas can be directional (ie. 
focussed upwards or sideways) from a horizontal location and directionality can 
potentially be altered during a process lifetime. Process with this capability can 
introduce an element of transverse conformance control not available to SAGD. If 
[EM] antenna efficiency is sacrificed to attain good directional control it may be a 
good trade off, particularly if the ‘waste’ heat can be used for steam reflux. 

(vi) Longitudinal conformance – in-well resistance heaters and EM, antennas can be 
segmented, with separate segment control. Longitudinal conformance can be 
improved by adjusting segment heating or EM rates (or on/off times). SAGD 
longitudinal control is limited, at best. 

(vii) Well lengths – due to a hydraulic limitation, SAGD horizontal production wells 
have a maximum length of about 1000m (see 3.5(3)). ISR, EM or SWESAGD 
wells, particularly with segment controls, can be longer than SAGD wells, with 
associated capex well costs reduced and reduced surface footprints. 

(viii) Well sizes – the well sizes of a SAGD well pair, are designed so as not to reach 
the hydraulic limit (3.5(3)) for produced fluids including water and bitumen. The 
ISR, and [EM] processes are designed to produce little or no water. So, for the 
same productivity, ISR and EM production wells can be smaller than SAGD wells 
(smaller diameter); for the same well size (diameter), ISR and EM wells can be 
longer than SAGD wells. 

(ix) Thin pays – because of well geometry (3.5(3)), SAGD is limited to net pays > 
15m. SWESAGD and ISR are single-well processes that can be applicable to 
thinner pays (<15m). 

(x) Antenna heating – an EM antenna usually has a conversion efficiency (EM 
radiation energy as a fraction of electricity used) of about 70-90 percent. (Radio 
broadcast antenna efficiency can be as high as 98 percent, approaching the 
efficiency of resistance heaters). The energy ‘lost’ in this conversion is mostly 
heat, in the antenna proximity, and it is usually called ‘wasted’ energy. But, if heat 
loss is substantial and if production fluids, including water, are flowing near the 
antenna, the ‘waste’ heat can reflux water as steam and some or all of the 
conversion heat loss can be recaptured as useful heat. Alternately, water can be 
injected into the antenna and produce useful steam. 

(xi) Potential reduced/eliminated CO2 emissions – depending on the source of 
electricity, ISR, SWESAGD and EM processes can be near-zero emitters (eg. 
hydro, solar, wind, nuclear, biomass and other renewable power sources). 
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(xii) Cogen – if an on-site power plant is a cogen design (ie. steam + electricity) and if 
steam can also be used on-site (eg. SAGD), costs can be reduced and CO2 
emissions can also be reduced. 

(xiii) Risks – ISR and SWESAGD processes are low-risk options from the standpoint 
of the reservoir. Steam is the working heat-transfer fluid, similar to SAGD, with 
‘proven’ productivity. 

6.2    EEOR Process Descriptions 

For the purposes herein, only three EEOR processes are modeled – ISR (steam), SWESAGD 
and EM (or EMEEOR) processes. There are also three processes that are not modeled and are 
discussed herein, with the rationale for not modelling – the RHEEOR (direct conduction) 
process, the DCEEOR process and the ISC (solvent) process. 

(1)  The ISR (Steam) Process (modeled) 

The ISR (steam) process is a proprietary (Nexen) process where immersion electric 
heaters (resistance) are placed in a metal tube, inside a single horizontal production 
reflux well, completed near the bottom of a bitumen reservoir (Figure 6.2), similar to a 
SAGD production well. The heating tube can be segregated into smaller/shorter heating 
elements that are individually controllable. The annulus is used to produce heated 
bitumen. A separate small tube (spaghetti tubing) may be installed in the annulus, 
ending near the toe of the well and used to inject any make-up water needed by the 
process. (There is also a two-well version of ISR, with separate production and injection 
wells, similar to SAGD). 

Steam produced by refluxing produced water enters a steam chamber, similar to SAGD, 
and condenses at the cool edges of the chamber. Heated bitumen and condensed 
steam drain back to the ISR well, where steam is refluxed back into the process. Fluids 
flow, inside the production well, in the annular space from toe to the heel of the 
horizontal well. Heat is added from the centralized heaters to vaporize and reflux water 
as steam. Electricity rates and liquid production rates are controlled so that, at the heel 
area of the horizontal well, the produced fluid is substantially bitumen, at a temperature 
higher than the saturated steam temperature in the reservoir to ensure water 
vaporization/reflux and to facilitate heat transfer from hot bitumen to produced water. 

From the standpoint of the reservoir, at some distance from the ISR well, the process is 
identical to SAGD, using saturated steam as the heat transfer agent, forming a steam 
chamber and using gravity drainage as the primary production mechanism. Because of 
this, bitumen productivity for ISR is expected to be similar to SAGD productivity. 
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The process can be controlled by setting temperature targets using thermostat on/off 
control for each segment heater, to ensure produced bitumen is dry. Liquid production 
rate is adjusted so the ISR well retains mostly liquids (water + bitumen) in the annular 
volume of the well. Liquid temperatures are measured in the annular space for each 
heater segment. For a contained system (no leaks), make-up water is injected, as 
needed, in the spaghetti tubing, to attain/maintain target pressures. Make-up water 
volumes are very small and are only needed to compensate for bitumen (and connate 
water) voidage. Make-up water may be injected continuously or intermittently. 

One of the significant advantages of ISR is that longitudinal steam conformance can be 
controlled, simultaneously with the above operation, by adjusting the distribution of 
electric heat generation between heating elements. 

The ISR (steam) process is similar to SAGD. But, ISR also has some inherent 
differences from SAGD that can be advantageous. ISR opex is usually less than SAGD 
opex, even through electricity is used as the prime source of energy. ISR capex is also 
less than SAGD capex, even if an on-site power plant is needed. ISR only requires a 
single horizontal well that can be longer/smaller than each SAGD well for the same 
bitumen productivity. So, ISR well costs are less than SAGD well costs. Start up of ISR 
is simple and fast. ISR can control steam conformance (SAGD cannot). ISR has less 
make-up water use, reduced CO2 emissions, smaller surface footprints, and higher 
energy efficiency than SAGD. Lastly, ISR has potential applications where SAGD has 
difficulties – active water reservoirs, deep reservoirs, off-shore reservoirs, pressure 
cycling processes and thin-pay reservoirs. 

But ISR also has some issues that may need to be resolved, including: 

(i) How much heat is needed for a single ISR well? – if a good SAGD well is used to 
calibrate heat demand, SAGD design specs can be 1 MMBTU (total heat) per 
barrel of bitumen produced (SOR~3). If the well produces up to 1000 bbl/d [158.9 
M3 B/d), the total (well head) heat demand is 3000 MMBTU/d (about 12 MW(t)). 
But, in a down-hole, sand-face location, ISR heaters need not supply all this heat. 
ISR only needs to supply latent heat and has no heat losses from the well-head 
to the sand-face. Taking these into account, an equivalent capacity for ISR 
heaters is about 5 MW(e). If 500 bbl/d is an acceptable productivity, ISR heater 
capacity drops to about 2.5 MW(e). 

(ii) What linear length of ISR heaters is needed? Residential base-board heaters and 
commercial cable-heaters (see 6.6(2)) have a linear heating capacity of about 1 
KW/m length. At this rating, 5000m of heater length would be needed to supply a 
5 MW(e) power demand, not practical for a 1000m well. However, commercial 
electrical liquid immersion heaters, with diameters of 1 to 2 inches, have a linear 
heating capacity of about 10 KW/m – an order of magnitude higher than 
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residential heaters. If such heaters were used, the length needed to supply 5 
MW(e) is only about 500m, half the well length of 1000m. Electric immersion 
boiler heaters have a capacity that is double that for tank immersion heaters. 
Using these heaters, heater occupancy would only be about 25 percent, per unit 
length of ISR wells. (If heaters are bundled, net heater length can be further 
reduced). 

(iii) What is the risk of salt deposition? – deposition on heater tubes, when produced 
water is refluxed can be an issue. If salts are not removed as suspended solids in 
produced bitumen, the salts can coat heater tubing and inhibit heat transfer. 
However, there is strong evidence that salt deposition on ISR heater tubes will 
not be a problem (6.6(1)(v)). 

(iv) What is the risk of coke disposition? – if deposition on hot heater tubing occurs, 
heat transfer can be retarded/fouled. Coke forms, in bulk bitumen, at 
temperatures at/over 400oC. If produced fluid temperatures, in the ISR well 
annulus, are kept under 400oC (350oC with a safety margin) this should not be a 
problem. The potential problem and risks thereof can be quantified, for each 
bitumen, using electric immersion heaters immersed in bitumen. 

(v) What is the risk of flow inhibition, due to complex flow patterns around the ISR 
well? Hot bitumen and water are flowing downward to the ISR well. At the same 
time, steam is produced in the well and flows upward – creating a complex flow 
region that may inhibit bitumen that may inhibit bitumen productivity. It has been 
reported that, without mitigation this may inhibit bitumen productivity by up to a 
factor of 8 (Harding, 2016). But, the ISR heaters need occupy only 25 percent of 
the well length (less if bundled), so in the blank sections there is no inhibition due 
to steam production.  

(vi) How is the process controlled? – the suggested control method may be too 
complex and may not work well. Field testing is necessary. Automated 
(computer) control may be mandated. 

(2) The SWESAGD Process (modelled) 

In the 1990’s, the single-well SAGD (SWSAGD) process (a non-electric process) was 
field tested (Table 3.2, Figure 6.3). The process targeted deeper, thin-pay heavy oil and 
bitumen resources. The bitumen resource size is attractive, with over 400 MMMB OOIP 
(Table 1.5) and SAGD or CSS are not applicable to recover this resource. But, 
SWSAGD field tests were not successful (see 3.2) for various reasons. 
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A new version of SWSAGD using electricity and dubbed SWESAGD is proposed herein, 
to overcome the deficiencies of SWSAGD. Figure 6.3 shows a schematic depiction of 
the SWESAGD process (single well electric SAGD). Features of this process, include: 

(i) It is a single-well process for steam EOR bitumen or heavy oil production, 
specifically suited for deeper resources (>300m depth) and thin-pays (<20m 
thickness) that are not suitable for SAGD (or CSS). The process may also be 
applied to other resource types. 

(ii) Treated boiler feed water (BFW) is conveyed from surface to an  isolated toe 
section of a horizontal well (Figure 6.4) where a thermal packer is used to isolate 
the toe section. 

(iii) Preferably, but not necessarily, the toe section of the horizontal well is angled 
upward (Figure 6.4) to help segregate steam injection from the horizontal section 
of the well. From the reservoir standpoint, this geometry is similar to the toe-to-
heel (TTH) geometry described in Figure 2.5. 

(iv) A resistance electrical heater bundle is installed in the toe at the end of the BFW 
tube, with the heater installed substantially in the toe section (Figure 6.4). 

(v) The steam produced by the heaters enters the reservoir near the toe of the well. 
Reservoir processes are similar to SAGD with heated bitumen and condensed 
water, draining by gravity to enter the well annulus between the toe and heel 
regions of the well, where it is conveyed to the surface. 

(vi) The BFW tube (Figure 6.4) is uninsulated and BFW is heated via heat exchange 
from the tube to/from hot produced liquids in the annulus, to temperatures near/at 
saturated steam temperature, by the time BFW enters the toe region of the well 
to be vaporized. 

(vii) If the produced water/bitumen is too cold, a trim heater for BFW can be installed 
at/near the well head on surface. 

Advantages of this process are similar to ISR, but without the risk of salt deposition or 
coking on the electric heater elements. The benefits include: 

(i) No BFW heat losses (heat gains) in the vertical section of the well. 

(ii) Only latent heat is needed to produce steam (at the toe section of the well BFW 
is pre-heated to/near saturated steam temperatures). 



255 
 

(iii) Costs are similar to ISR (excluding water treatment costs), much lower than 
SAGD costs at higher pressures/depths (Figure 6.1). 

(iv) The model used for ISR can be used for SWESAGD when modified to include 
water treatment costs and to exclude bitumen superheat costs. 

(v) No surface steam boilers ae needed (a trim heater for BFW is optional). 

(vi) The upturned toe (Figure 6.4) (optional, but preferred) helps injected steam 
disengagement from the horizontal section of the well. 

(vii) Reduced surface footprint compared to SAGD. 

(viii) Reduced CO2 emissions compared to SAGD (or CSS). 

(ix) Suitable for deeper, thin-pay resources. 

(x) The process can easily cycle pressures, if desirable. 

The SWESAGD design alleviates two ISR issues – salt deposition on heater tubes is not 
an issue (BFW is treated) and flow inhibition due to counter current flow patterns at/near 
the entry point for produced fluids is also not an issue. But, like ISR, SWESAGD has 
some issues that need resolutions, including: 

(i) Heater bundles – how can a heater bundle be designed, for the toe region of the 
SWESAGD well? If commercial electric immersion heaters, one to two inches in 
diameter, are used to form a heater bundle, with 10 KW/m linear heating 
capacity, for a three-fold bundle (Figure 6.10), the heating bundle would be 167m 
long, with a bundle diameter of two to four inches. This would not be suitable to 
segregate toe region for a SWESAGD well. However, if a seven element bundle 
were used (Figure 6.10), the heating bundle would be 71m long, only 71m long or 
seven percent of the length of a 1000m well, with a bundle diameter of three to 
six inches (easy to fit into a seven inch casing). If a 19 element bundle was used, 
the heating bundle would only be 26m long and 5 to 10 inches in diameter. In any 
case, electric heater design will not likely inhibit SWESAGD designs. 

(ii) Productivity – can SWESAGD productivity approach SAGD productivity? The well 
configuration for SWESAGD is similar (identical) to toe-to-heel (THAI) geometry 
(Figure 2.5), with steam injected near/at the horizontal well toe and with a 
horizontal well to collect produced, heated bitumen + water. This process has 
shown good productivity in lab tests, but not necessarily with productivity as good 
as SAGD or ISR (Turta, 2009). More lab tests and field pilots are needed. 
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(iii) BFW treating costs – what is the cost and the specs needed for BFW treatment 
for a SWESAGD process? Electric SWESAGD process factors may need tighter 
specs than once-through SAGD boilers. Obviously, evaporative produced water 
treatment is preferred to minimize TDS levels in BFW. To account for extensive 
treatment, the default treatment cost for the SWESAGD process model is set at 
$1/bbl ($6.29/M3W) or about 0.2 times the cost of SAGD steam. It is not obvious 
what specs are needed for an immersion heater boiler, nor is it obvious what 
quality steam will be best. More lab work is needed. 

(iv) Boiler operation – what is the preferred operating strategy for the SWESAGD 
heater boiler? By controlling the BFW injection rate and the electrical power rate 
to the heaters, it is possible/practical to control the injection quality of steam. 
What is the best strategy? Lab work is needed. 

(3) The EM or EMEEOR Process (modelled) 

EM radiation is produced by a down-hole antenna and the EM radiation is injected into a 
reservoir to be absorbed by water and other dipolar molecules. 

Another way to produce EM radiation (at lower frequencies) is to construct, using shafts 
and tunnels, a system of coils, surrounding the reservoir. Low frequency AC currents in 
the coils can induce EM radiation, and eddy currents, in the coil interior. The eddy 
currents induced in water will produce heat that heats the adjacent reservoir matrix and 
bitumen, to reduce bitumen viscosity so it can flow to a separate production well. This 
scheme was first proposed by Fischer Bros. Engineering (Montreal) in the 1970’s (Table 
6.1). But it was considered impractical due to the cost of tunnels and shafts. No field 
tests have ever been conducted. No model of this is provided herein.  

The antenna route, notionally with an antenna installed in a horizontal well (Figure 6.6) is 
the preferred route. The well needs to be made of a material, in the antenna zone, that 
allows passage of EM radiation (ie. no metals). The well configuration can be the same 
as SAGD with an upper EM producer (Figure 6.6). (the preferred configuration) or it can 
be installed in a vertical well (Figure 6.7). The antenna can also be directional and focus 
EM radiation to desired reservoir regions (eg. in lateral directions), see Figure 6.1. There 
have been several field tests of this process (see Table 6.1). So far, only low power 
antennas have been tested, but it may be feasible to develop antennas with EM outputs 
in the MW power range needed for good productivity. The frequency of EM radiation is 
another issue that is not yet resolved. So far, it looks like rf radiation is the preference 
with a frequency of about 13.6 MHz (wavelengths about 20m) (Tables 6.1, 6.2). The EM 
process for bitumen EOR takes place by the following steps: 

(i)  EM radiation is injected by a down-hole antenna, 



257 
 

(ii) EM radiation penetrates the reservoir until it is absorbed by dipole molecules, 
mostly liquid water, 

(iii) the water heats until it is at TS (steam is not a strong EM absorber), 

(iv) the heat is conducted to adjacent reservoir matrix rock and bitumen, 

(v) steam migrates to other, cooler areas and condenses to further transfer heat; a 
steam chamber is formed, surrounding the antenna [on a net basis only the 
sensible heat need be provided by EM. Latent heat is recouped by steam 
condensation.] 

(vi) heated bitumen drains in the steam chamber to a production well, water also 
drains to the well, 

(vii) drained liquids (water + bitumen) are produced and conveyed to the surface. 

A steady-state process may evolve. But, if pressures build up to unacceptable levels, 
EMEEOR may have to be operated as a cyclic process, and power reduced til pressures 
are; lowered (see 6.6(3). 

This process is modelled herein (steady-state assumed), assuming the process steps as 
outlined above. 

(4) Direct RHEEOR (resistive heating, not modelled) 

This family of processes uses in-well electric resistive heaters with heat transfer to the 
reservoir by direct conduction, using the reservoir rock matrix and reservoir fluids to 
conduct heat. Shell used this process for its Mahogany Oilshale Project in Colorado, with 
a field test in 1997 to 2013. (table 6.1). But, direct heat conduction is a very slow 
process. Shell heated Colorado oil shale for four years, with a very small well spacing 
(~8m), prior to any liquid hydrocarbon production, using cable heaters (resistive heaters) 
with a capacity of about 1 KW/m of length. Heat removal capacity by conduction in 
reservoirs also has a dissipation rate of about 1 KW/m of well length. If heater capacity 
exceeds this limit, and the heater is on continuously, the heater can overheat and can be 
damaged. (As a comparison, SAGD steam injectivity has a capacity of about 10 KW/m 
well length). Because of this, it is not clear that a process, using direct heat conduction, 
as a primary production mechanism in a porous reservoir, could ever be profitable for 
bitumen recovery. 

For this reason, direct RHEEOR is not modelled herein. 

(5) The ISR (solvent) Process (not modelled) 
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The ISR (steam) process (6.2(1) uses water/steam as a heat transfer fluid. Another heat 
transfer substance option is a solvent. The ISR (solvent) process would behave like a 
SOLVEX process (Chapter 5) with in-situ solvent reflux, rather than surface reflux  using 
a gas-fired heat exchanger. The process has the attributes of the ISR (steam) process 
with the following exceptions: 

(i) since water is not boiled for reflux, there is no/little risk of TDS salts in water 
depositing on the heater elements to foul heat transfer, 

(ii) if the solvent chosen has a vaporization temperature less than steam (eg. 
butane) the risk of coke and scale formation/deposition on the heater elements is 
reduced or eliminated, 

(iii) most solvents have lower heat demands than water for vaporization (Table 5.4) 
so resistance heater capacity is lower than ISR (steam). 

But, ISR (solvent) also has some issues – for example: 

(i) The heat demand for solvent vaporization is latent heat only, because the solvent 
is produced as a liquid, near its dew point. This is true for ISR (solvent) and 
SOLVEX with a gas-fired surface heat exchanger for solvent reflux. There is 
no/little energy advantage to use a down-hole ISR electric heater compared to a 
surface gas-fired heater. Since electricity costs more than gas per unit energy (at 
2.50$/MSCF gas costs 2.64$/GJ ; electricity at 0.07$/KWh costs 19.44$/GJ there 
is a cost disadvantage to use in situ reflux for solvent processes. 

(ii) The other advantage for in situ reflux is that the quality of solvent vapour injected 
can be 100 percent. But, the other way to achieve this advantage is to superheat 
the solvent vapor at/near the well head. Superheat using a gas-fired heat 
exchanger near to well head is not expensive. 

For these reasons, the ISR (solvent) process is not modelled, herein. 

(6) Direct Contact EEOR (DCEEOR) 

This process uses electric current, either DC or low-frequency AC, injected directly into a 
reservoir using connate water or other water zones, as the electrical conductor. An 
electrode is placed in a vertical (or horizontal) well, with electrical contact with the 
connate (or other) water (Figure 6.5). The electrode must be insulated from the well in 
which it is contained. Current flows into the reservoir and heat is released in resistive 
portions of the circuit. 
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This process has been field tested at several locations in the world (see 6.3 for a 
summary). The DCEEOR process can be ‘tricky’ to operate, with the following concerns: 

(i) If heat vaporizes water, the conductive current path can be lost or disrupted. 
Operation at temperatures less than steam dew points (TS) is suggested to keep 
current flow, but it is difficult/impossible to ensure in practice. This problem is 
most severe at/near the electrode where current density is highest. A temporary 
fix is to inject brine to cool the electrode and/or to re-establish a circuit.  

(ii) A second issue is safety. Even if the electrode is isolated by a non-conducting 
section, currents can still leak back to the surface well-head and facilities using 
water as a conductor. 

(iii) Conformance is also a significant issue. It is hard to widely distribute electrical or 
heat energy to most of the reservoir, if energy flows in favored, localized electrical 
paths. There is no easy way to mitigate poor conformance. 

(iv) The process won’t work (well) in reservoirs with bottom/top water, lean zones, 
mud zones or other water channels. These conditions are often present in many 
bitumen reservoirs. 

(v)  The electrode needs to have good, electrical contact with reservoir water. This is 
difficult to attain, measure and sustain. 

(vi) There have been several field tests of DCEEOR, with spotty results, at best. To 
date, there is no commercial DCEEOR process in operation. 

(vii) Perhaps the most important issue is that there is a capacity problem. To compete 
with SAGD productivity a DCEEOR process would have to inject about 5 MW(e) 
of energy for a single pattern. So far, the maximum DCEEOR energy injectivity 
has been about 100 KW – a factor of 50 times too low. 

(viii) DCEEOR won’t work if reservoir connate water doesn’t contain sufficient 
dissolved salts to act as a good conductor. 

For the above reasons, no model is developed herein for DCEEOR. 

6.3 EEOR History 

Table 6.1 presents an annotated chronology of selected EEOR events and tests. The record 
can be broken into RHEEOR, DCEEOR and EMEEOR categories. 

(1) DCEEOR (Direct Contact EEOR) 
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Several companies have developed direct contact electrode systems for heating oil 
(heavy oil). Most field tests have been focussed on aiding (accelerating) heavy oil 
production, with tests starting in the 1980’s. Several companies are marketing DCEEOR 
systems. Tests have been conducted in the USA (TX, UT, OK), Canada (AB, SK), Brazil, 
Venezuela and China. Results have been inconclusive. So far, there is no commercial 
DCEEOR application in production. Tests were also conducted in a bitumen reservoir 
(2004 – Poplar Creek) with poor results. An application to develop a commercial (20 
KBD) bitumen project was rejected by Alberta regulators. 

(2) RHEEOR (Resistive heating EEOR) 

To date, this process has been commercialized, but only for heating produced oil to 
prevent wax deposits, using cable heaters (1 KW/m capacity). From 1997 to 2013, Shell 
reportedly used cable heaters for its Mahogany Oilshale test in Colorado. The shale was 
heated to 370oC over a four-year period, with a heater spacing of 8m. (High temperature 
was needed to retort distillate liquids from the solid oil shale). 

Both ISR (steam) and SWESAGD are RHEEOR processes that use resistive heating to 
produce/reflux steam in situ. Neither process has been field tested yet. 

(3) EMEEOR (EM radiation EEOR) 

This process has a long history. The first patents were issued in the 1950’s. The first 
field tests were in the USSR in the late 1960’s. In the 1980’s the Illinois Institute of 
Technology (IIT) developed, patented and field tested on r.f. EMEEOR process (at 13.56 
MHz frequency, wavelength = 22m). The process was field tested in 1980 and 1981 in 
both oil shale and oilsands deposits in Utah and Colorado (Figure 6.7). The results were 
encouraging but not too exciting. Antenna EM power was only about 20 KW, much too 
low for commercial productivity. More recently (2012-2016), the Harris Corp (FL) has 
formed a consortium (Harris, Nexen, Suncor, Laricina) to test its EMEEOR technology in 
Canada – the ESEIEH process. So far (2016), results are encouraging and tests are 
continuing. 

6.4 EEOR Models 

(1) General Assumptions/Defaults 

 no steam injected from the surface 

 electricity costs at (default value) 0.07 $/KWh, based on a combined-cycle gas-fired 
power plant. The costs include capex charges and a utility return-on-capital, based 
on grid purchase, priced at the wellhead 

 no electrical energy losses in transit from the wellhead to the sand face 

 default value reservoir heat losses (LR) at 0.10 of injected energy at the wellhead 
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 default, conversion efficiency of electricity to heat, in resistance heater, is 1.0 (ie. 
100% conversion) 

(2) ISR Model Assumptions/Defaults 

 well configuration is a simple linear well containing centralized electric resistance 
heaters (Figure 6.2) 

 from the standpoint of the reservoir, the process and the ISR model is similar to 
SAGD, with many of the same model assumptions, inputs and defaults (3.3) 

 no fouling, scaling or coking on resistance heater tubes to inhibit heating or heat 
transfer 

 no productivity losses from complex flow patterns around the ISR well. (Alternatively, 
if the ISR heaters are bundled (Figure 6.10), the fraction of the well length that might 
experience productivity losses, can be reduced to non-consequential amounts. 

 make-up water (MUW) for ISR is calculated as bitumen voidage replacement with 
steam (not water) less any water produced from connate water 

(3) SWESAGD Model Assumptions/Defaults 

Key assumptions/defaults for the SWESAGD model are similar to ISR with the following 
exceptions: 

 at the heater elements (the toe section of the SWESAGD well), the BFW is assumed 
to be at saturated steam TS, due to counter-flow heat exchange with produced 
liquids – only latent heat is needed to vaporize BFW to produce steam 

 the preferred version of SWESAGD well geometry includes an upturned toe section 
to help injected steam to disengage from the production well inlets (Figure 6.4). All 
steam injected is assumed to enter the reservoir without short-circuiting to the 
production well. 

 from the standpoint of the reservoir, the well configuration is similar to the toe-to-heel 
geometry (eg. THAI, Figure 2.5). Based on toe-to-heel (steam) lab tests, productivity 
is expected to be good. 

 one major difference between ISR and SWESAGD is that BFW for SWESAGD must 
be treated, including recycle water treatment. BFW default treating costs are taken 
as $1/bbl (6.29 $/M3w). 

 make-up water (MUW) volume is calculated assuming a 90 percent (v/v) recycle 
yield, similar to SAGD MUW. 

(4) EMEEOR Model Assumptions/Defaults 

In addition to the general assumptions above, key assumptions for EMEEOR include the 
following: 
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 electrical conversion efficiency to EM (an input value) has a default value of 0.80. 
The remaining energy (0.20) is dissipated as heat in/near to the antenna. As a 
default, this waste heat does not reflux any water and does not contribute to the 
recovery process. 

 reservoir heat losses (LR) are taken as a default value of 0.10, the same as other 
processes. The heat loss mechanisms for EMEEOR are much different than other 
processes. EM radiation can easily enter areas that are not potentially productive 
(eg. overburden/underburden), without conduction heat or fluid heat losses being 
active. 

On the other hand, directional antennas can be effective to ensure radiation is focussed 
and contained in the reservoir. Also, some of the ‘waste’ heat near the antenna can be 
captured and be useful if some produced water is refluxed as steam. The default value 
LR = 0.10 assumes the EM advantages and disadvantages above, partially cancel out so 
the EM process has an LR similar to the other process options (eg. SAGD). 

 EM radiation doesn’t have a direct link to process pressure. It is assumed for 
EMEEOR that the process pressure (P), at default, is equal to saturated steam 
pressure at the original a reservoir pressure (Pi). 

 EM radiation also doesn’t have a direct link to process temperature. It is assumed 
that the reservoir growth element is heated to TST, saturated steam temperature at 
pressure P. 

 As a default, on a net basis, it is assumed that all connate water, in the growth 
element, is heated to TST, without any vaporization (ie. no latent heat supply 
needed). If some water is vaporized, in hot spots, the steam will migrate to a cooler 
region and condense. So, if EM vaporizes water, the condensation will recoup the 
latent heat. 

 Bitumen and water are produced at TST (no subcooling) 

 Because connate water is mobilized by EM, Srw = 0.10 (less than SAGD) 

 Residual bitumen, in the swept zone, is taken as Srb = 0.15 (same as SAGD) 

 There is no explicit well geometry associated with EMEEOR, but, notionally, it is 
assumed that the EM radiation well is similar to the steam injection well in SAGD and 
there is a lower production ell beneath the EM injector (Figure 6.6). Alternately, the 
TTH geometry (Figure 2.5) may be a good choice for EMEEOR processes. 

 In order for water to be produced as water, the EM injection well (antenna) is 
assumed to have some EM direction control so the production well is not exposed to 
high EM fluxes (Figure6.11)/ If this is not accomplished, steam could be trapped in 
the reservoir and pressures could build up to excessive levels (see 8.3(1)). 

 It is also assumed in the models that voidage, from bitumen and water production, is 
occupied by saturated steam. 
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6.5 Performance 

(1) Default Conditions 

Table 6.3 shows a comparison of SAGD, ISR, SWESAGD and EMEEOR performance 
factors at base case (default) conditions. Some key factors are: 

(i) Process Costs are electricity energy costs for each EEOR process (plus water 
treatment costs for SWESAGD) compared with steam costs for SAGD. The low 
cost process is ISR at 53.34 $/M3B (8.48 $/bblB) ; followed by SAGD at 55.45 
$/M3B (8.81 $/bblB) ; SWESAGD at 60.61 $/M3B (9.63 $/bblB) ; and EMEEOR at 
85.26 $/M3B (13.55 $/bblB). 

(ii) CO2 taxes are related to indirect emissions from power production for ISR, 
SWESAGD and EMEEOR and for steam production in a gas-fired boiler for 
SAGD. It is assumed that there are no emissions associated with water treating 
for SAGD and SWESAGD. The low cost process is SWESAGD at 1.66 $/M3B 
(0.26 $/bbl) ; followed by ISR at 1.69 $/M3B (0.27 $/bbl) ; SAGD at 1.74 $/M3B 
(0.28 $/bbl) and EMEEOR at 87.97 $/M3B (13.98 $/bbl). 

(iii) Total cost + tax, the sum of (i) + (ii) follows similar trends. The low cost + tax 
process is ISR at 55.03 $/M3B (8.75 $/bbl), followed by SAGD at 57.19 $/M3B 
(9.09 $/bbl) ; SWESAGD at 62.27 $/M3B (9.90 $/bbl) and EMEEOR at 87.97 
$/M3B (13.98 $/bbl). 

(iv) Energy use measured as ETOR. The low energy user is SWESAGD at 2.687 
GJ/M3B (0.405 MMBTU/bbl) followed by ISR at 2.743 GJ/M3B (0.413 
MMBTU/bbl) EMEEOR at 4.385 GJ/M3B (0.66 MMBTU/bbl) and SAGD at 4.755 
GJ/M3B (0.716 MMBTU/bbl). 

(v) Water usage – EMEEOR is almost a dry process. ISR only needs small amounts 
of make-up water at 0.002 M3L/M3B. SAGD (at 0.188 M3/M3B) and SWESAGD 
(at.135 M3/M3B) need make-up water for voidage replacement and to replace 
losses in BFW treatment/recycle processes. 

(vi) CO2 emissions are indirect for each process. The low emitter is SWESAGD at 
131.15 nM3/M3B (736 SCF/bbl) followed by ISR at 133.88 nM/M3B (751 SCF/bbl), 
SAGD at 137.54 nM3/M3B (772 SCF/bbl) and lastly by EMEEOR at 214.01 
nM3/M3B (1201 SCF/bbl). 

Other factors (TS, µS, rf, P/PH…) are similar for all processes. 
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(2) Pressure Sensitivity 

Not all the processes compared in Table 6.3 have the same sensitivity to increased 
process pressures. Table 6.4 and Figure 6.8 show the performance sensitivity to 
process pressures between 1724 and 10500 KPA (250 to 1523 psia) with the following 
highlights: 

(i) Total cost + tax – the ultimate comparator is total cost + tax as shown in Figure 
6.8 and Table 6.4. Above about 1750 KPa (254 psia) ISR costs are less than 
SAGD with the cost advantage increasing with pressure. At 6500 KPa (943 psia) 
the ISR cost advantage climbs to 76 $/M3B (12 $/bbl). 

 Above about 3050 KPa (422 psia) SWESAGD costs are less than SAGD.          
At 6500 KPa, the SWESAGD cost advantage climbs to 54 $/M3B (8.6 $/bbl).  

 Above about 5025 KPa (729 psia) EMEEOR costs are less than SAGD.              
At 6500 KPa, the EMEEOR cost advantage climbs to 30.9 $/M3B (4.9 $/bbl).  

 All EEOR processes have similar incremental sensitivities to P increases but 
starting from different bases. 

(ii) Other factors – Table 6.4 shows how other performance factors behave as P 
increases from 1724 KPa (default case) to 6500 KPa (943 psia). 

(a) for SAGD, ETOR increases from 4.40 GJ/M3B to 15.16 GJ/M3B, an 
increase of 10.76 GJ/M3B. Over the same pressure range ETOR for 
ISR increases by only 2.455 GJ/M3B, for SWESAGD the increase is 
also 2.45GJ/M3B and for EMEEOR the increase is 2.90 GJ/M3B. The 
EEOR processes have much less energy use sensitivity than does 
SAGD. 

(b) for SAGD, CO2 emissions increase from 122.98 to 425.94 nM3/M3B, 
an increase of 303 nM3/M3B (1700 SCF/bbl). Over the same range, 
the increase for ISR is 120 nM3/M3B; for SWESAGD it is 120 M3/M3B 
and for EMEEOR it is 142 nM3/M3B. The EEOR processes have 
much less sensitivity to CO2 emissions. 

(3) Economic Limits 

Figure 6.9 shows a plot of ISR and SAGD economic limits as a function of reservoir 
porosity (ϕ) and initial bitumen saturation (Sib). ISR is the best of the EEOR options. 
Economic limits, for purposes herein, are defined as total cost of 300 $/M3B (47.68 $/bbl) 
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when process heat losses are at LR = 0.5. This defines a locus of points of limit 
conditions at P = 1724 KPa (250 psia) on a ϕ vs Sib chart. 

Figure 6.9 shows how using ISR can open up bitumen recovery to poorer reservoir 
types. SAGD is limited to initial bitumen saturations greater than about 0.45 ; ISR lowers 
the limit to about 0.35. For low porosity reservoirs (ϕ ~ 0.15), SAGD needs Sib > 0.8 ; ISR 
only needs Sib > 0.6. 

6.6 Issues/Discussions 

(1) Supporting Technologies 

Commercial applications of ISR, SWESAGD and EMEEOR may require development of 
new technology or adaptation of existing technology. Some of the supporting/component 
technologies are as follows: 

(i) Cable insulation – conveyance of electric energy to a downhole device will 
require insulated cables that withstand a heated environment with constant 
exposure to water and oil and small movements, with a high power capacity (~5 
MW(e)). For several decades, power cables have been in use to provide 
electricity for submersible pumps operating at temperatures up to saturated 
steam TS. But, the environment for downhole resistive heaters can be even more 
severe. Cable heaters have been insulated using a magnesium oxide layer. This 
can deform, degrade and short out over time when exposed to a hot environment 
with constant exposure to water. Recently (~2008), a new composite, ceramic 
fiber tape, has been developed (Hamilton, 2009) that can improve insulation 
endurance for downhole electric resistive heaters. A USA DOE demonstration 
project successfully tested the material for over 5000 hrs (>200 days) at 
temperatures ranging from 760 to 850oC, without failure or any sign of 
degradation. 

(ii) Cable heaters – have been used for over 20 years for in situ (in well bore) electric 
resistive heating of produced oil + water (and the near-well-bore zone) to supress 
wax deposition. The heaters are placed inside a production well and immersed in 
produced fluids. Heating capacity is ~< 1 KW/m of heater length. (Not 
surprisingly, for typical pipe sizes the capacity of a reservoir to dissipate heat is 
also about 1 KW/m of pipe length). 

(iii) Shell’s Mahogany Field test – from 1997 to 2013, Shell conducted a field test to 
heat (by conduction) and to retort shale distillate liquids at Mahogany in the 
Pinceance Basin in Colorado, USA. Electric resistance heaters (cable heaters) 
were placed in the reservoir using vertical wells placed about 8m apart, in a 7-
spot pattern (Figure 2.3). After four years of heating, reservoir temperatures 
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reached 340 to 370oC, sufficient to retort liquid products from the shale deposit. A 
freeze-wall system was used to isolate and protect groundwater. In 2013, Shell 
shut down the field test and abandoned the site, citing unfavourable economics 
as the reason. 

(iv) Electric Immersion Tank Heaters – have been used for over 20 years to heat 
chemicals, water, or hydrocarbons, usually deployed as in-tank heaters. The 
immersion heaters are enclosed in alloy steel or Inconel tubes, about one to two 
meters in length and one to two inches in diameter. Heating capacity is up to 
about 10 KW/m of tube length – more than sufficient for ISR or SWESAGD 
heating duty. But, particularly for SWESAGD, the tubes may be bundled (Figure 
6.11) to increase linear heating capacity. Also, for ISR or SWESAGD use, the 
effective length of the heaters may need to be extended to 10+ meters. This will 
require some R & D activity. 

(v) Evaporative Oil Treating – oil/water separation is usually affected in a density 
separation vessel, where water sinks to the bottom and oil rises to the top. But, 
oil/water separation becomes difficult when oil (bitumen) density is close to water 
density. In 1983, Colt Engineering, AB patented a method to separate bitumen 
and water by evaporating the water. To date (circa 2016), several commercial 
bitumen/water Colt treaters have been installed at field locations and operated 
(successfully) for many years, demonstrating that TDS salts in produced water 
end up as suspended solids in produced bitumen, without fouling steel surfaces 
in the treaters. Salt deposition has not been an issue. Presumably, one reason is 
that steel is oil-wet, similar to a downhole environment for resistive heaters. 

(vi) Electric boilers – using electric immersion heaters, are commercially available 
from several sources. The boilers typically use Incoloy (S.S.332) sheathed heater 
tubes with a design maximum heat transfer rate of 75 watts/in2, including a safety 
factor. Standard boiler capacities are available up to 2.6 MW. Boiler efficiencies 
approach 100 percent. The design heat transfer rate translates to 18.6 KW/m of 
tube length for a two inch diameter tube – much more than needed for ISR, about 
twice the capacity of immersion tank heaters ((iv) above).  

(vii) Electric resistance heater design – the key factor for electric resistance heaters is 
the cooling provided by the medium to be heated. If the cooling is not sufficient, 
the heater elements will overheat, possibly melt and fail. The ability of stagnant 
air to remove heat from a baseboard heater is about 1 KW/m of heater length. 
So, baseboard residential heaters are designed up to this capacity. The capacity 
can be increased by adding a fan for hot air circulation or a reflector to dissipate 
heat as infra-red radiation. The capacity of a petroleum reservoir to remove heat 
by conduction only, is also about 1 KW/m of tubing length. So, cable heaters are 
designed up to this capacity limit. The capacity of a tank of liquid to remove heat 
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by conduction and convection is much greater than for the mechanism of 
conduction alone. So, immersion tank heaters are designed up to a limit of about 
10 KW/m of heating tube length. The highest heat removal capacity is for water 
that boils. So, electric boilers using immersion heaters are designed, up to about 
20 KW/m of heater tube length. 

 Additional safety factors can be obtained by monitoring heater temperatures and 
allowing for thermostat control (on/off) or proportional control of the heat 
production. 

(2) Other Issues 

Other issues can also affect EEOR processes, including: 

(i) Heater capacity – For ISR or SWESAGD individual wells, total resistance heater 
capacity needs to be about 4 to 5 MW (not the 10MW used by SAGD), because 
(a) there is not heat loss in steam transit from the wellhead to the sand face, and 
(b) only latent heat need be supplied by the heaters, since produced water (ISR) 
or injected water (SWESAGD) is already preheated to near saturated steam 
temperatures. 

(ii) Heat over-heat protection – typical cable heaters and/or immersion heaters do 
not necessarily have a built-in temperature control to prevent overheating and 
heater damage. For ISR and SWESAGD processes, a temperature control can 
be built-in. If temperature at/near heater tubing is measured (desirable for EOR 
process control), the measurement can be used to trigger an automatic power 
shutdown, if temperature exceeds a target value (for the process) or a safety limit 
(to preserve the heater) – ie. ‘thermostat’ control. 

(iii) Heat transfer retardation – by bitumen, may be an issue. Table 6.5 shows that 
water heat conductivity is over 10 times faster than bitumen. Heat transfer rates 
are not likely to be limited by heater capacity, but bitumen may retard heat 
transfer in a bitumen – water mix (emulsion). 

 But if water is boiling directly (ie. SWESAGD), there is no concern. The maximum 
boiling-water heat transfer rate (nucleate boiling) is about 106W/m2 surface area. 
Thus, a one-inch D tube in contact with water can have a boiling heat transfer 
rate up to 65 KW/m length and a two inch tube has a rate up to 262 KW/m length. 
But, ISR has a bitumen + water contact with a heating tube and bitumen may be 
considered as a heat insulator. (The heat conductivity of bitumen is about one 
third the conductivity of water (Table 6.5)). 
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 So, ISR heat transfer rates may be limited, depending on production rates 
(bitumen) removal rates), PWOR and flow patterns in the ISR well. Lab tests are 
needed. SWESAGD doesn’t have this issue – heat transfer is directly to water 
only. 

(iv) Antenna cooling – for EMEEOR high power antennas, it may be necessary to 
cool the antenna to preserve efficiency. Water is an effective coolant. But if the 
injected water is to not absorb radiation, it must be deionized prior to injection. 

(v) Antenna capacity – the world’s largest commercial rf broadcast antenna is rated 
at 2.5 MW(e), about a factor of two lower than that needed for the same 
productivity as a SAGD well pair. It is not obvious that a single downhole antenna 
is a practical or feasible design. A linear array of multiple antennas might be 
necessary (Figure 6.12).   

(3) Design Guidelines 

(i) Size factors – Table 6.6(a) shows performance factors for a 25 KBD module 
using the ISR process, based on default process/reservoir values and heat 
losses of LR = 0.5 (consistent with other process designs (eg. 3.5(1)(i)). 

 Selected performance factors include (compared to a SAGD module): 

(a) 42 ISR well patterns 

(b) Electricity demand 227.3 MW(e). This is large enough to justify an 
onsite dedicated power plant, gas-fired combined cycle or an onsite 
cogen plant. 

(c) CO2 emissions of 33.84 MMSCFD (9582599 nM3/d), about the same 
as SAGD. But, if renewable power was used, these ISR emissions 
would be near zero, and CO2 tax would be eliminated dropping ISR 
costs to less than SAGD costs. 

(d) Natural gas demand, assuming onsite power production at 55 
percent efficiency, natural gas demands are about 1411 MMBTU/hr 
or 33.8 MMSCFD (960,000 nM3/d). 

(ii) EM Process Design – the model for the EM processes assumes that EM 
radiation is preferentially absorbed by connate water until it is all vaporized. The 
steam then occupies a gas chamber and migrates to the chamber edges where it 
condenses and releases heat and liquid water. (The net heat requirement for EM 
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is to heat a virgin reservoir growth element to saturated steam temperatures 
without vaporizing connate water. Any latent heat is recouped when steam 
condenses). Condensed water drains to a production well and it is produced as 
water. At a steady state condition, not water production is the connate water in 
the growth element, less the steam needed to occupy the voidage created by 
connate water evaporation and bitumen production. Water and bitumen are 
produced at a rate so that live steam doesn’t break through to the production 
well, akin to sub-cool control of SAGD. 

(iii) EM Well (Pattern) Design – so far, at least notionally for a steady-state process, 
the EM well pattern design may be a SAGD geometry (Figure 2.4), with an EM 
horizontal injector (with one or more antennas) above a horizontal production well 
that are both in the same vertical plane with a spacing of about 5m between the 
wells. But, this can pose a serious problem for EMEEOR. If the EM flux in (or 
near) the production well is sufficient, any produced water will be re-vaporized 
and there may be no easy way for water to exit the process zone. Steam 
pressures will increase until process P hits an unacceptable limit (ie. at/near 
fracture pressures).  

 There are four potential solutions to these potential problems: 

(a) Install a directional antenna system so that the production well is in 
the ‘shadow’ of the EM radiation flux (ie. a low-flux region). Figure 
6.11 shows a schematic of how this might work. 

(b) Change the EMEEOR well pattern geometry so that water production 
is potentially far away from the EM injector, and high EM flux zones. 
The toe-to-heel (TTH) geometry (Figure 2.5) may be suitable for this. 
For a TTH well design, as the steam/EM front moves outward, the 
separation between EM injector and water production also increases. 
This would require the EM antenna to be in a vertical orientation, with 
length restrictions more severe than a horizontal orientation. Figure 
6.12 shows how this may work in a pattern system with vertical EM 
injectors and horizontal producers. As one side benefit, the geometry 
shown in Figure 6.12 would not necessitate any substantial 
directionality of the EM antennas. 

(c) Allow live steam production in the producer. This not only 
complicates productivity with two phase flow, but it reduces efficiency 
and increases costs. It is not a desirable solution, except perhaps as 
a way to decrease start up times. 
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(d) The last option is to bite the bullet and run the EMEEOR as a 
pressure – cyclic process. It may be practical to allow EM process 
pressures to increase and decrease in a controlled cycle (ie. a ‘huff’ 
and ‘puff’ cycle) in a cyclic EMEEOR (CEEMEOR) process. 

 First, in the ‘huff’ part of the cycle, the antenna is at full power, and 
production rate is controlled, as above (ii) so that live steam doesn’t 
break through to the production well (akin to a sub-cool control for 
SAGD, but using pressures that are dynamic). 

 Some steam is trapped in the gas chamber and pressures increase 
until a target (high pressure is attained (ie. less than frac pressure). 
When this occurs, EM power is shut off (or reduced). 

 Second, at the start of the ‘puff’ cycle, when power is shut off (or 
reduced), production is continued, not allowing live steam 
breakthrough, and process pressures (P) start to fall as water/steam 
is purged from the system. When pressure (P) reaches a target low P 
(ie. a fraction of initial Pi or hydrostatic PH), the antenna power is 
turned on (or increased) and the process proceed through a 
subsequent huff cycle. 

 Depending on reservoir parameters and the size of the steam/gas 
chamber, the cycle times can be short or long. As the process 
matures, and the size of the steam chamber increases, cycle times 
will increase. 

 (Note, for a ‘leaky reservoir’, a cyclic P process may not be feasible). 

(4) Strength’s – What’s right about EEOR processes? 

(i) Cost competitiveness – at default conditions, ISR and SWESAGD can be cost 
competitive with SAGD. As process pressures increase ISR and SWESAGD 
have lower costs than SAGD. For P >5025 KPa (729 psia) EMEEOR costs are 
lower costs than SAGD. For P > 5025 KPa (729 psia) EMEEOR costs are lower 
than SAGD costs. 

(ii) Energy injectivity – SAGD and other processes, particularly at start-up, have 
severe energy injectivity constraints, limited by reservoir fluid injectivity. EMEEOR 
has no such limitation. EMEEOR can inject radiation energy at full capacity from 
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day one. (ISR and SWESAGD have early energy injectivity rates limited by fluid 
injectivity and matrix heat conductivity). 

(iii) Supporting technology – the new technology needed to develop ISR and 
SWESAGD (ie. new resistance heaters, at high capacity rates) is not a major 
step-out from existing technology. (EMEEOR may need some work on high 
power antennas). 

(iv) Well size/costs – ISR and EMEEOR can have smaller wells than SAGD (or 
SWESAGD) because there is less water in produced fluids. ISR and SWESAGD 
are single well processes, compared to a two-well process, SAGD (and 
EMEEOR). Well capex costs for all EEOR processes should be less than SAGD 
costs. 

(v) Well length – because of segment control for ISR (and EMEEOR) longitudinal 
conformance can be controlled and well lengths can be longer than SAGD (ie. > 
1000m). The toe-to-heel process (ie. SWESAGD) doesn’t have the same 
hydraulic limits as SAGD, length can potentially be longer than SAGD wells, but 
field tests are needed. 

(vi) CO2 emissions – for higher pressures (Table 6.4), ISR, SWESAGD and 
EMEEOR can all have CO2 emissions less than SAGD. Above P = 2500 KPa 
(363 psia) all EEOR processes have lower CO2 emissions than SAGD (Table 
6.4). Within the EEOR family, SWESAGD is the lowest emitter, followed by ISR 
and EMEEOR. 

(vii) Energy efficiency – because ISR and SWESAGD need only consume electricity 
for latent heat production, both ISR and SWESAGD have lower unit energy use 
(ETOR) than SAGD. Above about 2000 KPa pressure (290 psia) EMEEOR also 
uses less energy than SAGD (Table 6.4). 

(viii) Water usage – EMEEOR is a dry process, producing a surplus of water. ISR 
water use is only for voidage replacement with steam, much less than SAGD (or 
SWESAGD) water use. SWESAGD water use is less than SAGD because the 
process has no heat loss in transit from the wellhead to the sand face. 

(ix) Thin pay resources – because of economics of a dual well process and the 
geometry of stacked well pairs, SAGD is limited to net pays >15m. Both ISR and 
SWESAGD are single-well processes, applicable to thinner pays. 

(x) Marginal resources – Figure 6.9 shows that ISR (or SWESAGD) can be applied 
to a wider variety of reservoir types than SAGD. If thin pays are included, the 
broadening of applicability is increased substantially. 
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(xi) Pressure cycling – all the EEOR processes modelled can easily cycle process 
pressures, if desired or if required. 

(xii) Shallow resources – because of the risk of steam breakthrough to the surface, 
SAGD, ISR and SWESAGD may have significant risks if applied to shallow 
reservoirs. EMEEOR may have reduced risks (but not zero) because it is a dry 
process. 

(xiii) Conformance control – ISR segmented, controllable heaters offer a degree of 
longitudinal conformance control not available to SAGD (or SWESAGD). If 
EMEEOR antennas can be segmented and separately controlled, along with 
directionality control of the antennas, EMEEOR can also potentially offer better 
conformance control than SAGD, but field demos are needed. 

(xiv) Further upsides available – an onsite power plant, or an onsite cogen plan can 
reduce EEOR costs. If power is sourced from renewable or nuclear sources, 
EEOR emissions can approach zero. If antenna waste heat is used to reflux 
steam, EMEEOR performance can be improved. Because the technologies are 
relatively immature, upsides for ISR, SWESAGD and EMEEOR are larger than 
upsides for SAGD. 

(xv) Low cost field tests – if grid power is used, single pattern tests for EEOR 
processes can be simple and inexpensive. 

(xvi) Lateral growth – is always a problem for EOR, determining surface footprints and 
well pattern spacing. If a directional antenna is feasible for EMEEOR lateral 
growth can be improved. 

(xvii) SWESAGD – can obviate three significant concerns of ISR – the potential for 
salt/scaling on heater tubes and the potential of coke fouling on heater tubes and 
SWESAGD also doesn’t have the risk of heat transfer impairment (ISR) if the well 
is full of bitumen. The price to pay for these advantages is the cost of BFW 
treatment and using the TTH geometry rather than the SAGD geometry. 

(xviii) Capex costs - Table 6.7 shows that resistance heater capex costs (ISR, 
SWESAGD) are potentially 100 times less than antenna costs (EMEEOR). For a 
2.5 MW(e) heater system, in a single well, resistance heater costs can be about 
0.25 million Euros (circa 2008) or about 0.2 to 0.5 M$ - not excessive for a 
bitumen EOR process. 

(5) Weaknesses – what’s risky about EEOR processes? 
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(i) Shallow resources – it has been stated in the literature that EMEEOR processes 
may be applicable to shallow resources (Bera, 2015). But, EMEEOR also can 
deliver heat at higher rates than SAGD, at start-up or early project phases. 
Because, at early times, there may be no flow paths to the production well, 
pockets of high pressure (steam) may be formed with some risk of limited surface 
breakthrough. EMEEOR will have to be operated carefully at early stages in 
shallow reservoirs. 

(ii) Energy delivery capacity – ISR and SWESAGD can have similar energy delivery 
rates as SAGD, with some development. But, so far, field tests on EMEEOR 
antennas used systems with low energy injection rates (<~ 50 KW(e)), less than 
SAGD rates by a factor of 100. It is not obvious that EMEEOR can be developed 
with productivities similar to SAGD. 

(iii) Production flow paths – EMEEOR does not create a flow path for bitumen 
production at the same time as EM is injected. This does not constrain EM 
injection rates, but it may slow down EM start-up periods. 

(iv) Capex costs – may be much larger for EMEEOR than capex costs for ISR or 
SWESAGD (Table 6.7). Antenna capex may cost 100 times more than ISR 
heaters for equivalent energy injectivity. 

(v) Technology – some development work is necessary to commercialize ISR or 
SWESAGD, but most of the technology is in place. Extensive technology 
development (R & D) may be necessary for EMEEOR antennas to achieve 
satisfactory capacity and good directional control. 

(vi) Heat losses – heat loss mechanisms, downhole, for SAGD, ISR and/or 
SWESAGD are similar, and losses (LR) can be expected to be similar. EMEEOR 
heat loss mechanisms are different (eg. radiation losses to over-and-under 
burden areas) and directional control of EM radiation may not be good enough to 
compensate for differences. There is a risk that EM heat losses can be much 
higher than steam. 

(vii) Sizing – for EMEEOR to be practical as a primary EOR process for bitumen 
reservoirs, a directional antenna emitting 5 KW/m of radiation energy must be 
developed to fit in a horizontal well with a diameter of about one foot, where the 
well material is nonconducting (ie. non-metallic). This is a tough task. 

(viii) Opex costs – the opex costs for ISR and SWESAGD are forecast to be 
competitive with SAGD. EMEEOR costs, depending on losses, may not be 
competitive, except at high P. 
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(ix) CO2 emissions – depending mainly on electricity sources, EEOR CO2 emissions 
can be substantial. 

(x) Infrastructure – power grid infrastructure and power availability may be an issue 
for EEOR deployment. For a large deployment of EEOR (eg. 1.5 MMB/D 
bitumen), Alberta’s energy generation capacity would need to be doubled. 

(xi) Field tests – EEOR field tests have not been inspirational. Despite a long history 
of field tests, there are no commercial EEOR projects in operation or 
contemplated. ISR and SWESAGD have not been field tested, even to prove the 
concepts. EMEEOR tests have used antennas with low power. 

(xii) ISR risks – ISR economics look very prospective. But, the risk of salt deposition 
or coke deposition on heater tubes needs to be examined by lab or field tests 
(SWESAGD obviates these risks). 

(xiii) Heater Burnout – electric resistance heaters have a history of burnout during field 
tests. It may be necessary to control burnout risks with an on/off thermostat 
control linked to a downhole skin temperature measurement. This can be 
particularly important for SWESAGD where the heaters are bundled and 
concentrated at/near the toe of the well. One way to design a protective process 
control system is to have an upturned well toe (Figure 6.4) with a liquid (water) 
level monitor above the heater bundle, and perforations above the liquid level 
(Figure 6.13). The control loop can be designed to inject enough water to ensure 
liquid levels remain above the top of the heater bundle. Alternately, the liquid 
level monitor can be linked to an on/off switch for the heaters. If the liquid level 
falls below the monitor point, the heater is turned off until the liquid level returns 
to the monitor point. Control strategy is similar to a WAO Boiler (Balog et al, 
1982).  
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Table 6.1 
 

EEOR Chronology 
 
 

1956 - First EMEEOR patent 

1969 - First EMEEOR field test at Bashkortosan, USSR; 63KW at 13.56 MHz 

1970’s - Fischer Bros. (Montreal) propose to create large induction coils for oilsands 
bitumen recovery, shafts + tunnels to induce eddy currents 

1979 - 11TR1 is issued 2 patents for EMEEOR 

1980 - EMEEOR teat at Yultimirovskoye, bitumen, USSR, 20-30 KW 

 - Utah field tests, shale, Avintaquin Canyon, 20 KW at 13.56 MHz 

1981 - 11TR1 field test at Asphalt Ridge UT, 200 KW at 13.56 MHz; 

 - second test 40-75 KW at 13.56 MHz 

1983 - S.W. Texas test DCEEOR, LF (60 Hz) 

 - E. Utah DCEEOR test 

 - S. Oklahoma DCEEOR test 

1986 - Wildmere, AB, DCEEOR test 

1987 - Brazil, Petrobras DCEEOR test 

1988 - Frog Lake, AB, DCEEOR test 

1988-89 - Lloydminster, SK, EMEEOR test, 20-30 KW (50 KW peaks) 

1992-93 - Jobo, Venezuela, DCEEOR test 

1995 - Dagang, China, DCEEOR test 

 - Frog Lake, AB, DCEEOR test 

1997 - Juana, Venezuela, DCEEOR test 

 - Shell ICP shale oil test (RHEEOR) starts on Mahogany, Piceance Basin, CO 

2004 - ET Energy (Can.) formed (McMillan-McGee Corp. + Willmac Can. LP) to 
develop/test DCEEOR and ET-DSP (Electrothermal Dynamic Stripping Process) + 
water injection, Test at Poplar Creek, AB. 

2012 - ET starts Poplar Cr. Test, 23 electrode wells + 14 producers+ 6 observation wells, 
poor productivity (1-4 M3/d for field), poor electrode reliability. ET proposes 10 KBD 
project. ERCB denies proposal (no evidence of potential commercial production). 

 - ESEIEH group (Harris Corp., Nexen, Suncor, Laricina) tests EMEEOR technology 
at Suncor Steepbank mine site – good results. 

2013 - Shell Mahogany (RHEEOR) shutdown, unfavorable economics 

2014 - ESEIEH test at DOVAP site (UTF) 
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Table 6.2 
 

The Radio/Microwave EM Spectrum 

 

 Wavelength Frequency  

EHF 1 cm 30 GHz  

SHF 1 dm 3 GHz  

UHF 1 m 300 MHz 
Radio/TV 

band 

VHF 10 m 30 MHz  

HF 100 m 3 MHz  

MF 1 km 300 KHz  

LF 10 km 30 KHz  

VLF 100 km 3 KHz  

ULF 1 Mm 300 Hz 
Consumer 

electric power 

SLF 10 Mm 30 Hz  

ELF 100 Mm 3 Hz  

 

     

Where: - there is no consensus on radio and microwave boundaries 
 - E = Extra, S = Super, U = Ultra , V=  Very, H= High 
   M = Medium, L = Low, F = Frequency  
 - the relation between frequency (F) and wavelength (L) is FL = C,  
   where speed of light C = 3x108 m/s  
 - the TV/Radio band is 40 MHz to 1000 MHz 
 - 1 Hz = 1 cycle per second 
 - source Wikipedia (2016) 
 - consumer microwave oven F = 2.45 GHz 
 - electric power F = 60 Hz 

 

 

 

Micro 
and 

Radio 
Waves 
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Table 6.3 
 

EEOR Process Performance Factors (174 KPa) 
 
 

   EEOR PROCESS MODELS 

  RHEEOR  

 SAGD ISR SWESAGD EMEEOR 

Process Costs ($/M3B) 55.45 53.34 60.61 85.26 

CO2 Tax ($/M3B) 1.74 1.69 1.66 2.71 

Ttl Tax + Cost ($/M3B) 57.19 55.03 62.27 87.97 

TS (stm dew point) (oC) 204.8 204.8 204.8 204.8 

ETOR (GJ/M3B) 4.7545 2.7430 2.6872 4.3849 

PWOR (M3/M3B) 1.7496 - 1.3280 0.2962 

SOR (M3/M3B) 1.7624 - 1.3297 - 

MUW (M3/M3B) 0.1878 0.0017 0.1345 - 

WRR (M3/M3) 0.9927 - 0.9987 - 

WRR (M3/M3) 137.54 133.88 131.15 214.01 

ICO2 (M3/M3B) - 761.93 746.44 1218.03 

Elec. Use (KWh/M3B) - 761.93 746.44 1218.03 

µS (cp) 10.04 10.04 10.06 10.04 

P/PH - 1.000 1.000 1.000 1.000 

r.f. - 0.8125 0.8125 0.8125 0.8125 

WARNINGS  NONE NONE NONE NONE 

 
Where: - default input values for all processes 
 - MUW for ISR is bitumen voidage replacement with steam 
 - P = 1724 KPa 
 - MUW for SWESAGD = SOR -0.9 (PWOR) 
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Table 6.4 
 

Pressure Sensitivity for EEOR Processes 
 
 

  Process Pressure P (KPa) 

Selected Performance Factors 1724 2500 4500 6500 8500 10500 

SAGD:        

Qsf - 0.85 0.83 0.69 0.59 0.50 0.41 

Total Tax + Cost ($/M3B) 51.14 60.95 95.80 177.10 241.16 337.06 

ETOR (GJ/M3B) 4.4023 5.2609 8.2589 15.1612 20.4633 28.2716 

WRR (M3/M3B) 0.9927 0.9911 0.9876 0.9883 0.9864 0.9849 

MUW (M3/M3B) 0.1679 0.2029 0.3282 0.6032 0.8346 1.1803 

ICO2 (M3/M3B) 122.98 146.58 230.42 425.94 580.01 810.68 

TS (stm dew point) (oC) 204.78 223.75 257.44 281.13 299.22 314.32 

ISR:       

Total Tax + Cost ($/M3B) 53.34 59.28 72.33 101.06 110.53 115.84 

MUW (M3/M3B) 0.0017 0.0024 0.0044 0.0066 0.0089 0.0113 

Elec. Use (KWh/M3B) 761.93 846.90 1001.49 1443.75 1530.46 1604.05 

ETOR (GJ/M3B) 2.7430 3.0488 3.6054 5.1975 5.5097 5.7746 

ICO2 (M3/M3B) 133.88 148.81 175.97 253.68 268.92 281.85 

SWESAGD:        

Total Tax + Cost ($/M3B) 62.27 69.74 83.81 123.09 132.38 141.01 

MUW (M3/M3B) 0.1345 0.1567 0.2052 0.3242 0.3746 0.4297 

ETOR (GJ/M3B) 2.6872 2.9918 3.5465 5.1375 5.4488 5.7130 

ICO2 (M3/M3B) 131.15 146.02 173.09 250.74 265.93 278.83 

EMEEOR:        

Total Tax + Cost ($/M3B) 87.97 91.26 108.47 146.21 153.42 159.44 

PWOR (M3/M3B) 0.2962 0.2913 0.2782 0.2634 0.2480 0.2318 

ETOR (GJ/M3B) 4.3849 4.5488 5.4068 7.2879 7.6471 7.9473 

ICO2 (M3/M3B) 214.01 222.01 263.88 355.69 373.22 387.87 
 

Where: -  Qsf for SAGD is based on an algorithm with Qwh = 1.0 
 - all other inputs except Qsf and P are at default values 
 - TS, µS are common for all processes 
 - MUW for ISR = bitumen voidage replacement with steam; for SAGD and 

 SWESAGD, MUW assumes PW recycle at 90% BFW yield 
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Table 6.5 
 

Thermal Properties of Various Substances 
 
 

 Thermal Conductivity Specific Heat 
Substance K (W/mK) Cp (cal/gmoC) 

Copper 401 0.09 

Aluminum 205 0.21 

Steel 54 0.12 

Sandstone 1.7 0.17 

Carbonate/Limestone 1.26 – 1.33 0.22 

Asbestos 0.15 0.20 

Cement 0.29 - 

Bitumen 0.17 - 

Asphalt 0.75 0.22 

Brick 0.15 0.20 

Clay 0.15 0.33 

Air 0.024 0.24 

Coke 0.184 0.22 

Water 0.58 1.00 

 
Source: -  www.engineeringtoolbox.com (2016) 
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Table 6.6 (a) 
 

25 KBD ISR Design + SAGD Comparison 
 
 

Design Factors 
ISR Design  

Single pattern 
25 KBD ISR 

Module 
25 KBD SAGD 

Module 

No. of Patterns - 1.0 41.7 41.7 

Production (M3B/d) 95.36 3973.3 3973.3 

 (bbls/d) 600 25000 25000 

Total Cost + Tax ($/M3B) 99.05 99.05 102.93 

 ($/d) 9445.3 393870 408971 

Energy Use (GJ/d) 470.82 19633.3 34003.9 

 (MW) 5.4515 227.3 393.73 

 (MMBTU/hr) 18.61 776.1 1344.19 

Steam Injection (M3L/d) - - 12604.9 

 (bbl/d) - - 79310.0 

SOR (M3L/M3B) - - 3.1724 

MUW (M3L/d) 0.163 6.794 1343.0 

 (bbl/d) 1.025 42.75 8450.0 

Water Treating (M3L/d) - - 13856.1 

 (bbl/d) - - 87182.6 

Produced Water (M3/d) - - 12513.1 

 (bbl/d) - - 78732.5 

Total CO2 Emissions (nM3G/M3B) 240.98 240.98 247.57 

 (nM3G/d) 22979.9 958259.9 983669.9 

 (MMSCFD) 0.82537 33.840 34.737 

 (tonnes/d) 31.01 1292.96 1824.97 

 (tonnes C/d) 8.4556 352.6 497.67 

 
Where: - design case for ISR + SAGD at LR = 0.5 + default input values 
 - L = liquid, B = bitumen, n =normal conditions, G = gas 
 - 1MW = 3.414 MMBTU/hr = 86.364 GJ/d 
 - 1 tonne CO2 = 19034.5 SCF = 741.14 nM3G = 0.2727 tonnes Carbon 
 - production at 600 bbls/d (95.36 M3/d) for each well pair 
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Table 6.6 (b) 
 

25 KBD SWESAGD Design Module 
 
 

Design Factors 
SWESAGD 

Single pattern 
SWESAGD 

25 KBD Module 
SAGD 

25 KBD Module 

No. of Patterns - 1.0 41.7 41.7 

Production (M3B/d) 95.36 3973.3 3973.3 

 (bbls/d) 600 25000 25000 

Total Cost + Tax ($/M3B) 108.94 108.94 102.93 

 ($/d) 10388.52 433201.22 408971 

Energy Use (GJ/d) 448.27 19233.5 34003.9 

 (MW) 5.1905 222.70 393.73 

 (MMBTU/hr) 17.120 760.31 1344.19 

Steam Use (M3L/d) - - 12604.9 

 (bbl/d) - - 79310.0 

SOR (M3L/M3B) 2.3263 (1) 2.3263 (1) 3.1724 

MUW (M3L/d) 22.240 927.41 1343.0 

 (bbl/d) 139.936 5835.33 8450.0 

Water Treating (M3L/d) 244.08 10178.05 13856.1 

 (bbl/d) 1535.74 64040.31 87182.6 

Produced Water (M3/d) 221.838 9250.645 12513.1 

 (bbl/d) 1395.805 58205.06 78732.5 

Total CO2 Emissions (nM3G/M3B) 229.42 229.42 247.57 

 (nM3G/d) 21877.49 912291.3 983669.9 

 (MMSCFD) 0.56188 23.430 34.737 

 (tonnes/d) 29.519 1230.93 1824.97 

 (tonnes C/d) 8.050 335.67 497.67 

 
Where: - design conditions, LR = 0.5 + default input values 
 - L = liquid, B = bitumen, n =normal conditions, G = gas 
 - 1MW = 3.414 MMBTU/hr = 86.364 GJ/d 
 - 1 tonne CO2 = 19034.5 SCF = 741.14 nM3G = 0.2727 tonnes Carbon 
 - MUW = SOR = 0.9 PWOR 
 - measured at sand face; no CO2 mitigation for SWESAGD 
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Table 6.6 (c) 
 

25 KBD EM Design c/w SAGD Design 
 
 

Design Factors 
[EM] 

Design pattern 
[EM] 

25 KBD Module 
SAGD 

25 KBD Module 

No. of Patterns - 1.0 41.7 41.7 

Production (M3B/d) 95.36 3973.3 3973.3 

 (bbls/d) 600 25000 25000 

Total Cost + Tax ($/M3B) 180.67 180.67 102.93 

 ($/d) 17229 718436 408971 

Energy Use (GJ/d) 858.79 35811.6 34003.9 

 (MW) 9.944 414.66 393.73 

 (MMBTU/hr) 33.948 1415.64 1344.19 

Steam Use (M3L/d) - - 12604.9 

 (bbl/d) - - 79310.0 

SOR (M3 L/M3B) - - 3.1724 

MUW (M3L/d) - - 1343.0 

 (bbl/d) - - 8450.0 

Water Treating (M3L/d) 244.08 10178.05 13856.1 

 (bbl/d) 1535.74 64040.31 87182.6 

Produced Water (M3/d) 29.3 1223.5 12513.1 

 (bbl/d) 184.6 7698.5 78732.5 

Total CO2 Emissions (nM3G/M3B) 439.56 439.56 247.57 

 (nM3G/d) 41916.4 1747915.6 983669.9 

 (MMSCFD) 1.4802 61.724 34.737 

 (tonnes/d) 77.766 3242.84 1824.97 

 (tonnes C/d) 21.207 884.32 497.67 

 
Where: - design conditions, LR = 0.5 + default input values 
 - L = liquid, B = bitumen, n =normal conditions, G = gas 
 - 1MW = 3.414 MMBTU/hr = 86.364 GJ/d 
 - 1 tonne CO2 = 19034.5 SCF = 741.14 nM3G = 0.2727 tonnes Carbon 
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Table 6.7 
 

Capex for EEOR Systems 
 
 

EM Heating Process Capex (Million Euros/MW) 

Resistive <0.1 

Inductive ~1 

r.f. Dielectric 5-10 

Microwave Dielectric >10 

 
 
 

Where: capex includes surface + downhole equipment for a single 
production well pattern (Koolman, 2008) 
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Figure 6.2 
 

ISR Schematic 
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Figure 6.3 
 

SWSAGD Schematic 
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Figure 6.4 
 

The SWESAGD Process Schematic 
 
 
 

 
 

 Where:  - not to scale 
   - Packer is optional 
   - Upturned toe is optional 
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Figure 6.5 
 

DCEEOR Process Configuration Schematic 
 
 
 

 
 

 Source: - Electrothermic Co., Corpus Christi, TX 
   - Chute & Vermeulen 
   - DC or low frequency AC power 
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Figure 6.6 
 

Horizontal Well r.f. EMEEOR 
 
 
 

 
 

   
  SAGD configuration 
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Figure 6.7 
 

IITRI Single Well r.f. EMEEOR 
 
 
 

 
  
 Utah Test: - parallel electrodes 
   - 40-75 KW 
   - 2.288 to 13.5 MHz 
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Figure 6.8 
 

Cost vs Pressure 
EEOR Processes 
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Figure 6.9 

 
Economic Limits SAGD vs ISR (ST) 

(at 4000 KPa) 
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Where - economic limit at 300 $/M3B   
total costs with LR=0.5 

- other values are input defaults 
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Figure 6.10 
SWESAGD Heater Element Bundles 

(end views of heater tubes) 
 
 

1 element 
 

d = 1 to 2 inches 

3 elements 

 

d = 2 to 4 inches 

4 elements 

 

d = 3 to 6 inches 

7 elements 

 

d = 3 to 6 inches 

14 elements 

 

d = 4 to 8 inches 

19 elements 

 

d = 5 to 10 inches 
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Figure 6.11 

EM EEOR Schematic 
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Figure 6.13 

SWESAGD Control System 
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Figure 6.12 

Line TTH EEOR Well Configuration 

(EM Processes) 
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Chapter 7 – Adventures in Hybrid Land 

7.1    Introduction 

(1)  What is a hybrid process? 

For the purposes herein, a hybrid process is defined to be a bitumen EOR process 
where more than one and less than four injectants are used (ie. two or three separate 
injectants). An ‘injectant’ is also defined (see 2.4(8)) as a fluid or oxidant gas or EM 
energy introduced to the reservoir, at/near the sand face, that can cause or stimulate 
EOR productivity. For practical reasons, injectant combinations are limited to binary 
mixtures or tertiary mixtures of the following six possible, practical injectants: 

[A] = Air for ISC component, 

[O] = Oxygen gas for an ISC component, 

[EM] = Electromagnetic radiation, 

[W] = Water, to scavenge and redistribute heat, 

[ST] = Steam, and 

[SV] = Solvent gas 

For the purposes, [SV] is considered as a single injectant, even though SV mixtures are 
practical. 

The hybrid nomenclature, used herein, (2.4(8)) includes the hybrid component injectants 
within square brackets, where the first (left-oriented) injectant is the dominant injectant 
(Table 7.1). For example, a [SV+ST] hybrid process is primarily a solvent EOR process, 
where steam [ST] is added to supplement or to improve performance. On the other 
hand, a [ST+SV] process is primarily a steam process, where solvent [SV] is added to 
supplement or improve performance. Thus, [SV+ST] and [ST+SV] are fundamentally 
different processes. 

Tertiary hybrid processes are represented by three injectants (eg. [A+W+ST] where the 
first (left-oriented) injectant is dominant. But there is no preference for the second or 
third injectant – ie. [A+W+ST] is the same process as [A+ST+W]. 

Obviously, this nomenclature can be used to describe single-injectant process types – 
[SV] is a SOLVEX process, [A] is dry air combustion…, etc. 

(2)  Why hybrids? 

The simple motivation for hybrid processes is that a combination of two or three 
injectants can perform better than a single injectant, by itself. More specifically, the 
hybrid can potentially have the following advantages: 
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- Cost reduction ($/M3B) 
- CO2 emissions reduction 
- Improved sweep performance, especially lateral growth 
- Improved stability of steam zones (SZ) (for processes with an ISC component) 
- Increased bitumen productivity 
- Improved solvent effectiveness (see Figure 5.2) 
- Reduced start up times 
- Improved energy use and energy efficiency 
- Increased recovery factors (r.f.) 
- Reduced or eliminated fresh water use 
- Reduced heat losses 
- Improved pressure control 
- Reduced heat lost to vent gas (eg.steam) 
- Improved ability to sequester vent gas 
- Improved/control of longitudinal conformance 
- Improved stability of combustion zone (CZ) 
- Reduced capex costs, including well costs 
- Better performance at increased pressures 
- Reduced steam use (eg.SOR) 
- Reduced solvent losses 

(3)  What hybrids are considered? 

If solvent [SV] is considered as a single injectant (without considering the multiplicity of 
solvent types and solvent mixtures), there are only six possible hybrid injectants – [A], 
[O], [ST], [SV], [EM] and [W]. Excluding water [W], Table 7.5 shows performance factors 
for mono-injectant processes. The low-cost option is [O] (ie. ISC (Oxygen) and the high 
cost option is [SV] (ie. SOLVEX). 

The possible number of binary injectant processes is 30 (6x5). But, this can be reduced 
because of the following constraints: 

(i) [SV] and [O] or [A] cannot be injected together – solvent is combustible. 

(ii) [A] and [O] also cannot be injected together. EAir is not considered explicitly. 

(iii) [W] can only be injected, as a second component with [A] or [O] to scavenge hear 
from the combustion-swept zone and redistribute the heat to the bitumen 
interface. 

(iv) [W] can also only be injected up to a limit so that water channeling, to the 
production well or to the combustion front, doesn’t put the process at risk. 
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(v) If injected, [A] or [O] should be the dominant component, as the low cost 
injectant. There is no practical process with [A] or [O] as the non-dominant 
component. 

Using these constraints, the possible number of binary hybrid processes shrinks to 12, 
as shown in Tables 7.2 and 7.3. 

The possible number of tertiary injectant processes is 120 (6x5x4). But this can also be 
significantly reduced by using the above constraints and three additional considerations: 

(i) If, as an example, [SV+ST] and [SV+EM] are both practical binary hybrids, the 
tertiary options of [SV+ST+EM] or [SV+EM+ST] don’t make sense. If [SV+ST] is 
better than [SV+EM] (or vice versa); the hybrid [SV+ST+EM] can only perform 
worse than the better binary option. If the performance of the binary options is 
similar, then the extra complexity of adding a third injectant, makes the tertiary 
option impractical. 

(ii) If water [W] is a secondary injectant, it can only be injected up to a limit to control 
the risk of water channeling, as noted above. So, a third injectant may be 
practical for wet combustion processes. 

(iii) The models don’t differentiate between the second and third injectants for priority. 
This can limit the number of tertiary injectant options. 

7.2    History 

Hybrids are not new processes. The history of some hybrids is already contained in previous 
history reviews (Tables 3.1, 4.1, 5.3, 6.1). Using the definitions herein (7.1) hybrid processes 
have been practiced for over 50 years. (eg. [A+W] hybrids). 

The hey day for ISC hybrids ([A+W] and /or [O+W]) peaked in the 1960’s with over 100 field 
projects (4.2). But, in retrospect (Sarathi, 1999) most of the [A+W] hybrids can be termed as 
failures. Only about 20 percent of USA [A+W] projects matured to commercial projects. 

[O+W] hybrids were tested in the 1980’s (Table 4.1, Section 4.2). Today, there are no [O+W] 
hybrids in operation. 

[ST+SV] (eg. SAP) hybrids were developed in the 1990’s and field tested in the early 2000’s. 
Tests and demonstrations were successful and [ST+SV] has become a standard operation for 
many project operators (Table 3.2). 

[EM+SV] or [SV+EM] have been developed and field tested in the 2010’s. Development 
continues (Table 6.1). 
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SAGDOX hybrids ([O+ST], [O+W+ST]) were first suggested in 2010 (Kerr, 2012) but not yet 
field tested. 

7.3 Hybrids with a dominant ISC component 

(1)  Rationale 

Dry ISC ([A] or [O]) is the leading candidate for the dominant component of a hybrid 
process. [A] or [O] can have several advantages (see 4.5), including: 

(i) Low cost – Table 7.5 shows process costs for all single-injectant processes. The 
lowest process cost is [O] at 34.95 $/M3B ; the second lowest cost is [A] at 49.69 
$/M3B ; the highest cost is solvent (nC4) [SV] at 97.25 M3B. 

(ii) No water needed – [O] and [A] produce water surplus from connate water and 
combustion water. 

(iii) Easy ignition – bitumen auto-ignites when preheated to 200oC or more (Ch.4). 

(iv) Sustained combustion – [O] or [A] (Figure 4.3), oxygen flux needed to sustain 
combustion is the lowest for bitumen or heavy oil. 

(v) Not pressure sensitive – [O] or [A] is not pressure (depth) sensitive (Tables 4.11 
& 4.12). 

Despite these benefits, [O] or [A] also have some concerns – namely: 

(i) An unstable steam (SZ) zone at the leasing edge of the process. R1 is the SZ 
stability factor, defined as the relative growth rates of the SZ/CZ. If, R1<1, the CZ 
will overtake the SZ (ie. there is no SZ) and heat transfer at the bitumen interface 
is not dominantly by steam condensation. [O] and [A] processes have R1<<1 and 
have unstable SZ (Table 4.8). 

(ii) High Energy Use (ETOR) – Table 7.5 shows ETOR is high for [O] at 6.74 GJ/M3B 
and for [A] at 6.96 GJ/M3B compared to SAGD at 4.76 GJ/M3B. [O] and [A] both 
produce hot (~550oC) combustion swept zones (CZ) where energy is not 
scavenged to be used at the bitumen interface. 

(iii)  High Vent Gas heat losses – the vent gas is steam-saturated and steam losses 
can be significant, especially for [A] because of nitrogen dilution. 

(iv) High CO2 emissions – this is a bane for [O] and [A] processes. Carbon dioxide is 
produced by in situ combustion. Because of trace sulfur gases, the vent gas 
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needs to be treated, incinerated or desulfurized + incinerated, and this can add to 
CO2 emissions. But, [O] treated vent gas is suitable for direct sequestration. 

(v) High well counts – [O] and [A] may need separate injector wells and vent gas 
wells, in addition to a liquid production well. Well capex can be a concern. 

(vi) Poor field tests – bitumen ISC has a history of failures (see Ch.4). 

(vii) High product viscosity for [A] (Table 7.5) – one of the consequences of dilution 
with nitrogen, using air. 

(viii) High bitumen fuel demands for both [A] and [O] (Table 4.8) because no heat is 
scavenged from the CSZ. 

(ix) Poor lateral growth rates, particularly if the SZ is unstable. This can narrow the 
spacing for recovery patterns and increase surface footprints. 

The addition of water [W] as an injectant to scavenge heat from the CSZ ; the addition of 
steam [ST] injectant to increase steam in the process and to stabilize the SZ ; and the 
addition of EM energy to preheat the leading edge of the SZ and increase SZ growth 
rates, can all be part of a [O] or [A] dominated hybrid process. 

There are ten practical hybrid processes with [O] or [A] as the dominant component 
considered herein – namely: 

[A+W]  [O+W] 

 [A+ST]  [O+ST] 

 [A+EM]  [O+EM] 

 [A+W+EM] [O+W+EM] 

 [A+W+ST] [O+W+ST] 

Six of the hybrids have previously been labelled or are commonly referred to as: 

 wet SAGDOX = B[O+W+ST] 

 dry SAGDOX = B[O+ST] 

 wet ISC (Air) = [A+W] 

 wet ISC (O2) = [O+W] 
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 dry ESAGDOX = B[O+EM] 

 wet ESAGDOX = B[O+W+EM] 

(2)  The ISC Hybrid Models 

The ISC hybrid process models are constructed based on the assumptions for each 
injectant of the hybrid process and general model assumptions (2.2(2)) and default 
values, including the following: 

(i) Isobaricity – near constant P, only small P gradients 

(ii) Steady state – or pseudo-steady-state 

(iii) Energy balance – heat demand for a 1m3 growth element is the heat needed to 
heat the element from virgin conditions up to combustion temperature (TCB), 
using heat provided from steam condensation, and/or heat from EM radiation, 
less heat losses to the vent gas plus heat lost to the reservoir (LR) plus heat lost 
to produced liquids. 

(iv) Vent gas – is assumed to be removed in a separate well(s), so vent gas 
temperature can be different from produced liquid temperatures. 

(v) Material balance – injected fluids – vent gas losses + products of combustion = 
produced liquids + bitumen + water from reservoir + voidage losses. 

(vi) In situ upgrading – assumed negligible, for energy/material balance calculations. 

(vii) Water [W] injection – default injection rate -= 100 bbls/MMSCF air for [A] 
processes or 500 bbls/MMSCF oxygen for [O] processes. For balanced (B) 
processes water is injected at the balanced limit of R2 (default value R2 = 2.0) to 
ensure a stable CSZ and CZ. 

(viii) Steam [ST] injection – for hybrids containing a [ST] component for a balanced (B) 
condition, steam is injected to meet the target value of R1 (default R1 = 1.0) to 
ensure a stable SZ. 

(ix) EM injection rate – for hybrids containing a hybrid [EM] injectant, the EM rate is 
adjusted to attain R1 target values (R1 default = 1.0). 

(3)  The Wet ISC Hybrids ([A+W} and [O+W]) 

Water [W] is the most desirable hybrid injectant, because, if recycled, the cost is near 
zero. But [W] can only be used with combustion, [A] or [O]. Water [W] scavenges heat 
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from the CSZ as steam and transfers heat to the bitumen interface, where it condenses. 
The wet ISC hybrids have already been evaluated in Chapter 4. Table 7.6 compares the 
base case (default) performance of [A], [O], [A+W] and [O+W] to SAGD. Tables 4.9, 
4.10, 4.11 and 4.12 show the P-sensitivity of each process. Figure 4.6 shows the ϕ vs S ib 
relationships at the economic limits for each process and SAGD. Some of the highlights 
of this analysis include: 

(i) Both of the [O+W] and [A+W] processes have less opex than SAGD. [O+W] is 
the low-cost process at 14.72 $/M3B (2.34 $/bbl) total cost + CO2 tax. -42.47 
$/M3B or 74 percent less than SAGD at 57.19 $/M3B (9.09 $/bbl). 

(ii) Both of the [O+W] and [A+W] processes are also less costly than their parent [O] 
and [A] processes. This is a reflection of the ‘free’ steam energy provided at the 
bitumen interface by injection water scavenging waste heat from the combustion-
swept zone and transferring it to the bitumen interface. 

(iii) The [O] processes ([O] and [O+W] are less costly than their air counterparts. 

(iv) The [A+W] process has a stable steam zone, for default input values (R1>1.0, 
Table 4.8), but SZ stability is quickly lost at higher pressures (Table 4.9). 

(v) Both [O+W] and [A+W] have an unstable CSZ (R2 < 2, Table 4.8) and stability 
worsens as P increases (Tables 7.7, 4.10). 

(vi) Water injection increases improve CZ stability (R1 increases) but worsen CSZ 
stability (R2 decreases). 

(vii) The lowest cost process [O+W] has an unstable SZ (R1 < 1, Table 4.8) and 
stability worsens (R1 reduces) as P increases (Table 4.9). 

(viii) Because of nitrogen dilution, [A+W] is a ‘cold’ process with TST = 175.6oC and µS 
= 19cp. – on the verge of having a high-enough produced- bitumen viscosity that 
hinders bitumen productivity. 

So, the [A+W] and [O+W] hybrids improve performance compared to [A] or [O], 
respectively (Tables 7.5 and 7.6) but they still have significant flaws, as noted above, 
that can only be alleviated by further injectants or alternate hybrid configurations. 

(4)  The Steam ISC Hybrids (SAGDOX) 

One solution to the instability issues (R1 < 1 and/or R2 < 2) for the [A+W] and [O+W] 
hybrids, or the mono-injectant [A] or [O} processes, is to inject steam to increase the 
growth rate of the SZ and stabilize the processes. The new hybrid processes are 
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[O+ST], [A+ST], [O+W+ST] or [A+W+ST]. If the processes are ‘balanced’ (ie. R1 = 1, R2 
= 2 or R1, R2 = target values), the processes can be described as B[O+ST], B[A+ST], 
B[O+W+ST] or B[A+W+ST]. The B[O+ST] and B[O+W+ST] processes have also been 
called dry SAGDOX and wet SAGDOX, respectively. 

Performance factors for the balanced hybrids are compared to SAGD in Table 7.10. 
Table 7.11 compares the balanced air hybrids B [A+ST] and B[A+W+ST] to their 
constituent processes [ST], [A] or [A+W]. Table 7.12 compares [A] and[O] hybrids to 
SAGD as unbalanced processes. Table 7.13 shows how B[O+W+ST] hybrid 
performance factors vary as R1 target values (RIT) vary from 0.8 to 1.6. Table 7.14 shows 
how B[O+W+ST] performance is affected by changes in process P. Table 7.15 shows 
how B[A+W+ST] hybrid performance factors change when RIT is varied from 0.8 to 1.6. 
Table 7.16 shows how B[O+W+ST] hybrid performance test factors vary if R2T is varied 
from 1.0 to 3.0. Table 7.17 shows a direct comparison of B[O+W+ST] (the low-cost 
balanced hybrid) with SAGD. 

Some of the highlights of these comparisons are as follows: 

(i) Cost – the low-cost stable process is B[O+W+ST] (ie. wet SAGDOX). Compared 
to SAGD, this process has a cost reduction of 19.44 $/M3B or 34 percent less 
than SAGD costs (Table 7.17). For the base case (default), B[O+W+ST} costs + 
CO2 tax are 37.75 $/M3B (6.00 $/bbl). The vent gas from B[O+W+ST] is suitable 
for direct sequestration. If this is done, no incineration fuel is needed, and costs 
can drop by another 2 to 3 $/M3B. 

(ii) Energy (ETOR) – Table 7.10 and 7.9 show that water scavenging of CSZ heat is 
an energy- efficient option. [O+W] energy use (2.49 GJ/M3B) is significantly less 
than SAGD (4.75 GJ/M3B). But, if [O+W] is balanced by adding steam 
(B[O+W+ST]), energy use increases to 5.52 GJ/M3B (16 percent higher than 
SAGD). 

(iii) CO2 Emissions – the bane of ISC processes is the CO2 produced by combustion, 
emitted in vent gas. Table 7.17 shows that if the preferred case (B[O+W+ST]) is 
compared directly to SAGD, CO2 emissions increase by 155.4 nM3/M3B or 113 
percent. These emissions can be reduced substantially if the vent gas is directly 
sequestered. Then B[O+W+ST] can outperform SAGD (see Chapter 9). 

(iv) Water Use – WRR (water recycle ratio) = produced water/injected water + steam, 
is a measure of water use efficiency. For SAGD, WRR -= .993. For B[O+W+ST], 
WRR = 1.253. As long as WRR > 1.1 the process is water self-sufficient, or a net 
water producer. SAGD make-up water is about 0.2 bbl/bblB. B[O+W+ST] 
requires no make-up water and produces a water surplus. 
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(v) Operating Temperature – the temperature of produced liquids needs to be high 
enough so that the viscosity of produced bitumen is <~ 20cp, for good 
productivity. Both SAGD and B[O+W+ST] meet this criteria easily (Table 7.10). 
But B[A+W+ST], because of nitrogen dilution, runs much cooler and produced 
bitumen viscosity is near the limit (Table 7.10), at 19.3cp. 

(vi) Pressure – this is the bane of SAGD. As P increases, SAGD performance 
deteriorates rapidly (3.4(3)). Table 7.14 shows the pressure sensitivity of the 
B[O+W+ST] process. From P=1724 KPa (base case) to P=6500 KPa process 
costs increase by 59.21 $/M3B for B[O+W+ST]. Over the same range, SAGD 
costs increase by 125.96 $/M3B – over twice the sensitivity of B[O+W+ST]. Figure 
7.1 shows this comparison graphically for a P range from 1500 to 10500 KPa 
(218 to 1523 psia). 

(vii) Recovery factors – processes with an HTO combustion component recover or 
use (as fuel) all bitumen in the process-swept zone. Recoveries can be much 
better than SAGD, in the swept zone. B[O+W+ST] recovers 89.6% of bitumen 
compared to 81.25$ for SAGD, an increase of 8.3 percent OOIP or 10.3 percent 
of bitumen recovered. 

(viii) B[A+W+ST] – the preferred, low-cost case is B[O+W+ST], but the B[A+W+ST] 
hybrid also shows some advantages compared to SAGD (Table 7.11) – a cost 
reduction of 13.35 $/M3B (23 percent) ; SOR reduction (97 percent) ; no make-up 
water needed (WRR = 1.28) ; increased recovery factors (+9 percent). But 
B[A+W+ST] has no easy way to reduce CO2 emissions, (vent gas is diluted with 
nitrogen), and emissions are much greater than SAGD (+419 percent). 

So, steam addition to wet ISC hybrids, B[O+W+ST] and B[A+W+ST] can produce a 
viable, balanced hybrid process that can compete with, or improve on SAGD and 
produce bitumen at equivalent rates, since heat transfer to the bitumen interface is 
dominated by steam condensation, desirable in both cases. The preferred, low-cost 
option is B[O+W+ST], but B[A+W+ST] also has significant advantages compared to 
SAGD (Table 7.10). 

(5)  The ISC & EM Hybrids  

The apparent practical possible hybrids in this class is 4 – [A+EM], [O+EM], [A+W+EM] 
and [O+W+EM]. But [A+EM] and [O+EM] do not produce enough steam to produce a 
stable steam zone and are inferior to the wet hybrid options, as shown by ISC-steam 
analyses. So, [A+EM] and [O+EM] are eliminated. Similar to steam + ISC hybrids, a 
balanced process is preferred, with stable SZ and CSZ’s. So, the two preferred 
processes can be labelled as B[A+W+EM] and B[O+W+EM]. Water is injected to attain + 
sustain CSZ stability factors R2T (default R2 = 2.0). EM injection preheats the bitumen 
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interface region so that SZ growth rate is enhanced and the R1 stability factor is 
increased to attain + sustain RIT (R1 default = 1.0). As previously noted in Chapter 6, EM 
can replace steam, cost effectively with the added advantages of less sensitivity to P 
increases and directional control of energy injection. 

Table 7.18 compares performance factors, at default input values, for SAGD and 
B[O+W+EM], B[A+W+EM], B[O+W+ST], B[A+W+ST]. Highlights are as follows: 

(i) Cost – the low-cost option is B[O+W+EM] at 27.12 $/M3B (4.31 $/bbl), followed 
by B[O+W+ST] at 37.75 $/M3B (6.00 $/bbl), followed by B[A+W+ST] at 43.84 
$/M3B (6.97 $/bbl) and B[A+W+EM] at 44.17 $/M3B (7.02 $/bbl). All of the hybrid 
options have cost + tax less than SAGD at 57.19 $/M3B (9.09 $/bbl). The 
preferred choice is B[O+W+EM]. If vent gas is sequestered, costs can drop 
another 2 to 3 $/M3B. 

(ii) Energy (ETOR) – water scavenging of combustion heat in the CSZ zone is an 
energy-efficient option. Table 7.18 shows that B[O+W+EM] is the low energy user 
at 3.117 GJ/M3B, much lower than SAGD. 

(iii) CO2 emissions – if vent gas is not sequestered for the ISC (oxygen) component 
processes, all of the hybrids in Table 7.18 are higher CO2 emitters than SAGD. 

(iv) Water use – all of the hybrid processes are net water producers (WRR > 1) 
because combustion produces some water and vaporizes/mobilizes all connate 
water in the process-swept zone. 

(v) Pressure – this is a big advantage for EM hybrids. The process components are 
not sensitive to pressure increases, unlike SAGD. 

(vi) Recovery factors – the highest recovery process (in the swept zone) is 
B[O+W+EM], with over 94 percent bitumen recovery. 

The two EM hybrids, B[A+W+EM] and B[O+W+EM] have significant apparent 
advantages compared to SAGD and the [ST] hybrids, B[A+W+ST] and B[O+W+ST]: 

(i) lower opex costs 

(ii) if vent gas is sequestered, for the [O] hybrids – lower CO2 emissions 

(iii) little/no sensitivity to P increases 

(iv) no need for fresh water make-up 
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(v) if the EM antenna is segregated or can emit EM radiation with directional control, 
the EM hybrids can have improved conformance and/or faster lateral growth 
rates 

(vi) stable steam zones, so that steam condensation dominates heat transfer, a 
process with field-proven, good productivity for bitumen EOR. 

It may appear that the best option for hybrids with a dominant ISC component is 
B[O+W+EM] or B[A+W+EM], not the steam options B[O+W+ST] or B[A+W+ST]. But 
appearances can often be misleading. The EM options have two big issues that are not 
yet resolved – 

(i) EM antenna capacity – it is not clear (yet) that an EM antenna, for a down-hole 
deployment, can be developed with the capacity needed (1 to 5 MW). 

(ii) EM antenna capex – capex costs for downhole antennas have been forecast to 
be two orders of magnitude more than electric resistance heaters – about 10M 
euros for 1 MW of capacity (Table 6.7). 

(iii) Steam costs can be reduced significantly, especially for deeper high P resources, 
using an ISR electric system to generate or reflux steam (Chapter 6). 

7.4 Hybrids with a Dominant SV component 

(1)  Rationale 

Solvents [SV] are also a candidate for the dominant components of a hybrid process. 
[SV] can have several potential advantages (5.5) including: 

(i) Potentially the lowest CO2 emitter – the sole CO2 source for SOLVEX [SV] is the 
flue gas from natural gas used as a heat source for solvent reflux. Compared to 
SAGD, (137.5 nM3/M3B), SOLVEX [SV] CO2 emissions are from 15.5 to 104.1 
nM3/M3B. The light solvents (C3, C4) have CO2 emissions about an order-of-
magnitude less than SAGD. 

(ii) The [SV] processes use no water – SOLVEX is a dry process. Any produced 
water is excess to process needs. 

(iii) Smaller footprints than SAGD – no boilers, no water treatment, oil treatment is 
small and simple. 

(iv) Potentially cost-competitive – for the light solvents. Heavy solvents can be costly. 
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(v) High recovery (r.f.) – residual bitumen in the process-swept zone should be much 
less than Srb for SAGD. 

(vi) Easy start up – hot solvent circulation is a mild/quick process. 

(vii) Shallow, low P resources – may be recovered using SOLVEX [SV] processes. 

Despite these benefits, [SV] can have some concerns, that can potentially be 
ameliorated by hybrid processes – namely: 

(i) There is an imbalance between SV needed for heating and SV needed for 
dissolution. There is a ‘sweet spot’ for solvent/bitumen ratios (Figure 5.2) that can 
be defined by ESVOR (a performance factor for all SV processes). Pure [SV] 
SOLVEX processes miss the sweet spot by a factor of 2 to 10 depending on the 
SV used. An alternate heat source can solve this issue. 

(ii) [SV] opex costs are too high for heavier solvents (C5→C8) and risky for all 
solvents. Solvent costs are a strong function of solvent losses, and losses cannot 
be confirmed until the project is finished (eg. solvent blowdown). Processes using 
less solvent have less risks. 

(iii) Some SOLVEX processes run too cold (eg. C3) for good dissolution rates. 

(iv) SOLVEX operating range (ie. P range) is restrictive. Dilution with other injectants 
can extend operating ranges. 

The addition of steam [ST] or EM radiation [EM] can both provide alternate heat sources 
to reduce SV/bitumen ratios to within the sweet spot shown in Figure 5.2. Two binary 
injectant hybrid processes that are potentially beneficial are [SV + ST] and [SV + EM]. 
(Table 7.2).  

No tertiary SV hybrids are considered, nor are they practical. 

Steam or EM radiation can add heat to/near the bitumen interface so the SV demand for 
heating is reduced. Also, both [ST] and/or [EM] produce a process swept zone that is 
hotter than solvent dew points, so any condensed solvent at the sand face can be re-
vaporized to solvent gas and participate in dissolution at the bitumen interface. 

(2)  Models of SV Hybrids 

SV dominated hybrid processes can be difficult to model because of process complexity 
and/or the limited applicability of some solvents within the range imposed by solvent 
critical conditions and solvent dew point constraints. The two potentially beneficial 
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solvent hybrid processes are [SV + ST] or [SV + EM], where [ST] or [EM] energy is used 
to balance SV demand for heating and solvent demand for bitumen dissolution. Process 
models are constructed with the following assumptions: 

(i) Isobaricity – near constant P, only small P gradients (gravitational gradients are 
only ~0.5 psia/ft. 

(ii) Steady state or pseudo-steady-state processes 

(iii) Instant bitumen production – when heated and when solvent dissolution is 
completed. Bitumen production is not the rate-limiting-step in any process. 

(iv) Energy balance – heat demand is for 1M3 growth element, at virgin reservoir 
conditions, heated from Ti to TDPH (highest dew point T). Heat is supplied from 
latent heat of solvent condensation plus preheat from EM energy or latent and 
sensible heat from steam condensation. 

(v) Material balance – injected fluids – losses = produced fluids + bitumen + voidage. 

(vi) In situ upgrading – de-asphalting is assumed as negligible. 

(vii) Dissolution swelling/shrinkage – assumed negligible. 

(viii) No direct gas dissolution – see 7.5(4). 

(ix) Separate SV losses (LSV) and heat losses (LR) – no linkage is assumed. 

(x) Interface proximity – condensed liquid solvent needs to be proximate to the 
bitumen interface, with a good chance for direct liquid-liquid contact/dissolution 
(ie. ‘engaged solvent’). 

(xi) Solvent gas quality – for [SV + ST] or [SV + EM] it is assumed there is enough 
heat, of a sufficient quality in the process swept zone to revaporize any 
condensed solvent at/near the sand face. 

(xii) Contact factor – CF is an input value estimate of the fraction of solvent 
condensing at/near the bitumen interface that dissolves into bitumen prior to 
drainage (default CF = 1.0). 

(xiii) Fractional solvent Losses (LSV) – are apportioned equally to all solvents in a 
mixture, default LSV = 0.05. 
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(xiv) Fractional reservoir heat losses (LR) is apportioned by heat content to solvent 
vapour, steam or to EM, with no differentiation by component energy type. 

(xv) Solvent revaporization – for solvent reflux (and new solvent) is conducted near 
the well head, in a gas-fired heat exchanger at 85 percent efficiency assuming all 
solvent is preheated so that the heat demand is only for latent heat. 

(xvi) Solvent loss/costs – do not account for any solvent remaining in the bitumen after 
solvent reflux (ie. no credits) nor for any solvent remaining in the reservoir and 
recoverable at the end of the process life (also no credits). 

(xvii) For [SV + ST], there is no separate model steam loss input in the reservoir. 
Steam heat loss to overburden is treated separately by a QST estimate for 
steam. 

(xix) Also for [SV + ST], any condensed SV gas due to heat loss from transit from the 
well head to the sand face is assumed to be revaporized in the steam zone near 
the injector, without any SV liquid drainage to the production well. 

(xx) For [SV + EM], heat losses are modelled by two factors. The overall reservoir 
heat loss (default LR = 0.10) applies equally to both SV and EM. A separate 
conversion energy loss for EM (LEM) accounts for conversion losses of electricity 
to EM radiation. 

(3)  SV- Dominated Hybrid Process Performance 

Table 7.19 shows [SV + ST] performance, for each of the six possible alkane solvents 
(C3 to C8). Table 7.20 shows [SV + EM] performance factors for the six solvent choices. 
Table 7.21 shows how the input solvent to steam ratios for [SV + ST] are allotted to 
solvent gas concentrations. Table 7.22 shows how [SV + ST] [SV + EM] (and [ST + SV]) 
performance compares to SAGD and SOLVEX. Table 7.23 compares SAGD, B[O + W + 
ST], [ST + SV] and [SV + EM] performance. Table 7.24 shows [SV + EM] performance 
sensitivity to EM preheat temperature choices. 

Based on these comparisons, the following comments, on [SV + ST] and [SV + EM] 
performance factors, are noteworthy: 

(i) Solvent choice – the low cost solvent, for default input conditions, is C3 (propane), 
at a total opex cost of 32.29 $/M3B for [SV + ST]) or 18.51 $/M3B (for [SV + EM]), 
Tables 7.19 and 7.20. But the processes run too cold (49.9oC for [SV + ST] and 
50.3oC for [SV + EM]) for good dissolution rates. If 100oC is taken as the 
minimum T for good dissolution, the low cost solvent is C4 (butane) at 46.08 
$/M3B (7.32 $/bblB for [SV + ST] and 54.30 $/M3B (8.63 $/bblB) for [SV + EM]. 
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(ii) Cost comparisons – using butane solvent (nC4), both [SV + ST] and [SV + EM]  
hybrids have lower opex costs than SAGD (Table 7.22). [SV + ST] is the low cost 
process at 46.08 $/M3B. [SV + EM] is a higher opex cost at 54.30 $/M3B. Both are 
lower than SAGD at 57.19 $/M3B. 

(iii) Input SV + ST mixtures – Table 7.21 shows that for [SV + ST] and C4 solvent, 
input SV/ST ratios (RSVS) of 2.50 (L/L) translate to input solvent gas 
concentrations of about 31% (v/v). At the solvent dew point (102.8oC), after some 
steam has condensed, the solvent concentration in the gas is about 93.5% (v/v). 

(iv) Energy use – because solvent processes and solvent-dominant hybrids run at 
lower T than steam, the energy use (ETOR) for C4, [SV + ST] and [SV + EM] is 
lower than SAGD, with ETOR of 2.53 and 2.01 GJ/M3B, respectively, compared 
to ETOR = 4.76, for default conditions. The SV dominant hybrid processes use 
about half the energy of SAGD. 

(v) CO2 emissions – for similar reasons, the solvent-dominant hybrids emit less CO2 
than SAGD. CO2 emissions for C4 [SV + ST] and [SV + EM] are 70.5 and 90.9 
nM3/M3B compared to SAGD at 137.5 nM3/M3B (Table 7.22). 

(vi) Water Use – [SV + EM] is a dry process, using no water. For C4 solvent, [SV + 
ST] uses about half the water (as steam) compared to SAGD (Table 7.22). 

(vii) Pressure sensitivity – SAGD performance is sensitive to process pressure P. 
[SV+ ST] has similar concerns, but with half the steam use, P sensitivity is 
reduced. [SV + EM] is insensitive to P increases, but not as insensitive as some 
of the ISC hybrids (eg. [O + W] or [O + W + EM]). At higher P, [SV + EM] can be 
expected to outperform [SV + ST]. 

(viii) Recovery Factors – the presence of a solvent gas is expected to reduce residual 
bitumen levels (from 0.15 to 0.10 for default conditions) compared to SAGD. 
Recovery factors for the solvent hybrids are expected to increase from 0.8125 to 
0.895, compared to SAGD (similar to SOLVEX processes). 

(4)  Issues 

(i) Zone analysis – some processes are best analyzed using a zone analysis (see 
5.3 (2)(i)). Zones are subsets of a process swept volume that can be defined or 
characterized by a specific process mechanism and/or a specific process 
condition. For example, an ISC process can be broken into a combustion zone 
(CZ) preceded by a steam zone (SZ). For ISC, it is desirable to maintain a stable 
steam zone (4.1(4)). If the CZ growth rate is faster than the SZ growth rate, the 
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CZ will overtake the SZ and heat transfer rates will slow down and the process 
will become ‘unstable’. 

 For solvent processes with pure solvent gases, mixed solvent gases or solvent-
steam mixes, all components are condensable gases (solvent vapour or steam) 
so there is no advantage to conduct a zone analysis to isolate a desirable 
mechanistic zone. No matter what process dominates near the bitumen interface, 
the heat transfer mechanism will be gas condensation with a releasee of latent 
heat. 

 In the case of [ST + SV] or [SV + ST] where steam dominates near the bitumen 
interface and the SV gas is a light solvent (C3 or C4 or C5), the solvent gas will be 
from steam condensation, with some solvent still dissolving into bitumen to be 
removed from the process zone. 

 In any case, it is not necessary nor beneficial to separate the process into subset 
zones for analysis. 

(ii) Supercritical conditions – it is not usually considered practical to operate solvent-
dominant processes outside the limits imposed by critical conditions, mainly 
because solvent heat of condensation is lost as a means to transfer heat. [SV + 
ST] and [SV + EM] processes have to be operated carefully to ensure this is not 
an issue. 

 For processes using SV as a non-dominant component (eg. [ST + SV] or SAP) 
this is not necessarily a constraint. Heat from solvent condensation is not critical. 
Some supercritical SV fluid will still dissolve into bitumen to lower mixture 
viscosity (with no heat release) and be removed from the process zone. 

(iii) Dew point constraints – for SV dominated processes it may not be practical to 
operate with produced fluids (solvent + bitumen + water) having a temperature 
greater than the solvent dew point. If this does occur, some solvent gas is 
trapped in the reservoir and pressure build may be a concern. Direct gas 
dissolution into bitumen can still occur but this may not be sufficient to obviate the 
problem. Cyclic pressure operation with a blowdown phase may be necessary. 

 

7.5 Hybrids with a Dominant ST component 

(1)  Rationale 
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Steam is another leading candidate for the dominant component of a hybrid process. 
Steam [ST] can have several advantages – including [see 3.5(3)]: 

(i) Field-proven productivity – now with over 1 MMbbl/d production. 

(ii) Preferred heat transfer process at the bitumen interface. 

(iii) Technology near maturity – 30+ years of development 

(iv) Upside still available – [ST + SV] still evolving, water treatment can be 
improved… 

(v) Boiler fuel readily available 

Despite these strengths, [ST] still has some concerns, including (3.5(4)) 

(i) High CO2 emissions and emissions are easily sequestered 

(ii) High Costs, particularly at higher pressures 

(iii) High water use 

(iv) Pressure sensitivity – SAGD performance declines rapidly with P increases 

(v) Heat losses – particularly in transit from the well head to the sand face 

(vi) Thin pays – SAGD stacked wells 

(vii) Limited effective well length - < 1000m due to hydraulic limits 

(viii) Poor longitudinal conformance control 

(ix) Limited project size, steam transmission limitations 

(x) Slow start up 

(xi) Poor lateral growth rates 

ISR is another way to produce steam that can alleviate some of the SAGD issues (see 
7.7(2)), but hybrids can also be effective. Potential practical hybrids, with steam as the 
dominant component, include [ST + SV] and [ST + EM]. Other alternatives and tertiary 
hybrids are not practical. 
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Solvent [SV] addition to steam is effective in reducing SOR and costs and increasing 
recovery. [ST + SV] is now accepted as a field-proven hybrid process with better 
performance than SAGD. 

[ST + EM] rationale is simple. EM energy can be focussed to improve lateral growth 
rates (and slow down vertical growth). EM is also not pressure-sensitive and a [ST + EM] 
process can perform better than SAGD at increased P/depth. 

(2)  Steam Dominant Hybrid Processes 

Steam dominant hybrid models are constructed based on the assumptions for each 
injectant (ST in 3.3(1); SV in 5.3(2) and EM in 6.4(1) and general model assumptions 
(2.2(2)). There are only two practical steam dominant hybrids – [ST + SV] and [ST + 
EM]. 

(i) [ST + SV] hybrid – is a commercial process that has supplanted SAGD for some 
operators. The usual solvent used is butane. [ST + SV] is a popular process that 
has engendered the development of several acronyms – SAP = Solvent Aided 
Production, ES-SAGD = Expanding Solvent SAGD, SA-SAGD = Solvent Assisted 
SAGD, SC-SAGD = Solvent Co-Injection SAGD, SCI = Solvent Co-Injection, and 
Laser = Liquid Addition to Steam to Enhance Recovery. 

 Figure 7.4 highlights some of the issues for [ST + SV] process models. Under 
SAGD conditions (200 < TST < 300oC), the solvent is a supercritical fluid that 
cannot contribute any heat of condensation (or heat of dissolution) to the 
process. Heat is supplied only by steam condensation (ie. latent heat). But 
solvent can still dissolve into bitumen as a supercritical fluid, without 
condensation. 

 Any detailed model would have to incorporate the kinetics of dissolution and 
exsolution of the supercritical solvent fluid. The model would be very complex 
and would be dependent on solvent + bitumen flow patterns in the reservoir, 
residence times and temperature history. Rather than doing this, the model used 
herein uses an input value for LSV (the fraction of solvent ‘lost’ that remains in the 
reservoir or is not produced. For pure solvent processes, the default LR -= 0.05 
(ie. 5% of the solvent is not produced). One of the [ST + SV] operators has noted 
that 60 to 70 percent of injected solvent (butane) is produced, so the default 
value for LSV for [ST + SV] is taken as 0.4 to reflect this observation. The model 
assumes that any solvent not lost is produced in the production fluids. 

 The input ratio of SV/ST (M3L/M3L) has a default value of RSVS = 0.25. This 
corresponds to an input [ST + SV] mixture that, for a C4 solvent, contains 4.29% 
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(v/v) of solvent in [ST + SV] gas mixture (Table 7.21). This is consistent with [ST 
+ SV] processes now in operation (eg. SAP). 

 Another benefit [ST + SV] processes is that solvent increases bitumen recovery 
factors in the process-swept zone and decreases residual bitumen levels. 
Residual bitumen default values for SAGD are taken as 0.15 PVF. Residual 
bitumen values for [ST + SV] are taken as 0.10 PVF for default (base) cases. 

(ii) The [ST + EM] hybrid process – has the advantage that directional EM radiation 
can accentuate lateral growth rates, which can be critical for capless reservoirs 
(8.6). The [ST + EM] model assumes that the EM radiation input is chosen to 
preheat the growth element from Ti (15oC default) to TPH (100oC default), without 
any net vaporization of connate water. If EM radiation does vaporize connate 
water, because of hot spots, the steam produced is assumed to migrate to a cold 
region where it condenses and retains latent heat in the reservoir. The net effect 
is consistent with the above assumption. The assumption ensures that steam 
remains as the dominant heat injectant. Using the output performance factors for 
the process model (Table 7.26) the EM input can be expressed as KWh/M3L 
steam, and this can be used as an input control value. 

 It is also assumed that [ST + EM] and SAGD have similar recovery factors in the 
process-swept zone. Residual bitumen default values for SAGD and [ST + EM] 
are set at 0.15 PVF. 

(3) [ST + SV] and [ST + EM] Performance Factors 

Tables 7.19, 7.21, 7.22, 7.23 and 7.26 show performance factors for [ST + SV] and [ST 
+ EM] hybrid models compared to various other processes, using default input values. 
Table 7.26 also shows the P-Sensitivity of [ST + EM] compared to SAGD. The 
performance of [ST + SV] and [ST + EM] can be summarized as follows: 

(i) Solvent Choices – Table 7.19 shows that the low cost solvent choice for [ST + 
SV] is propane. But propane has serious issues – very low T (TDPL = 50oC), high 
bitumen viscosity prior to dissolution (µPB = 18837 cp), high SV + bitumen mix 
viscosity (µM=1053 cp). For these reasons, C3 is discarded as a practical solvent 
for [ST + SV] processes. The low-cost option of remaining solvents is for butane. 
Hereafter, the focus is on C4 as a SV surrogate. 

(ii) Opex – Tables 7.19, 7.22 and 7.23 show opex costs for [ST + SV] hybrids. Table 
7.26 shows opex costs for [ST + EM] hybrids. At default conditions [ST + SV] 
total opex = 37.68 $/M3B (5.99 $/bbl and [ST + EM] total opex = 56.64 $/M3B 
(9.00 $/bbl) compared to SAGD total opex of 57.19 $/M3B (9.09 $/bbl). Both 
hybrids have opex costs less than SAGD. The low-cost option is [ST + SV]. 
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(iii) Pressure Sensitivity – [ST + SV] has some pressure sensitivity and increased P 
can dictate a change in SV used. [ST + EM] has reduced pressure sensitivity 
compared to SAGD (Table 7.26). As P increases [ST + EM] costs become less 
than SAGD costs. At 4500 KPa, [ST + EM] has a cost advantage compared to 
SAGD of 3.18 $/M3B ; At 6500 KPa the cost advantage widens to 57.17 $/M3B. 

(iv) Optimum SV levels for [ST + SV] – Is there an optimum amount of solvent to add 
to steam to improve SAGD performance? Figure 7.2 shows a cost minimum for 
[ST + SV] at about RSVS = 0.10 (M3LSV/M3L), using default input values for other 
process parameters. At this minimum, the cost advantage for [ST + SV] increases 
to about 22 $/M3B or 3.50 $/bbl. This is a significant advantage and incentive for 
SAGD operators to switch to a [ST + SV] process. The minimum RSVS = 0.1 
corresponds to a steam + solvent mix containing about 2% (v/v) nC4 in the mix. 

(v) Energy (ETOR) – the [ST + SV] and [ST + EM] processes each have two sources 
of energy – steam + solvent condensation and steam condensation + EM 
radiation absorbance. The low energy user is [ST + SV] at 3.05 GJ/M3B, followed 
by [ST + EM] at 3.91 GJ/M3B and SAGD at 4.76 GJ/M3B. 

(vi) CO2 emissions – TCO2 for [ST + SV] using default input values is 85.1 nM3/M3B ; 
for [ST + EM] emissions are 137.0 nM3/M3B and SAGD emissions are 137.5 
nM3/M3B. [ST +SV] is the low emitter at 38% less than SAGD. 

(vii) Water Use – by substituting ‘dry’ components (SV and EM) for some steam, the 
[ST + SV] and [ST + EM] processes can significantly reduce SAGD water usage. 
Make-up water drops from 0.168 M3/M3B for SAGD, to 0.103 M3/M3B for [ST + 
EM] and to similar levels for [ST + SV]. 

(viii) Recovery Factors – SAGD and [ST + EM] both have recovery factors of 0.8125 
PV ; because of solvent reducing residual bitumen levels, [ST + SV] has a 
recovery factor of 0.875 PV. 

(ix) Solvent Choice – it has been suggested (ARC, 1990’s) that for [ST + SV] (or [SV 
+ ST]) the choice of solvent should have similar vapour pressure performance 
compared to steam, so that steam and solvent follow similar dew point curves 
and as the mixture condenses, there is still significant levels of solvent in the gas 
phase. This would result in liquid solvent and cold/warm bitumen in close 
proximity. Figure 7.4 shows saturated vapour pressures for both solvents and 
steam. To meet the above criteria, the best solvent is nC6 (hexane). The C7 and 
C8 solvents would also maintain significant vapour contents as the steam + 
solvent mixture followed a dew point curve during condensation. The light 
solvents (C3, C4, C5) are not preferred. 
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 If this policy were adopted, because of the limitations on solvents (5.4(4), [SV + 
ST] and [ST + SV] hybrids could have significant pressure/depth limitations. 

(4) Issues 

(i) Solvent heat of condensation/dissolution [ST + SV] – Figure 7.4 shows that for 
steam + solvent mixtures, with steam as the dominant injectant, for normal steam 
temperatures (> 200oC), the light solvents (C3, nC4, nC5) will all be in supercritical 
conditions (ie. T > TC). Even if solvent dissolves into bitumen, there is no heat of 
dissolution (and no heat of condensation), so light solvents cannot contribute to 
heat transfer. 

 However, from Figure 7.4, the heavier solvents (nC6, nC7, nC8) are below critical 
conditions for TS ≈ 200oC and all can contribute to heat transfer. For TS > 250oC, 
only nC7 and nC8 can contribute to heat transfer. For TS > 295oC, no solvents can 
contribute to heat transfer. 

(ii) Direct Gas dissolution/exsolution [ST + SV] – similar to solvent mixtures 
(5.5(4)(i)), if produced liquid temperature is greater than solvent dew point 
temperature (or greater than SC conditions), at equilibrium the model predicts 
that there will be no solvent in the produced bitumen. But gas can dissolve 
directly into bitumen without the intermediate step of condensation and exsolution 
of dissolved gas is a very slow process. So, even if average produced fluid 
temperatures are higher than dissolved solvent dew points, the bitumen – solvent 
mixture may not be degassed prior to production and there is a pathway to 
remove solvent from the reservoir and prevent solvent gas pressure from buildup 
and inhibition of gas injectivity. Cenovus has reported, for their SAP ([ST + SV]) 
process, that about 2/3 of the injected solvent is recovered in produced liquids, 
using butane as the solvent, even though butane is a supercritical fluid at steam 
conditions. Produced butane in bitumen will significantly reduce bitumen viscosity 
and improve productivity. For these reasons, the [ST + SV] model has been 
modified to allow FSVP (fraction of input solvent produced) as an input value. The 
default value is FSVP = 0.5. Any direct modeling of this effect would be 
difficult/impossible. 

7.6 Hybrids with a Dominant EM component 

(1)  Rationale 

EM radiation is another candidate for hybrid processes. As the primary injectant, [EM] 
can have several advantages (6.6(4)) including the following: 
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(i) Cost competitiveness - EM energy costs (for EMEEOR) can be competitive with 
SAGD, particularly for deeper, higher pressure reservoirs (eg. Table 6.4) (P > 
5000 KPa). 

(ii) Energy injectivity – EM energy can be injected at full capacity starting at day one. 

(iii) CO2 emissions – above about 2500 KPa, EM associated CO2 emissions are less 
than SAGD emissions. 

(iv) Energy efficiency – above about 2000 KPa, EM uses less energy than SAGD. 

(v) Water Use – EMEEOR is a dry process, producing a surplus of water than can be 
used for other hybrid components. 

(vi) Pressure – EM costs are insensitive to pressure. 

(vii) Conformance – if EM antennas are segmented or separated, conformance can at 
least partially, controlled. 

(viii) Low cost field tests – if grid power is used, single pattern tests are simple and 
inexpensive. 

(ix) Directionality – if the antenna has a directional component, lateral growth can be 
stimulated. 

But EMEEOR (EM) can also have some weaknesses (eg. 6.6(5)) that can be obviated or 
improved by another hybrid component, including: 

(i) Flow paths – unlike steam or solvent, when EM is injected into a reservoir there is 
no immediate flow path, created by the injectant, for bitumen drainage to a 
production well. 

(ii) Costs – capex and opex may be high depending on power costs and the process 
conditions. 

(iii) CO2 emissions – may be significant, depending on the power source. 

(iv) Field tests – have not been rife nor successful. 

(v) Capacity – for a standalone process EM power needs to be 2 to 5 MW. This may 
be difficult and/or costly. 

 There are only two hybrid processes [EM + ST] and [EM + SV] considered as 
practical and modelled herein (Tables 7.2 and 7.3).  
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(2)  EM Dominant Hybrid Models 

EM dominant hybrid models are constructed based on the assumptions for each 
injectant for the hybrid process (EM in 6.4(1), SV in 5.3(2) and SV in 3.3(1) and general 
model assumptions (2.2(2)). The following extra assumptions, default values, are 
assumed for the [EM + ST] and [EM + SV] hybrids: 

(i) ST injection (ST/EM ratios) is assumed to be sufficient to heat the growth 
element (1M3) for the [EM + ST] process, from Ti (15oC default) to TPH (100oC 
default) without any vaporization of connate water. This ensures that EM remains 
the dominant energy injectant. 

(ii) SV injection (SV/EM ratios) is assumed to be sufficient to heat the growth 
element (1M3) for the [EM + SV] process from Ti (15oC default) to TPH (50oC 
default). The main benefit of SV is to provide a flow path an to enter into 
dissolution with the bitumen. 

(iii) T produced liquids – for [EM + ST] it is assumed that produced bitumen + water 
are at TST – the steam dew point. For [EM + SV] it is assumed that produced 
bitumen + solvent liquid are at TSV – the solvent dew point. 

7.7 Other Issues 

(1)  ISR Applications 

As previously described (6.2(5), 6.4(2), 6.6(4) the ISR (In Situ Reflux) process is a way 
to use electricity to produce/reflux steam or solvent in situ, that can have several 
advantages compared to surface boilers and steam/solvent injection. The advantages of 
ISR (see 6.6(4) include: 

(i) Costs – ISR (ST) process costs + tax are less than SAGD costs for all cases 
(Table 6.3). As pressure increases, ISR advantages become greater (Table 6.4). 

(ii) Emissions – ISR CO2 emissions, using electricity from a gas fired combined cycle 
source, are less than SAGD emissions for all cases (Tables 6.3 and 6.4). As 
pressures increase, the advantage widens. If electricity is sourced from an on-site 
cogen plant or from nuclear or renewable sources, ISR CO2 emissions can be 
much less than SAGD emissions. 

(iii) Well pattern sizes – ISR is a single well process. Well capex should be less than 
SAGD well capex. Because less water is produced in ISR wells compared to the 
SAGD production well and because ISR heater segments can provide some 
longitudinal conformance control, for the same bitumen capacity ISR wells can be 
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smaller than SAGD well diameters. ISR wells for the same diameter can be much 
larger than SAGD wells. 

(iv) Water Use – ISR water use assuming no connate water production, is only for 
bitumen voidage replacement. SAGD water use id dominated by recycle water 
treatment losses – much larger than ISR usage. 

(v) Supporting technology – 6.6(1), the new technology needed to develop ISR is not 
a major step out from existing technology. 

(vi) Pressure sensitivity – ISR costs increase with P because saturated steam TS is 
increased in the reservoir. But there are no heat losses between the well head 
and the sand face (Figure 6.1). 

But ISR still has some weaknesses (6.2(1), 6.6(5)), including: 

(i) Salt deposition – risks to foul heater tubes 

(ii) Coking – potentially foul heater tubes 

(iii) Lack of Field Tests  

(iv) Heater/Control design 

(v) Flow inhibition 

Potential hybrid processes that can use ISR are practical processes with a [ST] or a [SV] 
component. SV reflux using an ISR well does not have the issues for ST reflux – ie. no 
risk of salt deposition or coking. Processes with both a [ST] and [SV] component may be 
particularly attractive. Table 7.25 summarizes potential ISR hybrid applications. There 
are eight binary hybrid options and two tertiary hybrid options, for a total of ten hybrid 
processes that can potentially use ISR wells. Two processes [ST + SV] and [SV + ST] 
use both steam and solvent. The effects of using ISR in these processes are: 

(i) reduced costs 

(ii) reduced CO2 emissions 

(iii) reduced well count (ie. well capex) 

(iv) reduced energy use 

(v) reduction of surface process equipment (no boilers, no solvent reflux heat 
exchangers) 
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(2) Related Technologies 

These are lessons to be learned comparing ISC and ISC hybrids to other, related 
technologies. 

(i) Tail gas incineration – industrial waste gas incinerators (tail gas incinerators) (eg. 
a Claus plant (sulfur) incinerator) are designed to combust gas species at 
temperatures of about 1000 – 1200oF (538 – 649oC), similar to in situ 
combustion. Gas incinerators work better if there is a checker wall (ie. a fire brick 
wall, with holes in it) and if there is some steam in the tail gas that is to be 
combusted. The analogy to in situ combustion is obvious (ie. the checker wall = 
the reservoir matrix). 

(ii) Smokeless flares – flares combust waste gas (and waste liquid fuels) from 
natural gas processing plants and other industrial facilities (ie. refineries using 
free flames). One of the raison d’etres of flares is that emission of oxidized gases 
is less toxic and odiferous than emissions of non-oxidized reduced gases (eg. 
H2S is more noxious and toxic than SO2). One of the concerns about flares is 
smoke/soot emissions from poor combustion. The solution – smokeless flares- is 
to inject steam into the flame zone. Steam improves combustion in two ways – 
steam injection improves mixing with air and steam adds OH- and H+ ions into 
the flame zone which improve combustion chemistry. 

(3) Other Hybrid Issues 

Many issues that apply to individual injectant components also apply to hybrids 
containing the injectants (see 3.5(4) for [ST], 4.5(4) for [O] or [A], 5.5(4) for [SV] or 6.6(2) 
for [EM]. But some issues are also specific for hybrids, including: 

(i) Well counts – some injectants may require separate wells for two reasons. 
Placement of the injectant in the recovery pattern volume (eg. [W] injection 
at/near a CSZ of a ISC component or vent gas removal) and separation of the 
injectant from other injectants (eg. need to separate [EM] from [W]). Some hybrid 
processes can have several wells placed in the recovery pattern volume. Well 
count is a concern for both process capex and process complexity. This issue 
can be ameliorated for two reasons. First, some of the injectants (eg. [O]) only 
require small diameter wells and capex can be reduced by using a made-for-
purpose slim-hole drilling rig. Second, some injectants can be injected either 
together (eg. ST and SV) to save well counts. Lastly, some injectants can be 
injected in the same well segregated by a packer. Figure 7.3 shows how [O] or 
[A] and [ST] can be injected in the same well, reducing well counts for [O + ST] or 
[A + ST] hybrids. Other co-injection wells can involve water [W], [EM], [SV], [ST], 
[O], [A] in various combinations during process evolution. 
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 It is also practical to change/adapt wells for different processes. For example, an 
oxygen injector can be converted to a vent gas well, to remove flue gas, as the 
process evolves. 

(ii) Synergy – The [ST + SV] and [SV + ST] hybrids (Table 7.19(c)) exhibit true 
synergy with opex costs. Table 7.19 (c) shows that the [ST + SV] and the [SV + 
ST] hybrids each have operating costs + tax less than the constituent processes. 
– ie. at 37.68 and 46.08 ($/M3B), respectively, the hybrid opex costs are less than 
either SAGD, [ST] 57.29 $/M3B or BUTEX [SV] 97.78 $/M3B. 

(iii) Direct Gas Dissolution – Hybrid processes with a non-dominant solvent [SV] 
component (eg. [ST + SV], [EM + SV] can have a potential issue with gas-
trapping in the reservoir. Based on the liquid-liquid dissolution mechanism alone, 
if process temperatures, no solvent-bitumen dissolution can occur (in the process 
models). In such a case, solvent gas is potentially trapped in the reservoir with no 
avenue for escape. Gas partial pressures will increase, back pressure increases 
and injectivity is impaired. The process will grind to a halt. 

 But this doesn’t happen for commercial [ST + SV] processes. A substantial 
portion of injected solvent is recovered in produced fluids (eg. Table 7.4). The 
model is a simplified version of dissolution, allowing only the liquid-liquid process 
mechanism. Solvent gas can also dissolve directly into bitumen, without the 
constraint of first condensing. This can also occur if the solvent is in a 
supercritical state, above TC. This is not explicitly modelled. But for processes 
with a non-dominant SV component, the mechanism is active and such 
processes will not grind to a halt. Solvent gas can escape from the gas chamber 
and back pressures may not build up to problem levels. 

(iv) ‘Crappy’ Boilers – obviously B[O + W + ST] is one of the most prospective hybrid 
processes for in situ EOR bitumen recovery, with low costs and several 
advantages compared to other processes. But the process involves simultaneous 
injection of water [W] and steam [ST]. Tables 7.13 and 7.14(a) show that up to 
4500 KPa process pressure [hydrostatic depth of about 400 m), injected 
steam/water ratios vary from about 0.075 to 1.924. If hot water and steam are 
produced simultaneously in a boiler, this would correspond to a steam quality 
(percent (w/w) of steam in the vapour phase) of 7 to 66% - very poor compared to 
utility or once-thru boilers. Such a (crappy) boiler could potentially utilize hot 
produced water directly with no/little treatment, depending on process conditions 
and water chemistry. Substantial cost (capex an/or opex) savings and capture of 
sensible heat in produced fluids, may be possible. 

 One possible configuration for a crappy boiler is an in situ electric immersion 
heater for a water/steam injection well. If the well was a vertical well, a seven fold 
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bundle of two inch D heaters was used with capacity of 18 KW/m for each bundle 
element (similar to commercial electric boilers), and the heater length was 20m, 
the heater capacity would be 2.5 MW(t), sufficient for most B[O + W + ST] 
applications. The heater bundle could be contained in a seven inch well bore. 

(3)  Hybrid Strengths 

- Improve performance 
- Not a major step out for new tech 
- Some (good) history [A + W], [O + W]…[ST + SV] 
- Significant cost red. Possible [eg. B[O + W + ST] or B[O + W + EM] 
- New → potential proprietary positions potentially available for early 

users/developers 
- Significant imp. In env. perf. possible  
- Short top 10 list → focus provided 
- hyb. → way to use ISC as a component (lowest costs) (stabilize SZ and CZ) 
- hyb. → way to make SV use possible with env. perf. – achieve D balance at 

bitumen interface 
- way to mitigate or obviate problems/issues with todays leading tech SAGD or [ST 

+ SV] 

(4)  Hybrid Weaknesses 

- High/increased well count – increased capex 
- Complex processes to control – needs automation 
- Protracted start up, especially for ISC hybrids – may be too long 
- Needs elec. Heat dev. For ISR hybrids 
- [EM] needs antennae dev. – need > 2.5 MW€ for pure EM or > IMW for EM 

components 
- Needs field demos → BLACK HOLE of tech. dev. Cycle for bitumen EOR (may 

need gov’t help) 
- Field tests → inconclusive poor results for [SV] and/or [EM] and/or [ISC] 

components 
- ISC processes have high CO2, unless sequestered (see Ch.10) 
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Table 7.1 
 

Hybrid Process Description/Nomenclature 
 

 

[x  y] =  2 component hybrid process, with x as the dominant injectant 

 

[x  y  z] = 3 component hybrid process, with x as the dominant injectant. 

  There is no differentiation between y and z. For example, [x  y  z] = [x  z  y] 

 

Practical Process injectants, include: 

 

 A = Air injection for an ISC (Air) component 

 O = Oxygen gas injection for an ISC (Oxygen) component 

 W = Water injection for wet ISC process components – ie. W must be coupled with an 
  A or an O injectant 

 ST = Steam (ie. SAGD component) 

 SV = Solvent, alkane liquid/gases, SOLVEX process component 

    One of C3, nC4, nC5, nC6, nC7, nC8 (6 choices) 

 mSV = Binary or tertiary mixture of alkane solvents, 15 choices for binary mixture, 10  
  choices for tertiary mixtures 

 EM =  ElectroMagnetic radiation, from a downhole antenna(s) 

 

Note: - no non-alkane solvents 

 - only six solvents considered (normal alkanes C3 → C8, inclusive) 

 - no solvent mixes with more than three components 

 - no EAir mixtures for ISC 
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Table 7.2 
 

Selected, Practical Hybrid Processes 
 
 

ISC Dominant SV Dominant ST Dominant EM Dominant 

Binary Hybrids Binary Hybrids Binary Hybrids Binary Hybrids 

    
[A + W] [SV + ST] [ST + SV] [EM + SV] 

[O + W] [SV + EM] [ST + EM] [EM + ST] 

[A + ST]    

[O + ST]    

[A + EM]    

[O + EM]    

Tertiary Hybrids Tertiary Hybrids Tertiary Hybrids Tertiary Hybrids 

    

[A + W + ST] None None None 

[O + W + ST]    

[A + W + EM]    

[O + W + EM]    

Process Types  2 Process Types 2 Process Types 2 Process Types 

Processes 
 

62 Processes 
 

32 Processes 
 

32 Processes 
 

    
 

Where: - selection based on feasibility + practicality (see text) 
 - no differentiation of 2nd + 3rd entries, [A+W+ST] = [A+ST+W] 
 - no quaternary processes (impractical) 
 - see Table 7.1 for nomenclature 
 - Total process types = 16 
 - Total processes = 136, including SV multiplicity 
 - Total binary process types = 12 
 - Total binary processes = 132 
 - Total tertiary processes (process types) = 4 
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Table 7.3 
 

Practical Hybrid Process Types 
 
  

Pure Injectants Binary Injectant Hybrids Tertiary Injectant Hybrids 

    

A – air [A + W] - wISC (air) [O + W + EM] – wEISC (O) 

O – oxygen [O + W] - wISC (oxygen) [A + W + EM] – wEISC (A) 

W – water [ST + SV] - SAP, LASER… [O + W + ST] – wSAGDOX 

ST – steam [ST + EM]  [A + W + ST] 

SV – solvent [A + ST]   

EM - radiation [O + ST] - dSAGDOX  

 [EM + ST]   

 [SV + ST]   

 [EM + SV] - ESEIEH  

 [O + EM] - EISC (oxygen)  

 [A + EM] - EISC (air)  

 [SV + EM] - ESOLVEX  

    

Total = 6 Total = 12 Total = 4 

 

Where: - d = dry (no water); w = wet (water injected) 
 - [  ], dominant injectant is left-oriented 
 - totals exclude SV multiplicity (31) 
 - ESOLVEX = Electric SOLVEX 
 - SAGDOX = SAGD SAGD with oxygen 
 - EISC = Electric ISC 
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Table 7.4 
 

Hybrid Process Chronology (Selected Events) 
 
 

1940 - Several ISC projects inject water for wet combustion [A + W] and [O + W] to 
scavenge heat and redistribute heat as steam. 

1974 - AOSTRA formed by Alberta to ‘foster bitumen extraction…’ 

1987 - AOSTRA – UTF opens as test site at Dover, AB 

1988 - Pebdanic etal (Mobil) conduct a field test in Texas, [O + W] 

1991 - VAPEX announced, [ST + SV] 

2002 - Encana (Cenovus) tests SAP at Senlac, SK, [ST + SV] using nC4 solvent  

 - IOL, LASER lab tests [ST + SV] using C5 + (diluent) solvent, field test at Cold Lake 
(one pod), 80% SV recovered, (M3B prod/M3SV loss) = 10.0 

2004 - Cenovus tests SAP [ST + SV] at Christina Lake, AB, improved initial oil production 
by + 150%, improved API by + 0.7 to 1.0, 90% SV recovery, 25% decrease in SOR 

2006 - ARC announces development of ESSAGD [ST + SV], nC6 – nC8 preferred 
solvents, productivity increased by 17 to 30%, some SOR improvement 

2007 to 9 - IOL, LASER tests at 10 pods in Cold Lake, AB. Adds 6% (v/v) C5 + diluent solvent 
to steam for CSS, 33% SOR reduction, 3 to 6% increased recovery, 66% solvent 
recovery, no solvent recycle (solvent left in dil-bit) 

2010 - All of Cenovus SAGD is now SAP 

 - now 240 wells at old Lake, AB using LASER, 5% increased recovery 

2011 - IOL pilots a [ST + SV] SAGD hybrid at Cold Lake, AB 

2012 - ESEIEH group tests [EM + SV] or [SV + EM] hybrid at Suncor mine site good 
results 

 - SAP (Cenovus) – 30% production increase, 15% r.f. increase, -10% opex, lower 
water and natural gas use (China, 2012) 

2013 - A.Mukhametshina, Texas A&M thesis – ‘ESSAGD [ST + SV] process improves 
performance of SAGD production, energy use, water consumption and causes 
some insitu upgrading be deasphalting’ 

 - M. Keshavarz, U of A thesis – ‘a proper design of a [ST + SV] hybrid can 
significantly improve oil production rate compared to SAGD’ 

2014 - ESEIEH field test at DOVAP (UTF) site [EM + SV] or [SV + EM] 

2015 - Next Cenovus project, Narrows Lake, AB to use SAP [ST + SV] 

 - IOL proposes a Cold Lake expansion 50 KBD using SAGD [ST + SV] 
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Table 7.5 
 

Performance for Hybrid Component Processes 
 
 

 (SAGD) (ISR)   (nC4)  

Selected Performance Factors [ST] [ST] [A] [O] [SV] [EM] 

Cost Factors:        

Process Costs ($/M3B) 55.45 53.34 49.69 34.95 97.25 85.26 

CO2 Tax ($/M3B) 1.74 1.69 7.08 4.93 0.53 2.71 

Total Tax + Cost ($/M3B) 57.19 55.03 56.77 39.88 97.78 87.97 

Diagnostics:        

ETOR (GJ/M3B) 4.755 2.743 6.960 6.740 1.564 4.385 

SOR (M3L/M3B)) 1.762 - - - - - 

Air Use (nM3/M3B) - - 1857.87 - - - 

Oxygen Use (nM3/M3B) - - 389.16 376.88 - - 

Elec. Use (KWh/M3B) - 761.93 - - - 1218.03 

SV losses (M3L/M3B) - - - - 0.396 - 

Vent Gas (nM3/M3B) - - 1912.94 340.89 - - 

DCO2 (nM3/M3B) - - 331.20 320.75 - - 

ICO2 (nM3/M3B) 137.54 133.88 228.45 69.14 41.99 214.01 

TCO2 (nM3/M3B) 137.54 133.88 559.66 389.88 41.99 214.01 

PWOR (M3L/M3B) 1.750 - 0.272 0.322 - 0.296 

WRR (M3L/M3B) 0.993 - - - - - 

TS, TSVDP (oC) 204.8 204.8 146.2 185.5 106.36 204.8 

r.f. - 0.8125 0.8125 0.8512 0.8552 0.8750 0.8125 

µprod (cp.) 10.04 10.04 44.77 15.07 0.157 10.04 

 
Where: -  default input values, P=1724 KPa 
 - selected outputs only 
 - SV = nC4 
 -    M3L = m3 Liquid 
 -    M3B = M3 Bitumen 
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Table 7.6 
 

Wet ISC Hybrids c/w SAGD 
 
 

Performance Factors SAGD [O+W] [A+W] 

Costs:     

Process Costs ($/M3B) 55.45 12.90 36.62 

CO2 Tax ($/M3B) 1.74 1.82  

Ttl Tax + Cost ($/M3B) 57.19 14.72  

Diagnostics:    

TS (oC) 204.8 197.75 175.58 

ETOR (GJ/M3B) 4.7545 2.4886 5.1284 

PWOR (M3L/M3B) 1.7496 2.0049 0.9739 

WRR (M3L/M3B) 0.9927 1.0756 1.2676 

SOR (M3L/M3B) 1.7624 - - 

O2 Use (nM3/M3B) - 139.15 286.75 

Air Use (nM3/M3B) - - 1368.93 

Vent Gas (wet) (nM3/M3B) - 125.86 1409.51 

DCO2 (nM3/M3B) - 118.42 244.04 

ICO2 (nM3/M3B) 137.54 25.53 168.33 

TCO2 (nM3/M3B) 137.54 143.95 412.37 

R1 - - 0.8456 1.0216 

R2 - - 1.7040 1.7995 

RS - - 0.0684 0.1121 

µS (cp) 10.04 11.55 19.09 

BF (PVF) - 0.0471 0.0913 

r.f. - 0.8125 0.9412 0.8859 

 
Where: - default input values P = 1724 KPa 
  R1 = (SZ/CZ) growth rate ratio;  

R2= (CSZ/WZ) growth rate ratio;  
RS = vent steam loss 

- water injection rates for [A + W] = 100 bbls/MMSCF air (.00056125 

 M3L/M3 Air) 

- water injection rates for [O + W] = 500 bbls/MMSCF oxygen (.002806 

 M3L/M3 Oxygen) 
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Table 7.7 
 

[O+W] – Pressure Sensitivity 
 
 

  Process Pressure P (KPa) 

Performance Factors 1724 2500 4500 6500 8500 10500 

Costs:        

Process Costs ($/M3B) 12.90 13.32 14.23 15.05 18.45 19.28 

CO2 Tax ($/M3B) 1.82 1.88 2.01 2.12 2.60 2.72 

Ttl Tax + Cost ($/M3B) 14.72 15.20 16.24 17.17 21.05 22.00 

Diagnostics:       

TS (stm dew point) (oC) 197.75 216.20 248.95 272.08 289.98 304.77 

ETOR (GJ/M3B) 2.4886 2.5731 2.7543 2.9134 3.5721 3.7353 

O2 Use (nM3/M3B) 139.15 143.87 154.00 162.90 199.73 208.86 

Vent Gas (wet) (nM3/M3B) 125.86 127.65 134.10 140.84 172.05 179.49 

PWOR (M3L/M3B) 2.0049 2.1124 2.2938 2.4322 2.9394 3.0706 

WRR (M3L/M3B) 1.0756 1.0960 1.1119 1.1146 1.0986 1.0975 

R1 - 0.8456 0.7231 0.5384 0.4311 0.2784 0.2404 

R2 - 1.7040 1.6958 1.6919 1.6989 0.7725 0.7768 

RS - 0.0684 0.0471 0.02605 0.01798 0.01372 0.01108 

DCO2 (nM3/M3B) 118.42 122.45 131.06 138.64 169.98 177.75 

ICO2 (nM3/M3B) 25.53 26.15 27.73 29.23 35.78 37.37 

TCO2 (nM3/M3B) 143.95 148.59 158.80 167.87 205.76 215.12 

µS (cp) 11.55 8.13 4.90 3.66 3.00 2.59 

BF (PVF) 
0.0470

5 
0.04856 0.0518 0.0545 0.06586 0.06861 

r.f. - 0.9412 0.9393 0.9353 0.9318 0.9177 0.9142 
 

Where: - WIR, water injection rate = 500 bbls/MMSCF O2 (0.002806 M3L/M3O) 
 - RS = fraction of steam lost to vent gas 
 - R1 = growth ratio (SZ/CZ); R2 = growth rate (CSZ/WZ) 
 - default values except for P 
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Table 7.8 
 

Stable SZ Conditions (R1 = 1) for [A+W] and [O+W] Hybrid Processes 
 
 

Performance Factors SAGD [A+W] [O+W] 

Costs:     

Process Costs ($/M3B) 55.45 36.98 10.93 

CO2 Tax ($/M3B) 1.74 5.27 1.54 

Ttl Tax + Cost ($/M3B) 57.19 42.25 12.47 

Diagnostics:    

TS (oC) 204.78 175.04 198.85 

ETOR (GJ/M3B) 4.7545 5.1797 2.1078 

PWOR (M3L/M3B) 1.7496 0.9537 2.1627 

WRR (M3L/M3B) 0.9927 1.2775 1.0626 

O2 Use (nM3/M3B) - 289.62 117.86 

Air Use (nM3/M3B) - 1382.64 - 

Vent Gas (wet) (nM3/M3B) - 1423.63 106.60 

DCO2 (nM3/M3B) - 246.48 100.30 

ICO2 (nM3/M3B) 137.54 170.02 21.62 

TCO2 (nM3/M3B) 137.54 416.50 121.92 

R1 - - 1.000 1.000 

R2 - - 1.871 1.3214 

RS - - 0.1136 0.06681 

µS (cp) 10.04 19.35 11.29 

BF (PVF) - 0.09208 0.04022 

r.f. - 0.8125 0.8849 0.9497 

WIR (M3L/nM3 O2) - - 0.0036173 

WIR (M3L/nM3 A) - 0.0005399 - 

 
Where: - except for WIR, default input values P = 1724 KPa 
   

  



333 
 

Table 7.9 
 

Balanced Steam Hybrids (B[O+ST], B[O+W+ST]) 
 
 

 [ST] [O]  Balanced Hybrids 

Performance Factors SAGD dISC(O) [O + W] B[O+T] B[O+W+ST] 

Costs:       

Process Costs ($/M3B) 55.45 34.95 12.90 53.52 34.04 

CO2 Tax ($/M3B) 1.74 4.93 1.82 4.32 3.71 

Ttl Tax + Cost ($/M3B) 57.19 39.88 14.72 57.84 37.75 

Diagnostics:      

TS (stm dew point) (oC) 204.78 185.47 197.75 198.79 198.79 

ETOR (GJ/M3B) 4.7545 6.7403 2.4886 7.2492 5.5216 

SOR (M3L/M3B) 1.7624 - - 0.9375 0.3183 

PWOR (M3L/M3B) 1.7496 0.3216 2.0049 1.1742 1.1742 

WRR (M3L/M3B) 0.9927 - 1.0756 1.2525 1.2525 

O2 Use (nM3/M3B) - 376.88 139.15 259.07 259.07 

Vent Gas (wet) (nM3/M3B) - 340.89 125.86 234.33 234.33 

WIR (104 M3/M3 O) - 0 28.06* - 23.90 

SIR (104 M3/M3 O) - 0 - 36.20 12.30 

DCO2 (nM3/M3B) 0 320.75 118.42 220.48 220.48 

ICO2 (nM3/M3B) 137.54 69.14 25.53 120.69 72.37 

TCO2 (nM3/M3B) 137.54 389.88 143.95 341.17 292.85 

Bit. Visc. µS (cp) 10.04 15.07 11.55 11.31 11.31 

R1 - - 0.3017 0.8456 1.000* 1.000* 

R2 - - - 1.7040 - 2.000* 

RS - - 0.0893 0.06838 0.0669 0.0669 

Recovery Factor (r.f.) - 0.8125 0.8552 0.9412 0.8958 0.8958 

Bit. Fuel Use (BF) (PVF) - 0.1158 0.04705 0.08338 0.08338 
 

Where: - ‘Balanced’ → R1 =1.0 ; R2= 2.0 (for wet processes) 
 - wISC(O)  = [O + W] 
 - Default input values for each process 
 - * = input values 
 - B = Balanced 
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Table 7.10 
 

Balanced ISC Hybrids vs. SAGD 
 
 

    SAGDOX 

Performance Factors SAGD B[A+W +ST] B[A+ ST] B[O+ST] B[O+W+ST] 

Costs:       

Process Costs ($/M3B) 55.45 38.52 60.48 53.52 34.04 

CO2 Tax ($/M3B) 1.74 5.32 6.01 4.32 3.71 

Ttl Tax + Cost ($/M3B) 57.19 43.84 66.49 57.84 37.75 

Diagnostics:      

TS (stm dew point) (oC) 204.78 175.06 175.06 198.79 198.79 

ETOR (GJ/M3B) 4.2791 5.3140 7.2494 7.2492 5.5216 

SOR (M3L/M3B) 1.5862 0.0489 0.7471 0.9375 0.3183 

O2 Use (nM3/M3B) - 289.55 289.55 259.07 259.07 

Air Use (nM3/M3B) - 1382.32 1382.32 - - 

Vent Gas (wet) (nM3/M3B) - 1423.29 1423.29 234.33 234.33 

PWOR (M3L/M3B) 1.5747 0.9542 0.9542 1.1742 1.1742 

WRR (M3L/M3B) 0.9927 1.2773 1.2773 1.2525 1.2525 

MUW (M3L/M3B) 0.1690 - - - - 

WIR 
(M3L/M3 O, 

M3A) 
- 0.000505 0 0 0.00239 

SIR 
(M3L/M3 O, 

M3A) 
- 0.0000353 0.0005405 0.00362 0.00123 

DCO2 (nM3/M3B) - 246.43 246.43 220.48 220.48 

ICO2 (nM3/M3B) 123.79 173.79 228.28 120.69 72.37 

TCO2 (nM3/M3B) 123.79 420.21 474.70 341.17 292.85 

Bit. Visc. µS (cp) 10.04 19.34 19.34 11.31 11.31 

Recovery Factor (r.f.) - 0.8125 0.8849 0.8849 0.8958 0.8958 

RS - - 0.1135 0.1135 0.0669 0.0669 

Bit. Fuel Use (BF) (PVF) - 0.09206 0.09206 0.08338 0.08338 
 

Where: - all hybrid processes are balanced with R1 =1.0 ; R2= 2.0  
 - Default input values (P = 1724 KPa) (LR = 0.10) 
 - B = Balanced 
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Table 7.11 
 

B[A+ST], B[A+W+ST] Hybrids 
 
 

 [ST] [A] [A+W] Balanced Hybrids 

Performance Factors SAGD dISC(O) wISC (A) B[A+ST] B[A+W+ST] 

Costs:       

Process Costs ($/M3B) 55.45 49.69 36.62 60.48 38.52 

CO2 Tax ($/M3B) 1.74 7.08 5.22 6.01 5.32 

Ttl Tax + Cost ($/M3B) 57.19 56.77 41.83 66.49 43.84 

Diagnostics:      

TS (stm dew point) (oC) 204.78 146.21 175.58 175.06 175.06 

ETOR (GJ/M3B) 4.7545 6.9601 5.1284 7.2494 5.3140 

SOR (M3 L/M3B) 1.7624 - - 0.7471 0.0489 

O2 Use (nM3/M3B) - 389.16 286.75 289.55 289.55 

Air Use (nM3/M3B) - 1857.87 1368.93 1382.32 1382.32 

Vent Gas (wet) (nM3/M3B) - 1912.94 1409.51 1423.29 1423.29 

WIR (104 M3/M3 O) - - 5.6125* - 5.0511 

SIR (104 M3/M3 O) - - - 5.4050 0.3534 

DCO2 (nM3/M3B) 0 331.20 244.04 246.43 246.43 

ICO2 (nM3/M3B) 137.54 228.45 168.33 228.28 173.79 

TCO2 (nM3/M3B) 137.54 559.66 412.37 474.40 420.21 

Bit. Visc. µS (cp) 10.04 44.77 19.09 19.34 19.34 

Bit. Fuel Use (BF) (PVF) - 0.1190 0.09127 0.09206 0.09206 

R1 - - 0.3966 1.0216 1.000* 1.000* 

R2 - - - 1.7995 - 2.000* 

RS - - 0.2362 0.1121 0.1135 0.1135 

Recovery Factor (r.f.) - 0.8125 0.8512 0.8859 0.8849 0.8849 

P/PH - 1.000 1.000 1.000 1.000 1.000 

WRR (M3L/M3B) 0.9927 - 1.2676 1.2773 1.2773 

PWOR (M3L/M3B) 1.7496 0.2723 0.9739 0.9542 0.9542 
 

Where: - ‘Balanced’ → R1 =1.0 ; R2= 2.0 (for wet processes) 
 - wISC(O)  = [A + W] 
 - Default input values for each process 
 - * = input values 
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Table 7.12 
 

Unbalanced ISC + (ST) + (W) Hybrids cw SAGD 
 
 

 Binary Hybrids Tertiary Hybrids 

Performance Factors SAGD [A+W] [O+W] [A+ST] [O+ST] [A+W+ST] [O+W+ST] 

Costs:         

Process Costs ($/M3B) 55.45 36.31 12.90 83.84 68.69 61.36 25.31 

CO2 Tax ($/M3B) 1.74 5.22 1.82 8.24 6.01 6.03 2.22 

Ttl Tax + Cost ($/M3B) 57.19 41.83 14.72 92.08 74.70 67.39 27.53 

Diagnostics:        

TS (stm dew point) (oC) 204.78 175.60 197.8 175.60 197.80 184.9 200.5 

ETOR (GJ/M3B) 4.7545 5.1284 2.489 10.011 9.758 7.333 3.596 

SOR (M3/M3B) 1.7624 - - 1.059 1.065 0.7756 0.3923 

O2 Use (M3/M3B) - 286.7 139.1 395.5 379.5 289.5 139.8 

Air Use (M3/M3B) - 1369 - 1888 - 1382 - 

Vent Gas (wet) (M3/M3B) - 1410 125.9 1944 343.2 1423 126.5 

Recovery Factor (r.f.) - 0.8125 0.8859 0.9412 0.8492 0.8544 0.8850 0.9409 

Bit. Visc. µS (cp) 10.04 19.09 11.55 19.08 11.55 15.25 10.93 

DCO2 (M3/M3B) 0 244.0 118.4 336.6 323.0 246.4 119.0 

ICO2 (M3/M3B) 137.54 168.3 25.50 314.9 152.70 230.5 56.3 

TCO2 (M3/M3B) 137.54 412.4 143.9 651.4 475.70 476.8 175.30 

WRR (M3/M3B) 0.9927 1.268 1.076 1.188 1.241 1.1027 1.279 

PWOR (M3/M3B) 1.7496 0.9739 2.005 1.259 1.322 1.7105 1.004 

R1 - - 1.022 0.846 1.021 0.8455 1.563 1.379 

R2 - - 1.800 1.704 - - 1.793 1.703 

BF - - 0.0913 0.0471 0.1207 0.1165 0.0920 0.0473 

RS - - 0.1121 0.0684 0.1121 0.0684 0.0904 0.0646 

 
Where: - R1 = SZ/CZ growth rate ratio 
 - R2= CSZ/WZ growth rate ratio (for wet processes only) 
 - water injection rate (WIR) for A processes = 0.0005613 M3/nM3A (100 
    bbls/MMSCF) ; for O processes = 0.002806 nM3/nM3O (100 bbls/MMSCF) 
 - inputs = default values, P = 1724 KPa 
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Table 7.13 
 

B[O+W+ST] Hybrids ; R1 Sensitivity 
 
 

Performance Factors R1 = 0.8 R1 = 1.0 R1 = 1.2 R1 = 1.4 R1 = 1.6 

Costs:       

Process Costs ($/M3B) 28.02 34.04 39.05 43.30 46.96 

CO2 Tax ($/M3B) 3.78 3.71 3.64 3.59 3.54 

Ttl Tax + Cost ($/M3B) 31.80 37.75 42.69 46.89 50.50 

Diagnostics:      

TS (stm dew point) (oC) 197.35 198.79 199.83 200.53 201.07 

ETOR (GJ/M3B) 5.2374 5.5216 5.7582 5.9595 6.1323 

SOR (M3L/M3B) 0.0506 0.3183 0.5406 0.7301 0.8925 

O2 Use (nM3/M3B) 284.95 259.07 237.60 219.27 203.56 

Vent Gas (wet) (nM3/M3B) 257.74 234.33 214.91 198.34 184.12 

WIR (M3L/nM3 O) 0.00239 0.00239 0.00239 0.00239 0.00239 

SIR (M3L/nM3 O) 0.00018 0.00123 0.00228 0.00333 0.00438 

DCO2 (nM3/M3B) 242.51 220.48 202.21 186.62 173.24 

ICO2 (nM3/M3B) 56.22 72.37 85.78 97.20 107.00 

TCO2 (nM3/M3B) 298.74 292.85 287.99 283.82 280.24 

WRR (M3L/M3B) 1.3483 1.2525 1.2002 1.1668 1.1438 

PWOR (M3L/M3B) 0.9868 1.1742 1.3301 1.4630 1.5770 

R2* - 2.000 2.000 2.000 2.000 2.000 

RS - 0.09077 0.0669 0.0655 0.0645 0.0638 

Bit. Fuel Use (BF) (PVF) 0.8865 0.08338 0.7714 0.07172 0.06379 

Recovery Factor (r.f.) - 11.65 0.8958 0.9036 0.9104 0.9162 

Bit. Visc. (µS) (cp)  11.31 11.07 10.92 10.80 
 

Where: - R1 = SZ/CZ growth rate ratio, default = 1.0 
 -*R2= CSZ/WZ growth rate ratio, default = 2.0 (input values) 
 - Except for R1, inputs = default values, P = 1724 KPa 
 - B = ‘Balanced’ 
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Table 7.14 (a) 
 

B[O+W+ST] – Pressure Sensitivity 
 
 

  Process Pressure P (KPa) 

Performance Factors 1724 2500 4500 6500 8500 10500 

Costs:        

Process Costs ($/M3B) 34.04 39.48 51.61 92.08 103.52 115.50 

CO2 Tax ($/M3B) 3.71 3.73 3.84 4.88 5.09 5.34 

Ttl Tax + Cost ($/M3B) 37.75 43.21 55.45 96.96 108.61 120.84 

Diagnostics:       

TS (stm dew point) (oC) 198.79 218.33 252.96 278.35 296.76 312.19 

ETOR (GJ/M3B) 5.5216 5.8809 6.7076 10.0484 10.8515 11.6816 

SOR (M3L/M3B) 0.3183 0.5328 0.9972 2.3498 2.7571 3.1755 

PWOR (M3L/M3B) 1.1742 1.3689 1.7826 2.8191 3.2138 3.6201 

WRR (M3L/M3B) 1.2525 1.2261 1.1750 1.1003 1.0878 1.0773 

O2 Use (nM3/M3B) 259.07 245.44 218.99 196.47 181.68 168.99 

Vent Gas (wet) (nM3/M3B) 234.33 217.75 190.69 169.87 156.49 145.23 

WIR (M3L/nM3 O) 0.00239 0.00238 0.00237 0.00108 0.00109 0.00109 

SIR (M3L/nM3 O) 0.00123 0.00217 0.00455 0.01196 0.01518 0.01879 

DCO2 (nM3/M3B) 220.48 208.88 186.37 167.21 154.62 143.82 

ICO2 (nM3/M3B) 72.37 86.18 117.25 218.64 247.71 278.05 

TCO2 (nM3/M3B) 292.85 295.06 303.63 385.85 402.33 421.87 

Bit. Visc. (µS) (cp) 11.31 7.84 4.64 3.40 2.80 2.42 

R1 - 1.000 1.000 1.000 1.000 1.000 1.000 

R2 - 2.000 2.000 2.000 2.000 2.000 2.000 

RS - 0.0669 0.0452 0.02436 0.01636 0.01242 0.00999 

Recovery Factor (r.f.) - 0.8958 0.9007 0.9105 0.9189 0.9246 0.9295 

BF (PVF) 0.08338 0.07943 0.07164 0.06487 0.06035 0.05644 

 
Where: - Balanced default -R1 = 1.0, R2 = 2.0 
 - default values except for P 
 - B = Balanced 
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Table 7.14 (b) 
 

B[O+W+EM] – Pressure Sensitivity 
 
 

  Process Pressure P (KPa) 

Performance Factors 1724 2500 4500 6500 

Costs:      

O2 + VG.T Cost ($/M3B) 12.98 12.57 11.82 11.23 

Elec. Cost ($/M3B) 11.93 19.87 34.45 45.23 

T. Process Costs ($/M3B) 24.91 32.44 46.27 56.46 

(VG + O2) CO2 tax ($/M3B) 1.83 1.77 1.67 1.59 

(EM) CO2 tax ($/M3B) 0.38 0.63 1.09 1.44 

Ttl Tax + Cost ($/M3B) 27.12 34.84 49.03 59.49 

Diagnostics:     

TS (stm dew point) (oC) 197.0 215.4 248.0 271.2 

(EM) TPH (oC) 62.0 91.5 143.0 179.2 

Oxygen Use (nM3/M3B) 140.0 135.9 127.9 121.5 

Elec. Cost (KWh/M3B) 170.4 283.9 492.1 646.2 

WIR x 104 (M3L/nM3) 23.91 23.80 23.73 23.82 

ETOR (O2) (GJ/M3B) 2.503 2.430 2.373 2.178 

ETOR (EM) (GJ/M3B) 0.613 1.022 1.771 2.326 

ETOR Total (GJ/M3B) 3.117 3.452 4.144 4.504 

V.G. (wet) (nM3/M3B) 126.6 120.5 111.4 105.1 

CO2 (O2 + VG) (nM3/M3B) 144.8 140.3 131.9 125.2 

CO2 (EM) (nM3/M3B) 29.9 49.9 86.5 113.5 

CO2 Total (nM3/M3B) 174.7 190.2 218.4 238.7 

WRR (M3L/M3B) 1.099 1.129 1.165 1.183 

PWOR (M3L/M3B) 1.755 1.743 1.688 1.634 

RS - 0.0695 0.0478 0.0265 0.0182 

BF (PVF) 0.0473 0.0460 0.0435 0.0414 

Recovery Factor (r.f.) - 0.941 0.942 0.946 0.948 

Bit. Visc. (µS) (cp) 11.5 8.3 5.0 3.7 

 
Where: - B = Balanced (R1 = 1.0, R2 = 2.0) 
 - inputs = default values, except for P 
 - Base (default) Case, P = 1724 KPa 
 - TPH = EM preheat (Ti = 15oC) to achieve R1 = 1.0 

  



340 
 

Table 7.15 
 

B[A+W+ST] – Hybrids : R1 Sensitivity 
 
 

Performance Factors R1 = 0.8 R1 = 1.0 R1 = 1.2 R1 = 1.4 R1 = 1.6 

Costs:       

Process Costs ($/M3B) 32.98 38.52 43.22 47.31 50.84 

CO2 Tax ($/M3B) 5.55 5.32 5.11 4.94 4.78 

Ttl Tax + Cost ($/M3B) 38.53 43.84 48.33 52.25 55.62 

Diagnostics:      

TS (stm dew point) (oC) 168.89 175.06 179.48 182.78 185.39 

ETOR (GJ/M3B) 5.0231 5.3140 5.5652 5.7844 5.9751 

SOR (M3/M3B) -0.246 0.0489 0.3002 0.5175 0.7050 

O2 Use (nM3/M3B) 318.92 289.55 264.58 243.01 224.47 

Air Use (nM3/M3B) 1522.52 1382.32 1263.08 1160.15 1071.64 

Vent Gas (wet) (nM3/M3B) 1567.65 1423.29 1300.53 1194.55 1103.40 

WIR (M3L/nM3 A) 0.000505 0.000505 0.000504 0.000503 0.000503 

SIR (M3L/nM3 A) 0.000162 0.000035 0.000238 0.000446 0.000658 

DCO2 (nM3/M3B) 271.42 246.43 225.17 206.82 191.04 

ICO2 (nM3/M3B) 168.01 173.79 178.74 183.05 186.79 

TCO2 (nM3/M3B) 439.43 420.21 403.91 389.87 377.83 

WRR (M3L/M3B) 1.4263 1.2773 1.2065 1.1652 1.1385 

PWOR (M3L/M3B) 0.7490 0.9542 1.1305 1.2836 1.4162 

R2* - 2.000 2.000 2.000 2.000 2.000 

RS - 0.1316 0.1135 0.1024 0.0949 0.08949 

BF (PVF) 0.1002 0.09206 0.08497 0.07872 0.07327 

Recovery Factor (r.f.) - 0.8747 0.8849 0.8938 0.9016 0.9084 

Bit. Visc. (µS) (cp) 22.69 19.34 17.34 16.03 15.09 

 
Where: - R1 = SZ/CZ growth rate ratio, default = 1.0 
 -*R2= CSZ/WZ growth rate ratio, default = 2.0 (input values) 
 - Except for R1, inputs = default values, P = 1724 KPa 
   Negative SIR, SOR indicates a steam surplus from water injected 
 - B = ‘Balanced’ 
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Table 7.16 
 

B[O+W+ST] – Hybrids : R2 Sensitivity 
 
 

Performance Factors R2 = 1.0 R2 = 1.5 R2 = 2.0 R2 = 2.5 R2 = 3.0 

Costs:       

Process Costs ($/M3B) 14.57 27.55 34.04 37.94 40.54 

CO2 Tax ($/M3B) 3.09 3.50 3.71 3.83 3.91 

Ttl Tax + Cost ($/M3B) 17.66 31.05 37.75 41.77 44.45 

Diagnostics:      

TS (stm dew point) (oC) 198.79 198.79 198.79 198.79 198.79 

ETOR (GJ/M3B) 3.7940 4.9457 5.5216 5.8671 6.0975 

SOR (M3L/M3B) -0.3008 0.1120 0.3183 0.4422 0.5247 

O2 Use (nM3/M3B) 259.07 259.07 259.07 259.07 259.07 

Vent Gas (wet) (nM3/M3B) 234.33 234.33 234.33 234.33 234.33 

WIR (M3L/nM3 A) 0.00478 0.00319 0.00239 0.00191 0.00159 

SIR (M3L/nM3 A) -0.00116 0.00043 0.00123 0.00171 0.00203 

DCO2 (nM3/M3B) 220.48 220.48 220.48 220.48 220.48 

ICO2 (nM3/M3B) 24.05 56.26 72.37 82.03 88.48 

TCO2 (nM3/M3B) 244.53 276.75 292.85 302.52 308.96 

WRR (M3L/M3B) 1.2525 1.2525 1.2525 1.2525 1.2525 

PWOR (M3L/M3B) 1.1742 1.1742 1.1742 1.1742 1.1742 

R1* - 1.000 1.000 1.000 1.000 1.000 

RS - 0.0669 0.0669 0.0669 0.0669 0.0669 

BF (PVF) 0.08338 0.08338 0.08338 0.08338 0.08338 

Recovery Factor (r.f.) - 0.8958 0.8958 0.8958 0.8958 0.8958 

Bit. Visc. (µS) (cp) 11.31 11.31 11.31 11.31 11.31 

 
Where: - *R1 = SZ/CZ growth rate ratio, default = 1.0 (input value) 
 - R2= CSZ/WZ growth rate ratio, default = 2.0 
 - Except for R2, inputs = default values, P = 1724 KPa 
   Negative SOR, SIR indicates a steam surplus from water injected 
 - B = ‘Balanced’ 
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Table 7.17 
 

Comparison B[O+W+ST] to SAGD 
 
 

Performance Factors 
(1) 

SAGD 
(2) 

B[O+W+ST] 
Δ= (1) + (2) 

Costs:    value % 

Process Costs ($/M3B) 55.45 34.04 -21.41 -38.6 

CO2 Tax ($/M3B) 1.74 3.71 +1.97 +113 

Ttl Tax + Cost ($/M3B) 57.19 37.75 -19.44 -34.0 

Diagnostics:     

TS (oC) 204.78 198.79 -6.0 -2.9 

ETOR (GJ/M3B) 4.7545 5.5216 +0.767 +16.1 

SOR  1.762 0.3183 -1.444 -81.9 

PWOR (M3L/M3B) 1.7496 1.1742 -0.576 -32.9 

WRR (M3L/M3B) 0.9927 1.2525 +0.260 +26.1 

DCO2 (nM3/M3B) - 220.48 +220.48 - 

ICO2 (nM3/M3B) 137.54 72.37 -65.13 -47.4 

TCO2 (nM3/M3B) 137.54 292.85 +155.4 +113 

µS (cp) 10.04 11.31 +1.27 +12.6 

r.f. - 0.8125 0.8958 +0.0833 +10.3 

 
Where: - default input values P = 1724 KPa 
 - For B[O + W + ST], R1 = 1.0, R2 = 2.0 
 - B = Balanced 
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Table 7.18 
 

The B[O+W+EM] and B[A+W+EM] Hybrids 
 
 

Performance Factors 
[ST] 

SAGD 
B[O+W+ST] 

SAGDOX 
B[A+W+ST] B[O+W+EM] B[A+W+EM] 

Costs:       

Process Costs ($/M3B) 55.45 34.04 38.52 24.91 38.84 

CO2 Tax ($/M3B) 1.74 3.71 5.32 2.21 5.33 

Ttl Tax + Cost ($/M3B) 57.19 37.75 43.84 27.12 44.17 

Diagnostics:      

TS (stm dew point) (oC) 204.78 198.79 175.06 197.0 174.1 

ETOR (GJ/M3B) 4.7545 5.5216 5.3140 3.1166 5.2786 

PWOR (M3L/M3B) 1.7496 1.1742 0.9542 1.7548 0.9092 

SOR (M3L/M3B) 1.7624 0.3183 0.0489 - - 

WRR (M L/M3B) 0.9927 1.2525 1.2773 1.0985 1.3005 

Elec. Use (KWh/M3B) - - - 170.43 26.06 

O2 Use (nM3/M3B) - 259.07 289.55 139.95 289.90 

Air Use (nM3/M3B) - - 1382.32 - 1383.97 

Vent Gas (wet) (nM3/M3B) - 234.33 1423.29 126.59 1424.999 

WIR (A) (104 M3/M3 O) - - 5.05 - 5.051 

WIR (O) (104 M3/M3 O) - 23.91 - 23.91 - 

SIR (A) (104 M3/M3 O) - - 3.53 - - 

SIR (O) (104 M3/M3 O) - 12.3 - - - 

DCO2 (nM3/M3B) - 220.48 246.43 119.11 246.72 

ICO2 (nM3/M3B) 137.54 72.37 173.79 55.62 174.76 

TCO2 (nM3/M3B) 137.54 292.85 420.21 174.73 421.48 

R1 - - 1.000 1.000 1.000 1.000 

R2 - - 2.000 2.000 2.000 2.000 

RS - - 0.0669 0.1135 0.0695 0.1160 

Bit. Visc. µS (cp) 10.04 11.31 19.34 11.5 19.0 

Recovery Factor (r.f.) - 0.8125 0.8958 0.8849 0.9409 0.8846 

Bit. Fuel Use (BF) (PVF) - 0.08338 0.09206 0.0473 0.09216 
 

Where: - B = Balanced → R1 =1.0 ; R2= 2.0  
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Table 7.19(a) 
 

[ST+SV] Performance vs SAGD 
 
 

   [ST + SV] 

Performance Factors SAGD C3 nC4 nC5 nC6 nC7 nC8 

Costs:         

Solvent Loss Cost ($/M3B) - 1.52 2.67 3.98 4.32 4.53 4.31 

SV Vaporiz. ($/M3B) - 0.09 0.11 0.14 0.17 0.20 0.22 

Steam ($/M3B) 55.45 29.02 33.82 37.77 40.95 42.99 40.90 

T.Process Costs ($/M3B) 55.45 30.64 36.60 41.88 45.43 47.72 45.42 

CO2 Tax ($/M3B) 1.74 0.92 1.08 1.20 1.31 1.38 1.31 

Ttl Tax + Cost ($/M3B) 57.19 31.56 37.68 43.09 46.74 49.10 46.73 

Diagnostics:         

TDPH (oC) 204.8 202.0 202.6 202.9 203.1 203.3 203.4 

TDPL (oC) - 49.9 102.8 140.9 165.6 180.9 190.2 

SOR (M3L/M3B) 1.762 0.923 1.075 1.201 1.302 1.367 1.300 

PWOR (M3L/M3B) 1.750 0.923 1.075 1.201 1.302 1.367 1.300 

ISVOR (M3L/M3B) - 0.194 0.226 0.253 0.274 0.288 0274 

PSVOR (M3L/M3B) - 0.185 0.215 0.240 0.260 0.273 0.260 

LSVOR (M3L/M3B) - 0.10 0.011 0.013 0.014 0.014 0.014 

ESVOR (M3L/M3B) - 0.185 0.215 0.240 0.260 0.273 0.260 

ETORSV (GJ/M3B) - 0.039 0.046 0.057 0.071 0.083 0.092 

ETORST (GJ/M3B) 4.755 2.128 3.002 3.353 3.635 3.817 3.619 

ETORT (GJ/M3B) 4.755 2.167 3.048 3.410 3.706 3.900 3.712 

ICO2 (nM3/M3B) 137.5 73.0 85.1 95.2 103.4 108.8 103.9 

r.f. - 0.8125 0.875 0.875 0.875 0.875 0.875 0.875 

µPB (cp) 10.04 18836 291.7 53.92 24.85 16.80 13.58 

µMIX (cp) - 1053.2 31.15 12.04 6.95 4.87 0.44 

 
Where: - [ST + SV] RSVS = 0.25 (see Table 7.21) 
 - TDPH = highest dew point (ie.steam) 
 - TDPL = lowest dew point (ie.steam) 
 - Produced fluids at TDPL 
 - Default input values 
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Table 7.19(b) 
 

[SV+ST] Performance vs SAGD 
 
 

   [ST + SV] 

Performance Factors SAGD C3 nC4 nC5 nC6 nC7 nC8 

Costs:         

Solvent Loss Cost ($/M3B) - 10.73 19.59 29.66 32.05 33.16 33.24 

SV Vaporiz. ($/M3B) - 0.44 0.80 1.00 1.25 3.24 1.69 

Steam ($/M3B) 55.45 20.42 24.80 25.01 30.41 31.47 31.54 

T.Process Costs ($/M3B) 55.45 31.58 45.19 55.67 63.71 67.87 66.47 

CO2 Tax ($/M3B) 1.74 0.70 0.89 0.80 1.13 1.45 1.23 

Ttl Tax + Cost ($/M3B) 57.19 32.29 46.08 56.47 64.85 69.32 67.70 

Diagnostics:         

TDPH (oC) 204.8 183.0 187.4 189.2 190.8 192.3 193.1 

TDPL (oC) - 49.9 102.8 140.9 165.6 180.9 190.2 

SOR (M3L/M3B) 1.762 0.649 0.788 0.795 0.967 1.000 1.003 

PWOR (M3L/M3B) 1.750 0.649 0.788 0.795 0.967 1.000 1.003 

ISVOR (M3L/M3B) - 1.366 1.660 1.883 2.035 2.106 2.111 

PSVOR (M3L/M3B) - 1.298 1.577 1.789 1.933 2.000 2.005 

LSVOR (M3L/M3B) - 0.068 0.083 0.094 0.102 0.105 0.106 

ESVOR (M3L/M3B) - 1.298 1.577 1.789 1.933 2.000 2.005 

ETORSV (GJ/M3B) - 0.186 0.337 0.427 0.527 1.369 0.713 

ETORST (GJ/M3B) 4.755 1.804 2.194 2.490 2.692 2.786 2.794 

ETORT (GJ/M3B) 4.755 1.990 2.530 2.916 3.219 4.156 3.507 

ICO2 (nM3/M3B) 137.5 55.6 70.5 63.1 89.5 114.8 97.3 

r.f. - 0.8125 0.875 0.875 0.875 0.875 0.875 0.875 

µPB (cp) 10.04 18837 291.7 53.92 24.89 16.80 13.57 

µMIX (cp) - 10.46 0.706 0.677 0.622 0.608 0.663 

 
Where: - [SV + ST] RSVS = 2.50 (see Table 7.21) 
 - TDPH = highest dew point (ie.steam) 
 - TDPL = lowest dew point (ie.SV) 
 - Produced fluids at TDPL 
 - Default input values 
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Table 7.19(c) 
 

[SV+ST] and [ST + SV] Performance c/w SAGD and BUTEX 
 
 

Performance Factors SAGD BUTEX 
(SV=C4) 
[ST+SV] 

(SV=C4) 
[SV+ST] 

Costs:      

SV Losses ($/M3B) - 93.53 2.67 19.59 

SV Vaporiz. ($/M3B) - 3.72 0.11 0.80 

Steam ($/M3B) 55.45 - 33.82 24.80 

T.Process Costs ($/M3B) 55.45 97.25 36.60 45.19 

CO2 Tax ($/M3B) 1.74 0.53 1.08 0.89 

Ttl Tax + Cost ($/M3B) 57.19 97.78 37.68 46.08 

Diagnostics:      

TDPH (oC) 204.8 - 202.6 187.4 

TDPL (oC) - 106.4 102.8 102.8 

SOR (M3L/M3B) 1.762 - 1.075 0.788 

PWOR (M3L/M3B) 1.750 - 1.075 0.788 

ISVOR (M3L/M3B) - 7.927 0.226 1.660 

PSVOR (M3L/M3B) - 7.531 0.215 1.577 

LSVOR (M3L/M3B) - 0.396 0.011 0.083 

ESVOR (M3L/M3B) - 6.024 0.215 1.577 

ETORSV (GJ/M3B) - 1.564 0.046 0.337 

ETORST (GJ/M3B) 4.755 - 3.002 2.194 

ETORT (GJ/M3B) 4.755 1.564 3.048 2.530 

ICO2 (nM3/M3B) 137.5 42.0 85.1 70.5 

r.f. - 0.8125 0.875 0.875 0.875 

µPB (cp) 10.04 241.0 291.7 291.7 

µMIX (cp) - 0.157 31.15 0.706 

 
Where: - [SV + ST] RSVS = 2.50 ; for [ST + SV] RSVS = 0.25 (see Table 7.21) 
 - SV = nC4 (butane) solvent for hybrids 
 - TDPH = highest (steam) dew point 
 - TDPL = lowest (SV) dew point 
 - Produced fluids at TDPL 
 - Default input values 
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Table 7.20 
 

[SV+EM] Default Input, Performance 
 
 

Performance Factors C3 nC4 nC5 nC6 nC7 nC8 

Costs:        

SV Losses ($/M3B) - 10.73 19.59 29.66 32.05 33.16 

SV Vaporiz. ($/M3B) - 0.44 0.80 1.00 1.25 3.24 

Electricity ($/M3B) 55.45 20.42 24.80 25.01 30.41 31.47 

T.Process Costs ($/M3B) 55.45 31.58 45.19 55.67 63.71 67.87 

CO2 Tax ($/M3B) 1.74 0.70 0.89 0.80 1.13 1.45 

Ttl Tax + Cost ($/M3B) 57.19 32.29 46.08 56.47 64.85 69.32 

Diagnostics:        

TDPL (oC) 204.8 183.0 187.4 189.2 190.8 192.3 

EMTPH (oC) - 49.9 102.8 140.9 165.6 180.9 

ISVOR (M3L/M3B)       

PSVOR (M3L/M3B)       

LSVOR (M3L/M3B)       

ESVOR (M3L/M3B)       

PWOR (M3L/M3B)       

EBR (KWh/M3B) 1.750 0.649 0.788 0.795 0.967 1.000 

ESVR (KWh/M3B) - 1.366 1.660 1.883 2.035 2.106 

ETOREM (GJ/M3B) - 0.186 0.337 0.427 0.527 1.369 

ETORSV (GJ/M3B) 4.755 1.804 2.194 2.490 2.692 2.786 

ETOR (GJ/M3B) 4.755 1.990 2.530 2.916 3.219 4.156 

ICO2 (nM3/M3B) 137.5 55.6 70.5 63.1 89.5 114.8 

r.f. - 0.8125 0.875 0.875 0.875 0.875 0.875 

µPB (cp)       

µSV (cp) 10.04 18837 291.7 53.92 24.89 16.80 

µMIX (cp) - 10.46 0.706 0.677 0.622 0.608 

 
Where: - [SV + ST] RSVS = 2.50 (see Table 7.21) 
 - TDPH = highest dew point (ie.steam) 
 - TDPL = lowest dew point (ie.SV) 
 - Produced fluids at TDPL 
 - Default input values 
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Figure 7.1 
 

Pressure Sensitivity: B[O + W + ST] vs SAGD 

 

0

50

100

150

200

250

300

350

400

0 2000 4000 6000 8000 10000 12000

Total Cost + Tax 
($/M3B) 

Process Pressure, P (KPa) 

SAGD

B[O+W+ST]

Where : (O+W+ST] is balanced with 
R1=1.0; R2=2.0
SAGD costs include down-hole heat 
losses except for P, default inputs 
B= balanced 



349 
 

Figure 7.2 

Cost Minima for ST + SV Processes
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Figure 7.3 
 

Co-injection of Steam and Oxygen/Air Schematic 
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Figure 7.4 

Saturated Vapour Pressures + Hydrostatic Depths for Solvents + Steam 



352 
 

Chapter 8 – Special Reservoir Cases 
 

8.1  Introduction 

8.2  Shallow Reservoirs 

8.3  Deep Reservoirs 

8.4  Thin-pay Reservoirs 

8.5  Carbonate Reservoirs 

8.6  Capless Reservoirs 

8.7  Leaky Reservoirs 

8.8  Post-waterflood Reservoirs  

8.9  Post-steam Reservoirs 

8.10 Off- shore Reservoirs 
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8.12 Post CHOPS/CSS Reservoirs 

8.13 Issues/Discussions  

 

(Where sections 8.2 to 8.12, inclusive, contain 3 sub sections (1) Introduction, (2) Process 
Constraints, (3) Prospective Processes) 
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Chapter 8 – Special Reservoir Cases 

 

8.1 Introduction 

The key reservoir (model input) properties that can affect EOR performance are the initial 
bitumen saturation (Sib), porosity (Φ) and initial reservoir pressure (Pi). The relationship 
between Sib, Φ and EOR performance factors is summarized in economic limit plots for various 
EOR process types (e.g. Figure 3.6). These plots define Sib, Φ regions where the process is 
‘economic’ or ‘not economic’, based on an economic limit criteria that can be chosen by the 
model user (opex = 300 $/M3B) (48 $/B) for LR = 0.5 and default conditions (except Φ, Sib)). 
Similarly, P-sensitivity (e.g. Table 3.5) can show EOR performance sensitivity to process 
pressures. But other parameters and circumstances can also affect process performance and 
process choices, including: 

- reservoir depth 
- reservoir thickness 
- reservoir homogeneity 
- reservoir depositional environment 
- reservoir production history 
- reservoir geographic location 

So far, the base case reservoir has been assumed to be an intermediate depth (d ~144m), rich 
(Sib =0.8), high porosity (Φ = 0.3), thick pay, homogenous, Athabasca bitumen (API = 8), on-
shore, and sandstone reservoir. But there are many factors that can affect the choice of an EOR 
process. 

The purpose of this chapter is to identify and discuss special reservoir cases that can affect 
EOR process choices, to establish process constraints imposed by the special cases and to 
evaluate processes that may best apply (or not apply) to each of the special cases. 

8.2 Shallow Reservoirs 

(1)  Introduction 

There is no consensus as to what is a ‘shallow’ reservoir. Table 8.1 shows the depth 
characterizations used herein. For the purposes herein, a shallow reservoir is one that 
has an overburden thickness of less than 125m (410 ft.). 

(On the basis of Table 8.1, the base case, (default model cases) is an intermediate 
depth reservoir). 

Shallow reservoirs cover a significant portion of the Athabasca, McMurray deposit 
(Figure 1.3) and are concentrated in the S and SW portion of the deposit. (The surface 
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mineable area (Figure 1.6) is for the Wabiscaw deposit (Figure 1.2). Other deposits 
(Peace River, Cold Lake, Carbonate Triangle) have little/no shallow deposits (Figure 
1.2). 

The surface mining limit (Figure 1.6) has been cited as 65 to 75m of overburden. But this 
fixed limit is too simplistic. The true surface mining limit is an economic limit that is a 
function of overburden depth, recovery and processing costs, CO2 taxes (now), bitumen 
price, transportation costs, net pay of bitumen, and the quality of the deposit. Surface 
mining limits are different depending on location and reservoir characteristics. A shallow 
reservoir may be exploitable by both surface mining and/or an EOR process. 

However, there is a transitional zone (Table 8.1) where mining is not practical and 
proven technology (e.g. SAGD) is also not practical. The practical minimum depth for 
SAGD is determined by viscosity limitations (i.e. production is too slow). Table 8.2 shows 
SAGD performance factors as hydrostatic depth (and process P) decreases. Most 
performance factors (cost, ETOR, CO2 emissions) improve as process P decreases. But 
operating Ts is reduced and produced bitumen viscosity increases as P is reduced. If a 
viscosity cut-off of 15 cp is used, the minimum SAGD hydrostatic depth, for good 
productivity, is about 100m. The risk of surface breakthrough also increases as depth is 
reduced.  

So, a ‘transitional’ zone (Table 9.1(a)) where mining is not practical to where proven 
EOR technology (i.e. SAGD) is practical is between about 65 to 100 m of depth. This 
zone contains bitumen that is not recoverable using today's proven technology. This 
zone can contain substantial Athabasca resources. 

Table 1.5 estimates transition zone bitumen resources as 28 billion bbls (OBIP). Figure 
1.3 shows that these transition deposits are mostly in the South and S.W. part of the 
Athabasca deposit. There are no such zones in the other deposits.  
 
Shallow resources (< 150 m overburden) are significant and larger than transition zone 
resources, which only account for a small sub-set of the total opportunity.  
 
Because of availability of more prospective deposits, there is no/little history of shallow 
bitumen resource recovery (other than surface mining) using EOR processes.  

 
(2) Process Constraints  

Shallow reservoirs place the following special constraints on in situ EOR recovery 
processes:  

 
(i) The expected process operating pressure is <1515 kPa (Figure 8.2). It is too 

risky to operate at pressures greater than hydrostatic pressures because of the 
risks of surface breakthrough and fluid influx/regress into or from the process 
zone. 
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(ii) If saturated steam is a component of the EOR process, temperatures may be too 
low. If bitumen is heated to saturated steam T at the pressure limit (~ 1515 KPa) 
bitumen viscosity is about 15 cp. For lower pressures (<1515 KPa) bitumen 
viscosity will exceed 15 cp, and productivity may be poor.  
 

(iii) Good, stable process P monitoring and control is necessary to control surface 
breakthrough risks.  

 
(3) Prospective Processes  

The constraints imposed by low P, shallow resources can impact the applicability of 
EOR process types, for example:   

 

(i) Steam processes, or hybrid processes with a dominant steam component are 
harmed by low P constraints. Table 8.2 illustrates the problem. Some 
performance factors are improved as P is reduced – ETOR drops from 4.8 to 2.3 
GJ/M3B as P is reduced from 1724 to 250 kPa; CO2 emissions drop from 138 to 
68 nM/M3B; total costs drop from 57 to 28 $/M3B; and SOR drops from 1.8 to 0.9. 
But, as P is reduced from 1724 to 250 KPa; saturated steam Ts drops from 205 to 
127°C, and most importantly, produced bitumen viscosity increases from 10 to 91 
cp. Bitumen productivity is severely impaired at high viscosities. If a maximum to 
viscosity limit is set at 20cp, the minimum depth for practical SAGD is about 75m 
ie. limited applicability to shallow reservoirs.  

(ii) ISC processes, or hybrid processes with a dominant ISC component ([O] or [A]), 
are also possible for low P, shallow reservoirs. As for SAGD, ISC performance 
can benefit from lower P, as illustrated in Tables 8.3, 8.4 and 8.5. As 
temperatures are lowered, heat demand (and cost) is reduced. But, heat lost to 
vent gas (Rs) increases as P,T are reduced. Because steam is diluted by non-
condensing flue gases, T is lowered and produced bitumen viscosity (µS) 
increases.  

Table 8.3 and Figures 8.1 and 8.2 show that wet ISC(A) ([A+W]) has a very 
limited applicability. Except for very low P (e.g. 250 kPa) total costs are about 42 
– 46 $/M3B, CO2 emissions increase from 412 to 624 (nM3/M3B) and recovery 
factors decrease from 0.886 to 0.860 in the process swept zone. If a maximum 
viscosity limit for produced bitumen is taken as 20cp, the process has no 
application for shallow reservoirs. If this limit is stretched to ≤50cp, the [A+W] 
process is only feasible for processes with depths greater than about 60m. On 
the plus side, process stability, as measured by R1 and R2, improves as P is 
reduced.  

 
Table 8.4 and Figure 8.1 show that wet ISC(O) ([O+W]) has extended potential 
ranges, because steam dilution is less than wet ISC(A). For a 20cp maximum 
limit, wISC(O) is feasible for depths greater than about 80m. If the limit is 
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stretched to ≤50cp, the feasible depth is greater than about 30m.  
 

Table 8.5 and Figure 8.1 show that B[O+W+ST) has higher costs than [O+W] but 
lower costs than [A+W], with improved stability (R1 & R2) compared to [O+W]. 
Viscosity/depth limits are similar to [O+W] – i.e. ≥80m for a 20cp viscosity limit 
and ≥30m for a 50cp limit. 
 
[O+W] and [O+W+ST] (and [O+W+EM]) may have some limited applicability to 
shallow, low P reservoirs. But the risk of P surges and surface breakthrough are 
an issue that needs to be addressed.  

(iii) Solvent processes, or hybrid processes with a dominant solvent (SV) component, 
are potentially attractive for shallow EOR because bitumen viscosity reduction is 
not dominated by steam heat transfer. Solvent dissolution is the key mechanism. 
Productivity is not harmed by low P.  

(iv) EM processes, or hybrid processes with a dominant EM component, may also be 
attractive for shallow, low P EOR because heat can be provided at low P.  
But, because of ‘hot spot’ heating, there may be ‘bubbles’ of high P (heating and 
connate water vaporization can occur without a flow path to a production well to 
relieve pressure). If this is a problem, EM application to shallow reservoirs is not 
a good idea. 

 
 

8.3 Deep Resources  

 
(1) Introduction  

 
There is also no consensus as to what a ‘deep’ bitumen reservoir is. Table 9.1(a) shows 
the depth characterizations used herein. A deep reservoir is one that has an overburden 
thickness greater than 500m (1640ft), with associated hydrostatic pressures greater than 
5756 KPa (835 psia). 
  
Deep resources, using this definition, are not found in abundance in the Athabasca, 
McMurray deposit (Figure 1.3). But, significant ‘deep’ bitumen resources are found in 
Cold Lake, Peace River and the Carbonate Triangle (Figure 1.2).  

 
(2) Process Constraints  
 

A ‘deep’, high P resource can have the following EOR process constraints.  
 
(i) Pressures will be high (P > 5.8 MPa, or P> 835psia), using hydrostatic 
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correlations (Figure 8.2) of 11.31 KPa/m. Process performance should not be 
overly sensitive to increasing pressures. 
 

(ii) For steam processes (or processes with a steam component) saturated steam T 
can be high (>273ºC, 524°F) with high heat demands. Steam, for these 
conditions, has much less latent heat than steam used for shallow or 
intermediate depth reservoirs.  
 

(iii) High heat losses in transit from the well head to the sand face, may require either 
insulated tubing or down hole steam generation or a steam superheater on the 
surface (3.5(4)(xi)). 
 

(iv) Low well count processes are favored. Deep wells are costly. The preference is 
for a single-well process. 
 

(v) Cyclic Processes are acceptable unless fracturing occurs, particularly for a low 
well-count process.  

 
(3) Prospective Processes  

Processes that are insensitive to pressure include [O], ISR, SWESAGD, or [EM] or 
processes with an [O] or [EM] component. Down hole steam processes (ISR, 
SWESAGD) are insensitive because only latent heat need be supplied; so, a loss of 
latent heat as a proportion of total heat of steam as P increases, is not a penalty for the 
process.  

 
Both SV processes (see 4.4(3)) and ST processes (see 3.4(3)) are pressure sensitive 
and not recommended for deep reservoirs. Processes with an [A] component are also 
somewhat P-sensitive because of air compression costs ([O] can be flashed to pressure 
in a cryogenic ASV plant without significant incremental costs as P increases).   

 
 
8.4 Thin-Pay Resources  
 

(1)  Introduction 
 

There is also no consensus as to what is ‘thin’ for an oil reservoir. For the purposes 
herein, a ‘thin’ pay is defined as ≤ 15m thick. SAGD usually has a minimum net pay of 
15m so that the reservoir can contain the stacked SAGD well pair, with a 1-2m stand off 
from the reservoir bottom and a 5m separation between horizontal wells, and still retain 
enough net pay (8-9m) above the steam injector to produce enough bitumen to pay for 
the dual wells and to produce a profit for the operator. Other authors (e.g. Table 1.5) 
have set net pay for a thin-pay resource at ≤10m.  
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Using a <10m standard, Table 1.5 shows that thin pay bitumen resources are substantial 
in Alberta with over 400 billion bbls OOIP. Figure 8.3 shows a histogram of resource 
thickness for Lloydminster, SK heavy oils. About 97 percent of IOIP is in reservoirs with 
pays less than 10m thick. The average thickness is less than 5m.  

(2) Process Constraints  

A thin resource can impose the following constraints: 
 

(i) Single well processes (or perhaps TTH geometry) are preferred because of 
geometric constraints – ie. low-well count processes. Stacked wells (ie. SAGD) 
are not a viable option. Multiple well processes are considered only if some of the 
wells are vertical and can be slim-holes. 
 

(ii) Heat losses to overburden and underburden are a concern. Either the EOR 
process should be low T to minimize heat loss or low cost to minimize the cost of 
heat losses. 
 

(iii) There is a substantial thin-pay resource so, eventually, this is a target that cannot 
be ignored.  

(3) Prospective processes  

SAGD is not a prospective process. Well geometry prohibits stacked horizontal wells 
inside a < 15m net pay. EMEEOR is also not prospective. It is hard to focus EM radiation 
inside a 15m target and EMEEOR costs are too high.  
 
The single well processes (ISR(ST), ISR(ST+SV) and SWESAGD) may have an 
application, particularly if the wells are longer than traditional SAGD wells (eg. > 1000m). 
Solvent process components in hybrid processes may have an application (eg. 
ISR(ST+SV)) but SOLVEX processes may be too expensive. 
 
ISC processes or ISC hybrids may be applicable - low cost - but low well counts may be 
difficult (eg. vent wells) to achieve.  
 
Toe-To-Heel geometries may be OK as an alternative to single well processes. 

 
 

8.5 Carbonate Reservoirs  

(1) Carbonate Characteristics (Introduction)  

Sandstone reservoirs contain silicon dioxide (SiO2) as the principal chemical constituent. 
Carbonate reservoirs contain calcium carbonate (CaCO3) as the principal chemical 
constituent, and magnesium carbonate (MgCO3) as a minor constituent (and/or dolomite 
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(CaMg (CO3)2)). 
 
It is estimated that 60 percent of the world's conventional oil reserves are held in 
carbonate reservoirs. These reservoirs are usually heterogeneous, with highly variable 
properties (porosity, permeability...) over short distances, and with extensive natural 
fracture systems (Schlumberger, 2016).  
 
Carbonate sediments are formed in shallow, warm oceans, either by direct precipitation 
or by biological extraction of CaCO3 to form skeletal material (eg. coral reefs). 
Carbonates have higher chemical reactivity than quartz (SiO2) and, on average, 
carbonates have a lower porosity (Φ) than sandstone reservoirs (Ehrenberg and 
Nadeau, 2005).  
 
Bitumen Carbonate reservoirs, in Canada, are very substantial with OOIP estimates 
from 0.448 to 1.35 trillion bbls (Tables 1.1, 1.5). Carbonates are mostly deeper and with 
less porosity than bitumen in sandstones (Figure 1.2). 
 
One of the distinguishing features of carbonates is that they can chemically react with 
steam. Reactions include dolomite dissolution, calcite precipitation, magnesium clay 
formation, CO2 generation and steam-induced fractures (Dudley et al, 2013). Steam 
EOR processes will produce some CO2 gas, which may be a corrosion issue and also 
stimulate the production of unwanted (w/o) emulsions.  

 
(2) Constraints  

A carbonate resource can impose the following constraints: 
 

(i) Extra heat losses due to steam-carbonate reactions. 
 

(ii) Low Φ, low k reservoirs. May need induced fractures to achieve good 
productivity. 
 

(iii) In homogeneous matrix. Natural fractures. Conformance/sweep inefficiencies. 
 

(iv) CO2 production. Carbonic acid in water condensate. Corrosion issues. Formation 
of undesirable w/o emulsions.  
 

(v) The resource is very large, so opportunities cannot be ignored. 
 

(3) Prospective processes  

It is desirable if the EOR process can produce/withstand P-cycles to coexist with a 
fracing program to improve k and productivity of carbonate reservoirs. Because of 
expected low productivity, processes with low capex (eg. single well processes) may be 
preferred. The ISR process can operate with wide P swings, including fracture 
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pressures, so it may be preferred. EEOR processes and hybrids can also operate with 
wide P swings, but unless [EM] is a minor hybrid component, the process may be too 
costly. 
 
ISC or ISC component processes are not sensitive to CO2, so ISC component processes 
may operate in carbonate reservoirs. 
 

8.6 Capless Reservoirs  
 

(1) Introduction  
 

A capless reservoir has no geologic seal to contain the hydrocarbons. The seal is 
accomplished by bitumen itself which acts as a solid in its in situ state. When a hot gas 
or steam chamber reaches the ceiling of the reservoir it is not contained by a geologic 
seal. Gas/steam may leak from the reservoir and the EOR process may be ended. 
 
This condition may be unique to the Athabasca oilsands. As shown in Table 1.5 the 
oilsands may contain up to 47 billion bbls of OOIP with no cap rock. So far, there has 
only been limited development of capless reservoirs.  

 
(2) Constraints 

 
When the process hits the reservoir ceiling the recovery process may be finished, with 
exceptions. If the native pressure about the reservoir is equal to or near the process P, 
fluid leakage in/out may not be excessive. This would necessitate a process with good, 
precise P control. 
 
If the process ends when the gas/steam chamber hits the ceiling, the damage can be 
mitigated by choosing a process that has exceptional lateral growth rates or has 
directional control that emphasizes lateral growth.  
 
Also, longitudinal conformance control can isolate sections that are breaking through the 
ceiling or are likely to break through.  

 
(3) Prospective processes  

 
SAGD has good lateral growth from steam condensation and good P control. So SAGD 
is a viable process for capless reservoirs. 
 
But SAGD lateral growth can be improved by [ST+EM] hybrids where EM radiation is 
focused in the lateral directions. SAGD lateral growth can also be improved by n.c. gas 
added to steam (eg. SAGP) or by adding a volatile solvent to steam (eg. ST+SV). But, 
because of high solvent costs and the prospect of fluid losses when the process hits the 
ceiling [ST+SV] is not suggested as a preferred process.  
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The ISR(ST) process has the advantage of using steam for heat transfer and has the 
added advantage of longitudinal conformance control. It may be an ideal process to 
maximize/control recovery from capless reservoirs.  
 
[SV] processes are not recommended because of the prospect of fluid losses to porous 
zones above the ceiling. ISC processes, [A] or [O] components, are also not 
recommended because of poor lateral growth. 

 
8.7 Leaky Reservoirs  
 

(1)  Introduction  
 

A leaky reservoir where fluids can leak in/out of the EOR process zone into thief zones, 
water zones, bottom water, top water ...etc. Because of the way bitumen was deposited 
and formed (bacterial degradation), a bitumen reservoir may contain multiple thief zones.  
 
If there is a single, narrow thief zone, theoretically fluid ingress/egress can be eliminated 
by choosing a process P equal to the pressure of a thief zone. The pressure of an EOR 
process is usually associated with the pressure of a gas/steam chamber, which has very 
low-pressure gradients since it is a gas. If the thief zone is multiple or if it is wide 
enough, the natural hydrostatic pressure gradients are significant and it is not possible to 
pick and sustain a process P that would make fluid leakage insignificant. Leaky 
reservoirs can pose a problem that may not be solvable.  

  
(2) Constraints  

 
There may not be a process P that will eliminate leaks, but there is a P that will minimize 
leaks. The trick is to measure, control and sustain P to meet this objective.  
 
There is likely to be fluid losses that must be tolerated by the EOR process. For 
excessive leakiness, there may be no control over process P. P will be set by the 
reservoir conditions, not as an option for the operator to choose. 
 
It may be difficult to drill a well in a leaky reservoir. 

 
(3) Prospective processes   

 
Solvent processes, or processes with a SV component, will not be a good choice for an 
EOR process in a leaky reservoir. Solvent losses can quickly become intolerable (see 
Figure 5.5). EM or EEOR processes may also not be a good choice. Water influx can 
preferentially absorb EM radiation. 
 
ISC processes, or processes with a dominant ISC component, may be a good choice. 
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Vent gas losses are not disastrous (may even be desirable). 
 
Steam processes (SAGD, ISR(ST), SWESAGD) may be OK. Some steam losses can be 
tolerated and process P can be tightly controlled to minimize losses. The single well 
processes may be best, because of the difficulty drilling new wells.  

 
8.8 Post Waterflood Reservoirs  
 

(1)  Introduction  

If heavy oil (HO) is the focus, not bitumen, there is a resource base (ie. post-waterflood) 
where bitumen EOR processes (as modeled herein) can be potentially applied. The 
heavy oil should have some mobility so it can be ‘moved’ or altered by water flows.  
 
There are 3 kinds of post-waterflood resources that have some potential: 
 
(i) A reservoir where nature has already performed a ‘waterflood’. Bitumen and 

heavy oil reservoirs have been discovered with initial water saturations of ≥ 50 
percent and initial oil/bitumen saturations of ≤ 50 percent. These reservoirs are 
often not exploited because recovery is very poor and many EOR processes 
don't work well with high initial water saturations (eg. SAGD).  
 

(ii) Some heavy oil reservoirs, with active bottom water, have been primary 
produced using vertical or horizontal wells. This produces a cone region (vertical 
wells) or a crest region (horizontal wells) where residual water and oil saturations 
are similar to (i) above. 
 

(iii) Some heavy oils reservoirs (usually µ < 1000cp), without active bottom water 
have been secondarily produced by waterflood, producing water channels and 
wet zones with water and oil saturations similar to (i) above.  

 
For all these waterflooded oils, the starting point for EOR reservoir conditions may 
include one or all of the following:  
 
(i) high initial water saturation (Siw ≥ 0.5)  

 
(ii) reduced, but significant oil/bitumen saturation (Sib ≤ 0.5) 

 
(iii) water channels (ie. a ‘leaky’ reservoir) 

 
(iv) a potential active bottom water zone (+ top, interspersed zones for bitumen) 

 
(v) a water cone/crest region, with high water saturation 
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(vi) several regions with higher bitumen saturation (ie. not yet waterflooded) 
 

(vii) an inhomogeneous reservoir (ie. channels)  
 

(2) Constraints  
 

EOR processes from the suite studied herein, can be potentially applied to this resource, 
but there are issues: 

  
(i) The flow channels produced in the reservoir can cause poor conformance 

 
(ii) The risk of fluid losses is high 

 
(iii) Process pressures may be set by reservoir conditions (eg. leaks) 

 
(iv) The reward (bitumen recovery) is reduced by lowered average saturations 

 
(v) New well drilling may be difficult into leaky zones  

.  
(3) Prospective Processes  

 
Solvent processes, or processes with a [SV] component, are not a good choice because 
of the risk of SV losses. 
 
EM or EEOR processes may also not be a good choice. Water influx can preferentially 
absorb EM radiation. 
 
ISC processes, or processes with a dominant ISC component, may be a good choice. 
Vent gas losses are not disastrous and energy costs are low. 
 
Steam processes (SAGD, ISR(ST), SWESAG) or processes with a dominant [ST] 
component may be okay. Some losses can be tolerated. The single well processes may 
be best. 

 
8.9 Post SAGD Reservoirs  

(1)  Introduction 

After a SAGD project has reached the end of life, the reservoir may be amenable to a 
secondary EOR process (eg. ISC). The spent SAGD chamber is assumed to have the 
following properties: 

(i) Sib = 0.15 
(ii) Siw ~ 0.2 
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(iii) T ~ 200°C 
(iv) P ~ 1724 KPa  

 
The question is, is there any practical EOR process that can be applied to the spent 
SAGD steam chamber?  

 
(2) Constraints  

- Preheated to 200°C 
- Some residual bitumen (may be zero for (ST+SV]) 
- Must use existing wells 

(3) Prospective processes  

- Only ISC looks feasible, others too risky  

(4) Performance  

Table 8.6 shows how ISC(Oxygen) (or [O]) would perform compared to SAGD, using a 
spent SAGD steam chamber. Forecast total costs about 35$/bbl are not unreasonable. 
But very high CO2 emissions. Fuel used (BF) is only about half the residual bit assumed 
(0.15). 
 
May not work for ST+SV (SAP process) if residual bitumen in swept zone of SAGD is 
<0.075 PV.  

 
8.10 Off-Shore Bitumen Reservoirs  

(1) Introduction  
 
A simple characterization by water depth is an important factor. For the purposes herein, 
shallow is ≤100m of water, medium depth is between 100 and 500m, deep is between 
500 and 1000m and ultra deep is > 1000m. Reservoirs can be sandstone (quartz) or 
carbonates.  
 
In many off-shore basins in the past, extra-heavy oil (EHO) or bitumen discoveries have 
been noted but ignored as ‘obviously’ non-commercial. A chronology of off-shore heavy, 
extra-heavy and bitumen is shown in Table 8. As an example, in the 1980's, EHO was 
discovered in the off-shore Campos basin in Brazil, but ignored (Table 8.7). With rising 
oil prices, in the past few decades, more attention has been paid to off-shore heavy, 
EHO and bitumen. In 2008, Petrobras produced the first-ever EHO (12.3 API) at the SIRI 
offshore pilot in the Campos basin. The pilot well was a long (2000 m) horizontal well 
and the production was primary production using an ESP pump. 
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There is a history for off-shore heavy oil, where the oil is somewhat mobile and it can be 
produced by conventional wells/pumps (eg. the Santos and Campos basins off-shore 
Brazil, the North Sea Fields in the UK and Norwegian sectors, Lake Maracaibo in 
Venezuela, off-shore east coast oil in Canada, off-shore Gulf of Mexico oil, in Mexico 
and some offshore heavy oil in China). But there is little/no history for any EHO or 
bitumen that may require EOR techniques for significant production.  

(2) Process constraints imposed by reservoir /surface conditions  
 
(i) Heat loss in a vertical riser exposed to sea water is much greater than heat loss 

from a well bore exposed to overburden. Water currents keep the well exterior 
at/near constant temperatures, independent of heat loss rates. 

 
(ii) Except for shallow depths, heat losses from riser tubes can be excessive and 

hard to deal with (shallow platforms can use insulated tubing). Any process 
where well-head to sand-face heat losses are an issue (e.g. SAGD, SOLVEX) 
should be avoided. 

 
(iii) Space on an off-shore platform (or a FPSO) is at a premium cost, so processes 

with a small surface footprint are preferred. 
 
(iv) Similarly, drilling and completing offshore wells is costly, so the recovery process 

should not involve patterns with multiple wells. Ideally, the EOR process should 
be a single well process, preferably one with extended reach and/or some 
longitudinal conformance control. 

(3) Prospective processes  
 
No steam injected from surface (or FPSO) – heat losses are big problem. For the same 
reason, heated solvent vapor cannot be injected from surface. Because wells are 
expensive, the preferred process would be a single-well process, with heat transfer 
media generated down-hole – ISR(ST), ISR (ST+SV) or SWESAGD.  

  
8.11 Heavy Oil Reserves  

(1) Introduction 
 
Heavy oil resources in the world are about 3.4 trillion bbls, second only to bitumen 
resources at 5.5 trillion bbls (Table 1.1). Compared to bitumen, heavy oil is lighter (10-20 
API) and has some in situ mobility. Many of the EOR processes used to recover bitumen 
can also be applied to heavy oil.  
 
Heavy oil reservoirs have the following differences compared to bitumen: 
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(i) heavy oil is lighter and less viscous than bitumen. 
 
(ii) heavy oil has some in situ mobility; bitumen has none. 

 
(iii) because of (i) more heavy oil has been exploited than bitumen. 

 
(iv) heavy oil reservoirs have some injectivity, bitumen reservoirs have little/no 

injectivity. 
 

(v) because heavy oil reservoirs can have initial productivity, some very thin heavy 
oil reservoirs have been exploited (Figure 8.3). 

(2) Constraints 
 

- Because of in situ mobility, heavy oils cannot usually define and contain gas or 
steam chambers. 

- Solvent dissolution in heavy oil is much faster than for bitumen (solubility, gas 
fingering to increase contact area). 

(3) Prospective processes  
 

- Not SAGD, gas/steam chambers cannot (easily) be contained.  
- Solvent processes, or SV dominated hybrids look good in HO – much faster 

dissolution. But be wary of solvent migration and solvent losses – much easier for 
HO. 

- TTH geometry may work well in HO – good injectivity. 
- ISC performance can also be improved – fingering at gas/bitumen interface. 

  
8.12 Post-CHOPS/CSS Reservoirs  

(1)  What are Post-CHOPS and Post-CSS Reservoirs?  

Cold Heavy Oil Production with Sand (CHOPS) is a heavy oil production process where 
sand is deliberately produced, using progressive cavity pumps (PCP), from an 
unconsolidated sandstone reservoir. Heavy oil viscosities should exceed 500cp, so the 
sand can be carried with the oil. The process has been primarily used to produce heavy 
oil from the heavy oil belt in eastern Alberta and western Saskatchewan, in Canada 
using vertical production wells without any sand inhibition (ie. no screens). It has also 
been applied to the Nanyang oil field in Lianoning Province, China. CHOPS produces a 
wormhole structure that can/does act as a high-permeability conduit for reservoir fluids. 
Ultimate recovery using CHOPS is expected to be 12 to 20 percent OOIP for Canadian 
heavy oil reservoirs. At the end of CHOPS production life, the remaining reservoir can 
impose unique problems for secondary (EOR) applications. The reservoir is highly 
‘wormholed’ with high permeability, high porosity channels and mobilized sand. 
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CSS (Cyclic Steam Stimulation) is a cyclic process (3.1(4)), developed by IOL, for 
application at Cold Lake AB, over the past 50 years. The process uses patterned vertical 
wells that combine injector and producer functions, with 3 phases. The ‘huff’ phase 
injects steam at sufficient pressures to create vertical fractures. The ‘soak’ phase allows 
fluids to further penetrate the reservoir. The ‘puff’ phase allows liquids to be produced 
using the fracture structure as flow conduits. At the end of the CSS process, the 
reservoir is heated and an extensive fracture structure remains. The reservoir has a 
structure of high permeability channels. The overall ultimate recovery factor for CSS is 
about 30 percent. 
  
The commonality of post-CHOPS and post-CSS, includes: 

 
(i) a structure of high permeability horizontal channels, with random, unpredictable 

access to the reservoir (This structure achieves extended horizontal access to 
the reservoir). 
 

(ii) an infrastructure of vertical wells accessing the reservoir and connected to the 
high permeability channels. 
 

(iii) a remaining resource that is significant (about 80-90% OOIP for post-CHOPS 
and about 70% OOIP for post-CSS).  

There are also some distinguishing features for post-CHOPS and post-CSS: 

(i) CSS has preheated the reservoir by injecting heat, but not a homogeneous 
preheat. These are cold and hot spots. CHOPS does not add heat/energy to the 
reservoir. 

(ii) CSS is applied to bitumen (API ~10). CHOPS is applied to heavy oil (API ~ 15 to 
20).  

(iii) The channels created by CHOPS are circular or ellipsoidal. The channels 
created by CSS are vertical fractures (shear faces) connected in a horizontal 
plane. 

(iv) CSS is a thermal process so vertical wells are designed to run hot. CHOPS is 
non thermal and vertical wells may not be designed for hot operation. 

(v) CSS usually has sand production inhibition using slotted liners or screens. 
CHOPS has no sand inhibition. 

(2) What constraints do a post-CHOPS and a post-CSS reservoir impose on prospective 
EOR applications?  

(i) The reservoir has a connected network of high-permeability channel. This can 
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impose severe conformance restraints on any prospective EOR process. How 
can fluids be injected to contact virgin reservoir regions? [EM?] 
 

(ii) The channels may contain mobilized sand. Any EOR process has to deal with 
sand production (particularly for post-CHOPS) and/or sand contamination of 
produced heavy oil. 
 

(iii) The channels can often link wells over large areas and create a ‘leaky’ reservoir, 
on a regional scale. Pressure control can be difficult. The prospective EOR 
process cannot be cost-sensitive to fluid losses (eg. Solvent processes may be 
difficult). 
 

(iv) Canadian heavy oils are mostly in thin pay reservoirs. Constraints discussed in 
8.4 may also apply. 
 

(v) Because of (ii), CHOPS wells may require the completions with sand inhibition 
screens or slots, prior to implementation of EOR.  

 (3) What processes are prospective for post-CHOPS/ post-CSS EOR?  

Processes that can penetrate the reservoir in the presence of a network of wormholes 
are: 

(i) Steam has a good (proven) lateral growth rate compared to ISC and SV (OK for 
CHOPS, not OK for CSS). 

(ii) EM processes: Electromagnetic radiation penetration is not influenced strongly 
by the presence of a wormhole or fracture network. 

(iii) Steam + EM hybrids – specifically [ST+EM], where steam is the dominant 
component. 

(iv) ISR process, with a combination of an EM antenna and a resistance heater, 
refluxing water/steam and injecting EM to improve lateral growth. The hybrid 
process can be achieved by separate wells for ISR and EM or a combined well 
(see 10.2).   
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Table 8.1 

Bitumen Reservoir Characterizations 

(for purposes herein) 

 
  “Shallow” 

Reservoir 
“Intermediate” 

Reservoir 
“Deep” 

Reservoir 
Base 

(Default 
case) 

“Transitional” 
zone 

       

Depth (m) <125 128 to 500 >500 143.5 65 to 100 

 (ft) <410 410 to 1640 >1640 471 213 to 328 

       
Pressure 
(PH) 

(KPa) <1515 1515 to 5756 >5756 1724 836 to 1232 

 (psia) <220 220 to 835 >835 250.1 121 to 179 

       
Sat.TS            (ºC) <198.5 198.5 to 273.1 >273.1 204.8 172 to 189 

                           (ºF) <389.4 389.4 to 523.6 >523.6 400.6 342 to 372 

       
 
Where: 

- “transitional” zone = depth range were mining and SAGD are not practical (see text) 
- hydrostatic pressure PH (KPa); hydrostatic depth dH (m)  

PH = 101.3 + 11.31dH ; dH = (PH – 101.3) / (11.31) 
- depth = overburden thickness to top of reservoir 
- base case = model default case = intermediate reservoir  
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Table 8.2  
 

Shallow SAGD Performance (Low P)  
 
                                             

  Process Pressure, P (KPa) 

Performance Factors 250 500 750 1000 1500 1724 

Costs:       

Process Costs   ($/M3B) 27.22 34.95 40.48 45.01 52.50 55.45 

CO2 Tax            ($/M3B) 0.85 1.10 1.27 1.41 1.65 1.74 

T.Cost + Tax     ($/M3B) 28.07 36.05 41.75 46.42 54.15 57.19 

Ts                        (ºC) 127.3 151.7 167.6 179.7 198.1 204.8 

ETOR              (GJ/M3B) 2.256 2.935 3.425 3.827 4.493 4.755 

SOR               (M3L/M3B) 0.8652 1.1108 1.2866 1.4306 1.6688 1.762 

PWOR             (M3/M3B) 0.8632 1.1069 1.2808 1.4230 1.6576 1.750 

WRR - 0.9977 0.9965 0.9955 0.9947 0.9933 0.993 

MUW                (M3/M3B) 0.0883 0.1146 0.1339 0.1499 0.1770 0.1878 

µs                                       cp 90.52 37.43 23.50 17.26 11.47 10.04 

ICO2                      (nM3/M3B) 67.52 86.69 100.41 111.64 130.23 137.5 

Hydrostatic Depth (dm)  (m)       

S. Elevation    0m  13.15 35.25 57.35 79.46 123.67 143.47 

                       250m  13.34 35.45 57.55 79.66 123.87 143.67 

                       500m  13.54 35.65 57.75 79.86 124.07 143.87 

                       750m  13.75 35.85 57.95 80.06 124.27 144.07 

 
Where: 

- base (default) case P=1724 KPa 
- except for P, other inputs = default values 
- hydrostatic P gradient = 11.31 KPa/m 
- atmospheric P gradient = 9 Pa/m (elevation EL in m)  

                  Hydrostatic depth:  
dH = (P/11.31) - 8.959 + (EL/ 1256.7) EL in m.  
PH = 11.31d +101.325 – 0.009 (EL)  
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Table 8.3 
 

 Shallow (low P) [A+W] Performance  

 

Process Pressure (KPa)  

Performance Factors  250 500 750 1000 1500 1724 

Costs:        

Process Costs ($/M3B) 55.35 40.35 38.00 37.17 36.67 36.61 

CO2 Tax ($/M3B) 7.89 5.75 5.41 5.29 5.22 5.22 

Total Tax + Cost   ($/M3B) 63.24 46.10 43.41 42.46 41.89 41.83 

Ts     (ºC) 106.9 128.6 142.8 153.5 169.7 175.6 

ETOR            (GJ/M3B) 6.461 5.322 5.166 5.124 5.119 5.128 

O2 Use (nM3/M3B) 361.3 297.6 288.9 286.5 286.2 286.7 

Air Use (nM3/M3B) 1724.7 1420.7 1379.0 1367.7 1366.5 1368.9 

Vent gas (wet) (nM3/M3B) 2820.0 1728.6 1546.0 1475.3 1420.3 1409.5 

PWOR (M3L/M3B) 0.2811 0.6872 0.8164 0.8830 0.9539 0.9739 

WRR              (M3/M3) 0.2904 0.8618 1.0548 1.1503 1.2438 1.2676 

R1                                 - 0.536 1.154 1.193 1.158 1.062 1.022 

R2 - 1.871 1.845 1.830 1.819 1.804 1.800 

Rs - 0.787 0.391 0.260 0.194 0.129 0.112 

µs (cp) 233.9 85.68 50.39 35.40 22.22 19.09 

BF                    (PVF) 0.112 0.0943 0.0919 0.0912 0.0911 0.0913 

DCO2                   (nM3/M3B) 307.5 253.3 245.8 243.8 243.6 244.0 

ICO2                      (nM3/M3B) 316.5 201.3 182.2 174.9 169.4 168.3 

TCO2  (nM3/M3B) 624.0 454.5 428.0 418.7 413.0 412.4 

r.f. - 0.8604 0.8821 0.8852 0.8860 0.8861 0.8859 

Hydrostatic Depth (dH) (m)       

@ 0 Surface Elevation     13.2 35.3 57.4 79.5 123.7 143.5 

@ 750 Elevation      13.8 35.9 58.0 80.0 124.3 144.1 

  
Where - except for P, default input values 
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Table 8.4 

Shallow (Low P) [O+W ] Performance 

 
                                                                     Process Pressure P(KPa)  

Sel. Performance factors 250 500 750 1000 1500 1724 

Process Costs   ($/M3B) 12.32 12.15 12.29 12.46 12.77 12.90 

CO2 Tax            ($/M3B) 1.74 1.72 1.74 1.76 1.80 1.82 

Total Tax + Cost   ($/M3B) 14.06 13.87 14.03 14.22 14.57 14.72 

Ts                        (ºC) 122.4 146.1 161.5 173.4 191.2 197.8 

ETOR              (GJ/M3B) 2.263 2.306 2.352 2.392 2.461 2.489 

O2 Use           (nM3/M3B) 126.5 128.9 131.5 133.8 137.6 139.1 

Vent gas (wet)  (nM3/M3B) 181.8 137.8 129.5 126.8 125.7 125.9 

PWOR            (M3L/M3B) 1.041 1.536 1.725 1.833 1.964 2.005 

WRR              (M3/M3) 0.6140 0.8892 0.9789 1.0229 1.0651 1.0704 

R1                                - - 1.087 1.185 1.104 1.022 0.892 0.846 

R2                                - - 1.769 1.744 1.730 1.720 1.708 1.704 

Rs                                - - 0.474 0.237 0.158 0.118 0.0786 0.0684 

µs                                       (cp) 111.57 44.91 27.81 20.19 13.25 11.55 

BF                    (PVF) 0.0430 0.0438 0.0446 0.0453 0.0466 0.0471 

DCO2                   (nM3/M3B) 107.7 109.7 111.9 113.8 117.1 118.4 

ICO2                      (nM3/M3B) 29.9 25.8 25.2 25.1 25.4 25.5 

T CO2                   (nM3/M3B) 137.6 135.5 137.1 138.9 142.5 143.9 

r.f.                           - 0.946 0.945 0.944 0.943 0.942 0.941 

Hydrostatic Depth (dH) (m)       

@ 0 Surface Elevation     13.2 35.3 57.4 79.5 123.7 143.5 

@ 750 Elevation      13.8 35.9 58.0 80.0 124.3 144.1 

 
Where - except for P, default input values  
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Table 8.5 
 

Shallow (Low P) B[O+W+ST] Performance  
 
 

                       Process Pressure (KPa) 

Sel. Performance factors 250 500 750 1000 1500 1724 

Process Costs   ($/M3B) 27.51 24.48 26.13 28.24 32.32 34.04 

CO2 Tax            ($/M3B) 3.86 3.73 3.71 3.70 3.70 3.71 

Total Cost + Tax  ($/M3B) 31.37 28.21 29.84 31.94 36.02 37.75 

Ts (ºC) 121.98 145.1 161.0 173.2 191.9 198.8 

ETOR              (GJ/M3B) 5.022 4.907 5.017 5.150 5.411 5.522 

SOR               (M3L/M3B) +0.0091 -0.0794 -0.0044 +0.0835 0.2497 0.3183 

O2 Use           (nM3/M3B) 279.4 286.5 281.2 275.0 263.6 259.1 

Vent gas (wet)  (nM3/M3B) 401.3 306.2 276.9 260.6 240.7 234.3 

PWOR            (M3L/M3B) 0.535 0.719 0.844 0.945 1.110 1.174 

WRR              (M3/M3) 0.762 1.156 1.245 1.265 1.260 1.253 

WIR                   (M3L/M3OX) 0.00248 0.00245 0.00243 0.00241 0.00240 0.00239 

SIR                     (M3L/M3OX) -ve -ve -ve 0.0003 0.00095 0.00123 

DCO2                   (nM3/M3B) 237.8 234.8 239.3 234.1 224.4 220.5 

ICO2                      (nM3/M3B) 66.8 51.1 53.5 58.2 68.1 72.4 

TCO2                    (nM3/M3B) 304.6 294.9 292.8 292.2 292.4 292.9 

µs                                       (cp) 113.5 46.43 28.29 20.28 13.05 11.31 

BF                    (PVF) 0.0892 0.0912 0.0897 0.0880 0.0847 0.0834 

Rs - 0.480 0.243 0.160 0.119 0.0775 0.0669 

r.f. - 0.889 0.886 0.888 0.890 0.894 0.896 

Hydrostatic Depth (dH) (m)       

@ 0 Surface Elevation      13.2 35.3 57.4 79.5 123.7 143.5 

@ 750 Elevation      13.8 35.9 58.0 80.0 124.3 144.1 

 
Where - except for P, default input values 
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Table 8.6 

ISC(O) Applied to Spent SAGD Steam Chamber 
 
  

Selected Performance Factors 
Steady State 

SAGD 
SAGD Design 

Case 

ISC(O) On 
Spent SAGD 

Chamber 
Process Costs   ($/M3B) 55.45 99.80 196.34 

CO2 Tax            ($/M3B) 1.74 3.13 27.70 

Cost + Tax         ($/M3B) 57.19 102.93 224.04 

     

Sat. Steam Ts      (ºC) 204.78 204.78 185.47 

ETOR              (GJ/M3B) 4.755 8.558 37.864 

O2 Use           (nM3/M3B) - - - 

Vent gas (wet)  (nM3/M3B) - - - 

     

DCO2                   (nM3/M3B) - - 1801.8 

ICO2                      (nM3/M3B) 137.54 247.6 388.4 

TCO2                    (nM3/M3B) 137.54 247.6 2190.2 

     

Rs                          Fraction - - 0.0893 

BF                    PV - - 0.0731 

 
Where: 

- Steady State SAGD, LR= 0.1 + other default inputs. 
- Design Case SAGD, LR= 0.5 + other default inputs. 
- Spent SAGD steam chamber has Sib= 0.15, T= 200°C as input values for 

ISC(O); no bit. produced from chamber walls.  
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Table 8.7 
 

Chronology – Offshore, Heavy Oil Production 
 

1914  - Heavy oil discovered in Maracaibo Basin, Venezuela, near/under Lake 
Maracaibo. If considered a ‘lake’, Lake Maracaibo (13,200 km2) is South 
Americas largest lake (may also be considered a ‘lagoon). 
 

1976  - First discovery in Cantarell field, offshore GofM., 100km offshore from 
Yucatan. 

1980’s  - Cantarell field developed by Pemex, produces 1.16 MMBD by 1981. 

  - Extra Heavy Oil (EHO) discovered in Campos basin, Brazil. Considered as 
‘non-commercial’. 

  - Hebron field discovered by Exxon-Mobil, offshore Newfoundland, S.E. of St. 
John's, in 100 m water depth, heavy oil, 700 MMB reserves. 

1990’s  - Pemex, Cantarell field production drops to 0.5 MMBD. 

2000  - N2 gas injection starts, as secondary recovery process, at Pemex Cantarell 
field/platform complex. 

2001  - Jubarte field, Brazil, discovered, 17 API oil, 1000 – 1500 m water depth, 600 
MMB reserves (now). 

2002  - Petrobras, Jubarte pilot test, 1076 m horizontal well, production to FPSO. 

2004  - With gas injection, Cantarell production peaks to 2.1 MMBD, second most 
productive field in the world, after Ghawar, Saudi Arabia.  

   Jubarte declared ‘commercial’, 4 HZ wells + FPSO, 60 KBD capacity. 

2006  - Maracaibo basin production at 1.2 MMBD, 12 API oil, 6000-7000ft. deep, 
land subsidence at 20 cm./yr, near lake, construct dykes at lake edge to 
‘protect' shore property.  
 

2007  - Grane field, North Sea, Norway sector, 19 API heavy oil, 700 MMB 
reserves, produces 200 KBD. 
 

2008  - Petrobras, SIRI pilot, 12.3 API oil, 100 m water depth, FPSO, Campos 
basin, long (2000 m) HZ well +ESP, µi = 320 cp. First offshore EHO 
production, OOIP = 300 mm3 (1.9 MMB). 

  - Pemex invests $2.9B in Cantarell platform complex, 20 new wells. 

  - Pemex develops KMZ platform complex, 24 platforms, 132 wells. 

  
- Pemex, HO discovery at Ayatsil, bay of Campeche, 125 m water depth,  

553 MMB field. 
 

2009  - Pemex, KMZ production peaks at 0.835 MMBD, Bay of Campeche. 

2010  - Pemex, Cantarell production drops to 0.558 MMBO.  
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2013  - Pemex total production = 2.5 MMBD, 54% HO, 3 Preserves = 44.5 MMB, 
just starting to move into ‘deep’ waters.  
 

2015  - Exxon - Mobil starts development of Hebron field, offshore Canada. 
 

  - Petrobras, new HO discovery, Campos basin, ultra-deep water (2200 m).  
 

  - Shell, Parque das Conchas, 5840 ft. water, 16-24 API, FPSO, 100 KBD 
capacity. 
 

2016  - Maracaibo basin, Venzuela, 50000 km2, cum. production to date 30 MMMB, 
reserves 44 MMMB.  

2016 
2018 

 - Mariner + Bressay fields, HO, on line, 600 MMB reserves.   

2017  - First oil from Hebron, 302 ft. water depth, 700 MMB recoverable resources, 
4 fields connected, 20 API HO, capacity at 176 KBD.  
 

  - China, Peng Lai 19-3, largest off-shore field, Bohal Bay, HO, 21 API, 75 ft. 
depth water, 45 KBD capacity. 
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Figure 8.1 
 

Produced Bitumen Viscosity (µs) vs. Hydrostatic Depth 
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Figure 8.2 
 

Hydrostatic Depth vs. P for Shallow Reservoirs 
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Figure 8.3 
 

Percent of IOIP vs. Thickness for HO. 
Reservoirs in the Lloydminster SK, Region 
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Chapter 9 – Pollution Solutions 
 

 
9.1 Introduction 

1. Why Focus? 
2. What to focus on? 

9.2 Environmental Performance Measures  

1. O2 Emissions 
2. Water use 
3. Energy Use / Efficiency 
4. Composite Performance 
5. Footprints 

 
9.3 Mitigation 

1. Power / Steam/Vent Gas 
2. Water Treatment 

 
9.4 Green Pathways  
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Chapter 9 – Pollution Solutions, Environmental Performance 

9.1 Introduction 
 

(1) Why focus on environmental performance?  
 

In today's world of environmental activism, in order to obtain a social license for project 
construction and resource exploitation, it is necessary to focus on, understand, quantify 
and mollify any concerns about the environmental performance of any development. But 
it is not just an issue for industry. As owner and proprietor of the resource, governments 
have a major stake in the environmental performance and in the attainment and 
sustainment of a social license for resource development. Government is not just a 
simple arbiter. Wealth creation and sustenance are key objectives for any government 
(see 1.5(3)).  
 
In Alberta, recently (Jan 1, 2017) a carbon tax has been instituted at a rate of $20/tonne 
(of carbon?), rising to 30$/tonne in 2018. (The default carbon tax used in the models is 
$25/tonne C). At the same time, Alberta announced an emission cap on oil sand 
producers and upgraders of 100 Mtonnes/yr (measured as CO2?). Both of these 
initiatives are considerations/constraints for oil sand developments and are addressed 
herein. 
  

(2) What to focus on?  
 
      Specifically, concerning development of Alberta's Oilsands, the focus areas are:  

 
(i) Performance measures - what measures are used to quantify the environmental 

performance of each bitumen EOR process modeled, including CO2 emissions, 
water use, energy use/process efficiency, and surface footprints? A composite 
performance factor is developed and processes are compared (9.2) 
 

(ii) Mitigation - How can environment performance be mitigated? Which processes 
have easy, significant mitigation potential? (9.3) 
 

(iii) Green pathways - is there a way to practically minimize CO2 emissions for each 
process or combination of processes? Can the oil sands be developed to create 
wealth and to minimize environmental impacts? (9.4)  

 
9.2 Environmental Performance Measures  

 
If it isn't measured and compared, it can't be optimized. So, it is important to measure 
and quantify environmental performance factors, including CO2 emissions, water use, 
energy use and with a discussion of surface footprints.  
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Table 9.1 shows key performance factors of 20 process types modeled herein, for 
similar reservoir and process conditions (default input values) so the processes can be 
compared on a consistent basis.  
 
SAGD is used as the comparator (today's dominant process). SAGD sits in the highest 
quartile of operating costs (total cost +tax) (Table 9.2), with only 5 other processes 
having higher opex. The low cost process is [O+W] at 14.72 $/M3B; the high cost 
process is [SV] (Butex) at 97.78 $/M3B. SAGD opex is 57.19 $/M3B; the average opex is 
51.99 $/M3B, for the conditions used.  
 

(1) CO2 Emissions 

Today, CO2 emissions may be the most important environmental performance factor, as 
summarized in Table 9.3 for 20 process types modeled. This table compares 
unmitigated emissions. The model calculations express CO2 emissions as direct, from 
process vent gas, or indirect, from vent gas incineration fuel, steam generation, 
electricity generation, oxygen gas production, air compression, and solvent reflux gas-
fired heaters. Total CO2 emissions are the sum of the two components (TCO2 = ICO2 
+DCO2).  

SAGD sits near the middle (rank = 9), with TCO2 emissions of 137.5 nM3/ M3B. The low 
emitter is the [SV] process with TCO2= 42.0 nM3/ M3B. The high emitter is ISC(A) ([A]) at 
TCO2 = 559.7 nM3 CO2/ M3B. The average TCO2 emission is 239.86 nM3/ M3B.  
 
The processes with an ISC component ([A] or [O]) (e.g. [A], [O], B[O+ST], [A+W], [O+W]  
B [A+ST], B[O+W+ST], B [A+W+ST], B[O+W+EM], B[A+W+EM]) are generally the 
largest CO2 emitters, particularly for the ISC(Air) process types. The processes with a 
solvent [SV] component (e.g. [SV] , [SV+EM], (SV+ST] ) are generally the lowest 
emitters.  
 
But many of these processes can practically mitigate some or all of these emissions (see 
9.3).  

 
 

(2) Water Use  
 

Water use, particularly fresh-water use, is another important environmental performance 
factor. Table 9.4 summarizes water-use performance factors for the 20 processes 
modeled herein. Raw water surplus (RWS) is a measure of surplus water produced by 
each process. A negative RWS value is a measure of water deficits (water demands) for 
each process. 
 
Based on RWS, the worst performer (ie. the highest water deficit) is SAGD with a deficit 
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of 0.209 M3/M3B. The best performer is ISC(oxygen) ([O]) with a water surplus of 0.322 
M3/M3B. The average of the 20 processes modeled produces a net water surplus of 
RWS = +0.077 M3/B. Of the 20 processes, 7 have a water deficit and 13 have a water 
surplus, or no need for water. 
  
The 10 processes with an ISC component ([O+W], [A], [O], B[O+ST], [A+W], B[A +ST] 
B[O+W+ST], B[O+W+EM], B[A+W+ST], B[A+W+EM]) are all net water producers. The 4 
Steam based processes (SAGD, SWESAGD, [ST+SV], [ST+EM]) are significant water 
users. The 5 ISR and SV based processes [SV, ISR(ST), ISR(ST+SV], [SV+EM], 
[SV+ST] are on-balance or have very small water demands. 
 
It is possible to mitigate some water issues by using brackish water (0.05 – 3% salinity) 
or by using non-fresh water sources (eg. partially treated municipal waste water). 

Fortunately, the N.E. portion of Alberta where the oil sands are located is blessed with 
significant water supplies. The two main rivers - the Peace and the Athabasca - are large 
rivers with significant, but seasonal water supplies. To mitigate seasonal water 
demands, an EOR operator needing water may be best served by constructing and 
utilizing a water storage pond.  

 
(3) Energy Use/Efficiency  

 
Energy use (ETOR) is a measure of how much energy is needed to produce a unit 
volume of bitumen. Table 9.5 shows ETOR and ETOR-factors for the 20 processes 
modeled herein. It is desirable to use the least amount of energy to produce bitumen.  
 
Based on ETOR, the best performer is SOLVEX ([SV]) at ETOR = 1.564 GJ/M3B. The 
worst performers (tied) are B[O+ST] and B[A+ST] at ETOR = 7.249 GJ/M3B. The 
average of the 20 processes has an ETOR = 4.261 GJ/M3B. SAGD sits near the middle 
with ETOR=4.755 GJ/M3B. 
 
The solvent processes ([SV], [SV+E M], [SV+ST]) and the ISR type processes (ISR(ST], 
ISR[ST+SV], SWESAGD) have the lowest ETOR's . The higher ETOR'S are associated 
with the processes with an ISC component. 
 
ETOR is directly related to energy efficiency. If energy efficiency is defined as the net 
energy produced divided by the energy available in bitumen (heat of combustion) Table 
9.6 shows the energy efficiency of the 20 processes modeled, with the same process 
variation as discussed above. The best performer has an energy efficiency of 96.07 
percent; the worst has an energy efficiency of 81.80 percent. This also shows that 
bitumen EOR is a very energy-efficient process, far from energy break-even conditions. 
Average energy efficiency is 89.30 percent. 

 
(4) Composite Environmental Performance 
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Table 9.7 considers composite ranking of CO2 emissions, energy use, water use and 
opex costs (cost +tax), for the 20 processes modeled herein. Two composite cases are 
considered – Case A equal weighting of the 3 environmental factors (CO2, energy, 
water) and Case B equal weight of the environmental factors plus operating costs.  
 
Based on the 2 composite cases, SAGD is not a good performing process, ranking 17.5 
and 18 for the A, B composites, respectively. The best performers are [SV] for A, and 
[O+W] for B. The worst performer is B[A+ST] for both composites. 
 
There are lots of opportunities to develop a process(es) that are better environmental 
performers than SAGD. 

 
(5) Footprints  

 
Another potential environmental issue, that is hard to quantify, is the surface footprint of 
an EOR process development. In situ EOR has a much lower footprint than surface 
(strip) mining. A process footprint can't be measured directly, but it is related to the 
following:  

 
(i) Well count - relates to footprints particularly at/around the well-head area. Higher 

well counts translate to more space/area used for drilling/completion and surface 
gathering of produced fluids, injection of process components and the size of a 
surface distribution system: Multiple well processes include the hybrids and 
SAGD versions. SWESAGD and the ISR processes have only simple wells. 
 

(ii)  Multiple injectants - processes with multiple injectants require more surface area 
for gathering and injection (e.g. [O+W+EM]). 
 

(iii)  Well length - processes with longerwells can have larger process patterns, with 
reduced unit footprints. The ISR processes (ISR(ST), ISR [ST+SV]...) have the 
capability of longitudinal conformance control so that longer wells are possible. 
 

(iv) Surface processing - facilities (e.g. steam boilers, water treating, oil treating, 
solvent recovery…) add to and create new surface footprints.  
 

(v) Size/area limitations - some processes have natural limits (e.g. steam distribution 
distance <10 km) that establish a maximum size. The larger an area that can be 
serviced from a single central site, the smaller the unit footprint.  
 

(vi) Availability of centralized injectants from a remote source can obviate the need to 
generate injectants onsite and reduce footprints e.g.:  
- an oxygen pipeline system for [O] supply 
- a utility grid for electricity supply 
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- a pipeline system for natural gas 
- a pipeline system for bitumen or dilbit removal  
- a centralized air compression facility for [A] delivery  
- a centralized water treatment plant for BFW supply  
- a pipeline system for SV delivery 
- a pipeline system for diluents delivery  

 
9.3 Mitigation Options  

(1) Power / Steam / Vent Gas  
 

There are several options to use/generate electric power and steam, separately or 
together that can affect environmental performance. The base case (default case) 
assumption for power generation is a gas-fired combined-cycle power plant. The plant 
uses a gas-turbine (Brayton cycle), at 40 percent efficiency, as the first stage, followed 
by a condensing-steam (Rankine cycle), at 25 percent efficiency, as the second stage 
(bottoming cycle). The overall plant efficiency is 55 percent (40+0.25(60)). The power 
plant is near the EOR project, so transmission losses are small and/or negligible. The 
cost of electrical power (default value = 0.07 $/kWh) reflects the cost of production, a 
utility return-on-capital for the power plant, cost of any transmission losses and a return-
on-capital charge (capex charge) for the distribution, grid system. Carbon dioxide 
emissions, at a default value of 0.1757 nM3/kWh, assume methane fuel, with efficiencies 
as noted above, with no transmission losses.  
 
The base assumption for steam generation is a central gas-fired boiler with some heat 
recovery from produced fluids, with an overall efficiency of 85 percent. The boiler is 
centralized with 6 percent distribution losses to the average well head. Carbon dioxide 
emissions for steam production, measured at the well head, are 83 nM3/ M3L steam (468 
SCF/bbl) as a default value.  
 
If the EOR project is large enough (≥ 100 MW(e)) an on-site power plant is practical. 
This would save capex charges for the grid infrastructure and costs for any transmission 
losses, dropping electricity costs to about 0.05 $/kWh. But on-site CO2 emissions remain 
at a default value of 0.1757 nM3/kWh.  
 
Costs and CO2 emissions can be further reduced by using a cogen plant to 
simultaneously produce steam and electricity. Assuming a 40 percent efficient gas 
turbine as the first stage for power production and 80 percent steam production 
efficiency as a second stage, using the turbine exhaust as a source of heat, the net 
useful energy recovery is 88 percent (40+0.8(60)), compared to only 55 percent for the 
combined-cycle power plant or 85 percent for the gas-fired boiler. Costs for cogen 
electricity are taken as 0.04 $/kWh. Cogen steam costs are similar to gas-fired boiler 
steam costs. 
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The question remains, for a cogen plant, as to how to allocate CO2 emissions between 
steam and electricity. There may be some flexibility in this allocation. But, for purposes 
herein, CO2 is allocated on the basis of useful energy produced, so the allocation for 
electric power is 45.5 percent of the plant total (40 +(40/88)12) and for steam is 54.5 
percent of plant total emissions. On this basis, for a cogen plant, CO2 emissions for 
electricity are 0.1099 nM3/kWh (3.882 SCF/kWh) and for the steam component 
allocations are similar to a standalone boiler. These allocations for electricity are 62.55 
percent of base case electricity allocations.  
 
Obviously, if both steam and power are needed, a cogen plant is a good way to reduce 
CO2 emissions. Table 9.8 summarizes Cogen benefits/impacts as described above. 
  
The obvious way to further reduce or eliminate CO2 emissions, for processes with an 
electric component is to source electricity from a plant that doesn't emit any CO2 – ie. a 
hydro plant, a nuclear plant or renewable energy sources (wind, solar, biomass...).  
 
The other obvious way to reduce or eliminate CO2 emissions is to sequester CO2. Vent 
gas from a process with an ISC(O) component is virtually nothing but CO2, CO, and 
steam (Table 4.5). If the vent gas is dried and CO is converted to CO2, the resulting 
stream is dominantly CO2 and ripe for sequestration. This is even more attractive 
considering that vent gas is produced at pressure close to EOR process pressure. Table 
9.9 shows the mitigation impacts on CO2 for 3 levels of mitigation:  
 
Level 1 = construct and operate an on-site cogen plant 
Level 2 = 1 + sequestration of vent gas from processes with an ISC(O) component  
Level 3 = 1 + 2 + purchase/produce electricity from a non-CO2 Source 
 
The Table shows the impact on selected processes. For the electricity processes 
(ISR(ST), SWESAGD and [EM]) CO2 emissions can be reduced to zero. For processes 
with an ISC(O) component (B[O+W+ST], B[O+W+EM]) CO2 emissions are reduced by 
75 to 85 percent, respectively. For SAGD reductions by using cogen are modest, only 10 
percent (depending on cogen allocation of benefits). 

 
 

 (2) Water Treatment    
  

The choice of water treatment process can have an impact on water use. The base case 
assumes a 90 percent (v/v) BFW yield from produced water treatment. This would be 
accurate for warm water or hot water lime softening; the traditional process used for 
most bitumen steam EOR processes. But recently an evaporation process has been 
demonstrated (Deer Creek, AB) that can produce over 95 percent BFW by vapor 
recompression. This could improve, but not eliminate, water deficits for steam-based 
processes. 
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9.4 Green Pathways  

Is there a road to zero CO2 emissions and no/little water use? Table 9.10 shows 
processes from the list of 20 modeled processes that can have zero CO2 emissions with 
mitigation. 

- There are 9 processes that, with mitigation, be zero (or near zero) CO2 emitters 
(ISR(ST), SWESAGD, [O], [EM], [O+W], ISR[ST+SV], B[O+W+EM], [SV] and 
[SV+EM])  

- Except for SWESAGD, all zero-CO2 processes either produce surplus water or 
require very little make up water.  
 

- Of the 9 processes, 6 processes (ISR(ST), [O], [O+W], ISR[ST+SV], B[O+W+EM] 
and [SV+EM] have opex costs less than SAGD.  
 

- Of the 9 processes, 8 processes (ISR(ST), SWESAGD, [EM], [O+W], ISR[ST+SV], 
B[O+W+EM], [SV] and [SV+EM]) use less energy (ETOR) than SAGD. 
 

- There are 5 processes that use little water, have ETOR<ETORSAGD, can have 
zero CO2 emissions and have less opex than SAGD (ISR(ST), [O+W], 
ISR[ST+SV], B[O+W+ EM] and [SV+EM]). 

 
There are lots of potential ways to achieve zero CO2 emissions without compromising 
costs or performance.  
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Table 9.1 
 

 20 Modeled Processes – Key Performance Factors  
 

 
Cost + Tax 

($/M3B) 
SOR 

(M3L/M3B) 
O2 Use 

(nM3/M3B) 
Elec. Use 
(kWh/M3B) 

Vent Gas 
(nM3/M3B) 

TCO2 

(nM3/M3B) 

Single:       

(1) SAGD 57.19 1.762 - - - 137.5 

(2) ISR(ST) 55.03 - - 761.9 - 133.9 

(3) SWESAGD 62.27 1.330 - 746.4 - 131.2 

(4) [SV] 97.78 - - - - 42.0 

(5) [A] 56.67 - 389.2 - 1912.9 559.7 

(6) [O] 39.88 - 376.9 - 340.9 389.9 

(7) [EM] 87.97 - - 1218.0 - 214.0 

Binary Hybrids:       

(8) [O+W] 14.72 - 139.2 - 125.9 144.0 

(9) B[O+ST] 57.84 0.938 259.1 - 234.3 341.2 

(10) [A+W] 41.83 - 286.8 - 1409.5 412.4 

(11) B[A+ST] 66.49 0.747 289.6 - 1423.2 474.7 

(12) [ST+SV] 37.68 1.075 - - - 85.1 

(13) ISR[ST+SV] 54.55 - - 705.3 - 123.9 

(14) [ST+EM] 56.64 0.926 - 368.2 - 137.0 

(15) [SV+ST]  46.08 0.788 - - - 70.5 

(16) [SV+EM] 54.30 - - 467.0 - 90.9 

Tertiary Hybrids:       

(17) B[O+W+ST] 37.75 0.318 259.1 - 234.3 292.9 

(18) B[O+W+EM] 27.12 - 140.0 170.4 126.6 174.7 

(19) B[A+W+ST] 43.84 0.049 289.6 - 1423.3 420.2 

(20) B[A+W+EM] 44.17 - 289.9 26.1 1425.0 421.5 

 
Where:  

- default inputs for all cases 
- C4SV for SV-component processes 
- avg. cost + tax = 51.99 $/M3B 
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Table 9.2 
 

20 Modeled Processes – Opex Costs  
 
 

 
Process 

Cost 
($/M3B) 

CO2 Tax 
($/M3B) 

Total Opex 
($/M3B) 

Rank 

Single:     

(1) SAGD 55.45 1.74 57.19 15 

(2) ISR(ST) 53.34 1.69 55.03 12 

(3) SWESAGD 60.61 1.66 62.27 17 

(4) [SV] 97.25 0.53 97.78 20 

(5) [A] 49.69 7.08 56.67 14 

(6) [O] 34.95 4.93 39.88 5 

(7) [EM] 85.26 2.71 87.97 19 

Binary Hybrids:     

(8) [O+W] 12.90 1.82 14.72 1 

(9) B[O+ST] 53.52 4.32 57.84 16 

(10) [A+W] 36.62 5.22 41.83 6 

(11) B[A+ST] 60.48 6.01 66.49 18 

(12) [ST+SV] 36.60 1.08 37.68 3 

(13) ISR[ST+SV] 52.98 1.57 54.55 11 

(14) [ST+EM] 54.91 0.82 56.64 13 

(15) [SV+ST] 45.19 0.89 46.08 9 

(16) [SV+EM] 53.15 1.15 54.30 10 

Tertiary Hybrids:     

(17) B[O+W+ST] 34.04 3.71 37.75 4 

(18) B[O+W+EM] 24.91 2.21 27.12 2 

(19) B[A+W+ST] 38.52 5.32 43.84 7 

(20) B[A+W+EM] 38.84 5.33 44.17 8 

 
Where:  

- default inputs for all cases 
- C4SV for SV-component processes 
- Rank lowest cost = 1, Highest = 20 
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Table 9.3 
 

 20 Modeled Processes – CO2 Emissions 
 
 

 
Direct CO2 
(nM3/M3B) 

Indirect 
CO2 

(nM3/M3B) 

Total CO2 
(nM3/M3B) 

Mitigation 
Potential ? 

Rank 

Single:      

(1) SAGD - 137.5 137.5  9 

(2) ISR(ST) - 133.9 133.9  7 

(3) SWESAGD - 131.2 131.2  6 

(4) [SV] - 42.0 42.0  1 

(5) [A] 331.2 228.5 559.7  20 

(6) [O] 320.8 69.1 389.9  15 

(7) [EM] - 214.0 214.0  12 

Binary Hybrids:      

(8) [O+W] 118.4 25.5 144.0  10 

(9) B[O+ST] 220.5 120.7 341.2  14 

(10) [A+W] 244.0 168.3 412.4  16 

(11) B[A+ST] 246.4 228.3 474.7  19 

(12) [ST+SV] - 85.1 85.1  2 

(13) ISR[ST+SV] - 123.9 123.9  5 

(14) [ST+EM] - 137.0 137.0  8 

(15) [SV+ST] - 70.5 70.5  3 

(16) [SV+EM] - 90.9 90.9  4 

Tertiary Hybrids:      

(17) B[O+W+ST] 220.5 72.4 292.9  13 

(18) B[O+W+EM] 144.8 29.9 174.7  11 

(19) B[A+W+ST] 246.4 173.8 420.2  17 

(20) B[A+W+EM] 246.7 174.8 421.5  18 

 
Where:  

- default inputs for all cases 
- C4SV for SV-component processes 
-  Rank lowest = 1, Highest = 20 
- avg. TCO2 = 239.86 nM3/M3B  
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Table 9.4 
 

 20 Modeled Processes – Water Usage 
 
 

 
PWOR 

(M3L/M3B) 
SOR 

(M3L/M3B) 
WRR 

(M3/M3) 
IWOR 

(M3L/M3B) 
RWS 

(M3L/M3B) 
Rank 

Single:       

(1) SAGD 1.750 1.762 0.993 0 (0.209) 20 

(2) ISR(ST) - - - - (0.002) 15 

(3) SWESAGD 1.328 1.330 0.999 - (0.149) 19 

(4) [SV] - - - - 0 13.5 

(5) [A] 0.272 - - - 0.272 3 

(6) [O] 0.322 - - - 0.322 1 

(7) [EM] 0.296 - - - 0.296 2 

Binary Hybrids:       

(8) [O+W] 2.005 - 1.076 1.864 0.141 10 

(9) B[O+ST] 1.174 0.938 1.253 0 0.133 11 

(10) [A+W] 0.974 - 1.268 0.768 0.206 5 

(11) B[A+ST] 0.954 0.747 1.277 - 0.124 12 

(12) [ST+SV] 1.075 1.075 1.000 - (0.119) 18 

(13) ISR[ST+SV] - - - - (0.009) 16 

(14) [ST+EM] 0.914 0.926 0.988 - (0.155) 9 

(15) [SV+ST] 0.788 0.788 1.000  (0.088) 17 

(16) [SV+EM] - - - - 0 13.5 

Tertiary Hybrids:       

(17) B[O+W+ST] 1.174 0.318 1.253 0.619 0.201 7 

(18) B[O+W+EM] 1.755 - 1.099 1.597 0.158 8 

(19) B[A+W+ST] 0.954 0.049 1.277 0.698 0.202 6 

(20) B[A+W+EM] 0.909 - 1.301 0.699 0.210 4 

 
Where:  

- default inputs for all cases 
- C4SV for SV-component processes 
- IWOR = (PWOR/WRR) – SOR; RWS = PWOR – (SOR/0.9) – IWOR 
- WRR = PWOR/(SOR+IWOR); -ve RWS = water deficit 
- RWS = Raw Water Surplus   
-  Rank lowest = 1, Highest = 20 
- avg. RWS = +0.077 M3L/M3B  
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Table 9.5 

20 Modelled Processes – Energy Use 
 
 

 
SOR 

(M3/M3B) 
Air Use 

(nM3/M3B) 
Ox. Use 

(nM3/M3B) 
Elec. Use 
(kWh/M3B) 

ETOR 
(GJ/M3B) 

Rank 

Single Injectants:       

(1) SAGD 1.762 - - - 4.755 12 

(2) ISR(ST) - - - 761.9 2.743 7 

(3) SWESAGD 1.330 - - 746.4 2.687 6 

(4) [SV] - - - - 1.564 1 

(5) [A] - 1857.9 389.2 - 6.960 18 

(6) [O] - - 376.9 - 6.740 17 

(7) [EM] - - - 1218.0 4.385 11 

Binary Injectants:       

(8) [O+W] - - 139.2 - 2.489 3 

(9) B[O+ST] 0.938 - 259.1 - 7.249 19.5 

(10) [A+W] - 1368.9 286.8 - 5.128 13 

(11) B[A+ST] 0.747 1382.3 289.6 - 7.249 19.5 

(12) [ST+SV] 1.075 - - - 3.048 8 

(13) ISR[ST+SV] - - - 705.3 2.539 5 

(14) [ST+EM] 0.926 - - 368.2 3.913 10 

(15) [SV+ST] 0.788 - - - 2.530 4 

(16) [SV+EM] - - - 467.0 2.010 2 

Tertiary Injectants:         

(17) B[O+W+ST] 0.318 - 259.1 - 5.522 16 

(18) B[O+W+EM] - - 140.0 170.4 3.117 9 

(19) B[A+W+ST] 0.049 1382.3 289.6 - 5.314 15 

(20) B[A+W+EM] - 1384.0 289.9 26.1 5.279 14 
 

Where:  
- default input values for all cases 
- nC4 Solvent for SV-component processes 
-  Rank best = 1, lowest ETOR; worst = 20 
- average ETOR = 4.261 GJ/M3B 
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Table 9.6 
 

 20 Modelled Processes – Energy Efficiency 
 
 

 
ETOR 

(GJ/M3B) 
% Energy 
Efficiency  

Rank 

Single Injectants:    

(1) SAGD 4.755 88.06 12 

(2) ISR(ST) 2.743 93.11 7 

(3) SWESAGD 2.687 93.25 6 

(4) [SV] 1.564 96.07 1 

(5) [A] 6.960 82.52 18 

(6) [O] 6.740 83.07 17 

(7) [EM] 4.385 88.99 11 

Binary Injectants:    

(8) [O+W] 2.489 93.75 3 

(9) B[O+ST] 7.249 81.80 19.5 

(10) [A+W] 5.128 87.12 13 

(11) B[A+ST] 7.249 81.80 19.5 

(12) [ST+SV] 3.048 92.35 8 

(13) ISR[ST+SV] 2.539 93.62 5 

(14) [ST+EM] 3.913 90.17 10 

(15) [SV+ST] 2.530 93.65 4 

(16) [SV+EM] 2.010 94.95 2 

Tertiary Injectants:      

(17) B[O+W+ST] 5.522 86.13 16 

(18) B[O+W+EM] 3.117 92.17 9 

(19) B[A+W+ST] 5.314 86.66 15 

(20) B[A+W+EM] 5.279 86.74 14 

 
Where:  

- default input values; energy efficiency = (1 – ETOR/39.8208) 100%  
- nC4 Solvent for SV-component processes 
- average efficiency = 89.30%; bit comb. heat = 6 MMBTU/bbl 
- rank 1 = best, 20 = worst  
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Table 9.7 
 

20 Modelled Processes – Environment Ranking 
 
 

 
CO2 

Rank 
Energy 
Rank 

Water 
Rank 

Opex 
Rank 

Composite 
A 

Composite 
B 

Single Injectants:       

(1) SAGD 9 12 20 15 17.5 18 

(2) ISR(ST) 7 7 15 12 10 12 

(3) SWESAGD 6 6 19 17 11 16 

(4) [SV] 1 1 13.5 20 1 6 

(5) [A] 20 18 3 14 17.5 17 

(6) [O] 15 17 1 5 12 8 

(7) [EM] 12 11 2 19 5 13.5 

Binary Injectants:       

(8) [O+W] 10 3 10 1 3 1 

(9) B[O+ST] 14 19.5 11 16 19 19 

(10) [A+W] 16 13 5 6 13 10 

(11) B[A+ST] 19 19.5 12 18 20 20 

(12) [ST+SV] 2 8 18 3 8.5 4 

(13) ISR[ST+SV] 5 5 16 11 6 7 

(14) [ST+EM] 8 10 9 13 7 10 

(15) [SV+ST] 3 4 17 9 4 5 

(16) [SV+EM] 4 2 13.5 10 2 2 

Tertiary Injectants:         

(17) B[O+W+ST] 13 16 7 4 14.5 10 

(18) B[O+W+EM] 11 9 8 2 8.5 3 

(19) B[A+W+ST] 17 15 6 7 16 15 

(20) B[A+W+EM] 18 14 4 8 14.5 13.5  
 

Where:  
- default input values for all cases 
- C4SV for SV-component processes 
- rank 1= best, 20 = worst (ties share points) 
- Composite B = equal weight for all factors  
- Composite A = equal weight for all factors, excluding opex    
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Table 9.8 
 

 Cogen Impacts on Costs + Emissions  
 
 

 
 Base Case 

Off Site 
Power 

On Site 
Power 

Base Case 
Onsite 
Steam 

Cogen 
On-site 

Electric Power 
Components: 

     

Efficiency                        (%) 55 55 n/a 40 

n.gas use    (nM3/kWh) 0.1757 0.1757 n/a 0.1099 

n.gas cost (CNG) ($/M3) 0.08829 0.08829 n/a 0.08829 

                                 ($/kWh) 0.0155 0.0155 n/a 0.00970 

Other Costs              ($/kWh) 0.0545 0.0345 n/a 0.0303 

Total Costs (CE) ($/kWh) 0.0700 0.0500 n/a 0.0400 

CO2 Emiss. (IE) (nM3/kWh) 0.1757 0.1757 n/a 0.1099 

Steam Component:      

Efficiency                        (%) n/a n/a  85  48 

n.gas use              (nM3/M3L) n/a n/a 83.321 85.134 

n.gas cost (CNG) ($/M3) n/a n/a 0.08829 0.08829 

 ($/M3L) n/a n/a 7.36 7.52 

Other costs                ($/M3L) n/a n/a 24.10 24.10 

Total costs (CS) ($/M3L) n/a n/a 31.46 31.62 

CO2 Emiss. (IS) (nM3/M3L) n/a n/a 83.32 85.13 

 Where:  
- see text for process descriptions 
- nat.gas heat of combustion at 1000 (BTU/SCF) = 0.03726 (GJ/nM3) 
- 1 kWh = 3413 BTU = 3600 KJ 
- steam total heat = 2794 KJ/kg at 204.8 ºC (1724 kPa) (base case) 
- CNG, CE, IE, Is, Cs are default inputs for base case 
- cogen gas use allocated to power/steam based on energy contents 
- ‘other’ costs include distribution costs, other opex, capex charges, water treatment 

(steam case) 
- CNG = 2.50 $/MMBTU = 0.08829 $/nM3  
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Table 9.9 
 

Mitigation Impacts on CO2 Emissions for Selected Process Types 
(CO2 Emissions, nM3/M3B) 

 

                                   CO2 Emissions Components         Mitigation Levels  
Process 
Types 

Elec. Steam V.Gas Misc. 
(0) 

Total 
(1) 

Total 
(2) 

Total 
(3) 

Total 

Steam:         

SAGD - 137.5 - - 137.5 124.8 124.8 124.8 

ISR(ST) 133.9 - - - 133.9 83.8 83.8 0 

SWESAGD 131.2 - - - 131.2 82.1 82.1 0 

[ST+SV] - 83.9 - 1.2 85.1 77.4 77.4 77.4 

ISC:         

[A+W] - - 244.0 168.3 412.4 412.4 168.3 168.3 

B[O+W+ST] - 24.9 220.5 47.5 292.9 290.6 70.1 70.1 

B[O+W+EM] 29.9 - 119.1 25.7 174.7 163.5 44.4 25.7 

Solvent:         

[SV+EM] 82.1 - - 8.8 90.9 60.2 60.2 8.8 

[SV+ST] - 61.7 - 8.8 70.5 64.8 64.8 64.8 

Electricity:         

[EM] 214.0 - - - 214.0 133.9 133.9 0 

 Where:  
- mitigation level (0) = no mitigation 
- mitigation level (1) = construct + operate an on-site cogen plant 
- mitigation level (2) = (1) + sequestration of vent gas in ISC(O) component 
- mitigation level (3) = (1) + (2) + source zero-emission electricity 
- misc. emissions = SV reflux flue gas, A + O compression/production 
- v.gas CO2 emissions = (CO2 + CO) from ISC + CO2 from incineration fuel  
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Table 9.10 
 

Potential Pathways to 'Green' 

 

   
Unmitigated 

TCO2 

(nM3/M3B) 

Mitigated 
TCO2 

(nM3/M3B) 

RWS 
(M3L/M3B) 

T.Cost + 
Tax 

($/M3B) 

ETOR 
 

(GJ/M3B) 
Comparator Process 
            SAGD 

137.5 124.8(1) -0.209 57.19 4.755 

Zero CO2 Processes:      

ISR(ST) 133.9 0 -0.002 55.03 2.743 

SWESAGD 131.2 0 -0.149 62.27 2.687 

[O] 389.9 0 +0.322 39.88 6.740 

[EM] 214.0 0 +0.296 87.97 4.385 

[O+W] 144.0 0 +0.141 14.72 2.489 

ISR[ST+SV]  123.9 0 -0.009 54.55 2.539 

B[O+W+EM] 174.7 0 +0.158 27.12 3.117 

[SV] 42.0 0(2) 0 97.78 1.564 

[SV+EM] 90.9 0(2) 0 54.30 2.010 

Others:      

B[O+W+ST] 292.9 72.4(3) +0.201 37.75 5.522 

B[A+W+ST] 420.2 420.2 +0.202 43.84 5.314 

[A]  559.7 559.7 +0.272 56.67 6.960 

B[O+ST] 341.2 120.7(3) +0.133 57.84 7.249 

[A+W] 412.4 412.4 +0.206 41.83 5.128 

B[A+ST] 474.4 474.4 +0.124 66.49 7.249 

[ST+SV] 85.1 85.1 -0.119 37.68 3.048 

[ST+EM] 137.0 137.0 -0.155 56.64 3.913 

[SV+ST] 70.5 70.5 -0.088 46.08 2.530 

B[A+W+EM] 421.5 421.5 +0.210 44.17 5.279 

 
Where:  

- (1) on-site cogen, (2) electric heaters for SV reflux, (3) indirect CO2 only 
- Mitigation = non-CO2 electricity + [O] vent gas sequestration 
- RWS = Raw Water Surplus, neg.value = deficit  
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Table 9.11 
 

           Indirect CO2 from steam 
Default Value 

 

85% efficiency                        CH4 fuel. @ 1000 BTU/SCF. 

steam at 1000 BTU/lb.  

1 bbl steam = 350 lbs.                 350,000 BTU total heat. 

need          350,000 / 0.85 = 411,765 BTU of nat. gas.  

   = 411.765 SCF Nat gas. 

CO2 emissions = 411.765 SCF/7bbl.  

incl. 10% dist losses                411.765 / 0.9 = 457.516 SCF/bbl.  

          5% dist losses                 411.765 / 0.95 = 435.437  
 
          ans 437.8               411.765/x = 437.8  
 
                                                  x   = 0.9405                                            
 

  
 

  

6% dist losses  
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Chapter 10 – Summary, Conclusions 
 

10.1 Introduction  
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2. Steam Management 
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4. Cyclic Processes 
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10.6 Conclusions  
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Chapter 10 – Summary /Conclusions 
 

10.1 Introduction  
 

The journey, analyzing potential in situ EOR processes that can recover bitumen from oil 
sands resources, has been complex but also rewarding. The opportunities are real and 
significant. The road to implementation is available and well-marked, with prospective 
and valuable destinations.  
 
The purpose of this chapter is to review the opportunities and provide specific 
suggestions to focus efforts in directions that have the most probable, positive potential 
impacts.  
 

10.2 Summary, Bitumen EOR Processes 

 

(1)  Processes Modelled 

 

The playing field for bitumen EOR Processes is extensive and rapidly changing. Using 6 
possible injectants ([A], [O], [ST], [SV], [EM] and [W]) and combinations thereof there are 
30 potential binary hybrid processes and 120 potential tertiary hybrids. There are also 6 
potential solvents considered (C3, nC4, nC5, nC6, nC7, nC8).  

 
Using reasonable constraints on hybrid mixtures and other practical considerations, as 
discussed in Chapter 7, the processes modeled herein have been reduced to a list of 20 
as shown in Table 10.1. These options include 7 single injectant processes, 9 binary 
hybrids and 4 tertiary hybrids. If solvent multiplicity (31 variations) is considered, the 
modeled process list increases to 170 processes – 37 single injectant processes, 129 
binary hybrids and 4 tertiary hybrids (Table 10.2). 
 
Considering the 20 process types modeled, the following comparisons are noteworthy: 
  

(i) Only 2 (SAGD, [ST+SV]) are deemed to be a commercial success. 
 
(ii) 14 processes have reduced opex costs compared to SAGD (Table 10.3). 
 
(iii) 12 processes have significant CO2 mitigation potential c/w SAGD. 
 
(iv) 12 processes use less energy than SAGD. 
 
(v) 13 processes are net water producers (or zero water use); SAGD is the top water 
user. 
 
(vi)  The lowest cost process is the ISC(O) process at 12.90 $/M3B; the highest cost 
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process is BUTEX at 97.78 $/M3B. 
 

(2) Process Generations  

 

Another way to segregate EOR process types is by stage of development - eg. process 
generations as shown in Table 10.4. 

 
A first generation process is defined as one that been field-tested, successfully and 
proven to be practical and is in commercial operation. Table 10.3 shows first-generation, 
bitumen EOR processes (circa 2016) as SAGD, CSS and [ST+SV] or SAP. SAGD is 
now the dominant process with good productivity. But it still suffers from significant 
deficiencies – it is one of the higher-cost options; it is the highest water user and it is a 
significant CO2 emitter. 
 
CSS is a significant player, with a focus on Cold Lake deposits. But it requires a strong 
caprock to contain fractures (i.e. limited applicability); some field tests operations have 
shown difficulties; and recoveries are lower than SAGD. (CSS is not modelled herein). 
 
[ST+SV] or SAP is now widely practiced as a beneficial modification to SAGD.  
The model benefits (Table 10.2) are consistent with field results.  

A second generation process is defined here in as a process that has been field-tested, 
but not yet commercially implemented. Field tests have usually been inconclusive or 
failures, except perhaps for the ESEIEH field tests (Chapter 6). Second generation 
bitumen EOR processes include, [EM], SOLVEX, [A], [O], [A+W] and [O+W].  

Potential ISC process types have 3 significant deficiencies for bitumen EOR 
applications:  

(i) The well count is high (per pattern) and well completions are necessarily 
separated by significant distances (~50m in some cases). Startup can be 
complex, costly and protracted.  
 

(ii) Many ISC process types have an unstable steam zone (SZ) that will be quickly 
overtaken by the combustion zone, reducing heat transfer rates to the bitumen 
interface. 
 

(iii) Field tests for bitumen EOR have been failures (eg. THAI). 
 
SOLVEX process types [SV] have a high opex and the processes are out of balance. 
The solvent gas demand for process heating is much larger than the solvent demand 
needed for viscosity reduction (eg. Table 5.5). Also, solvent dissolution is a potential 
rate-limiting step that can reduce bitumen productivity. SOLVEX processes, unless 
modified are not a good prospect to improve on SAGD performance. 
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[EM] processes use radiation for energy transfer. Radiation energy injection rate is not 
limited by fluid injectivity. But [EM] as a stand-alone process has an antenna capacity 
issue, opex is high, and field tests have been inconclusive. The exception may be the 
ESIEIH test, that intends to combine [EM] and [SV] in a hybrid process.  

Second generation processes appear to have some hope to improve on SAGD 
performance; but, so far, results are not optimistic. 

Third generation processes have not been field-tested, may require extensive lab work, 
and may require some new equipment development. Some processes may involve 
multiple (binary or tertiary) injectants. Some processes shown herein, have not yet been 
conceived or proposed elsewhere. Third generation processes include, [SV+ST], 
B[O+W+ST], B[O+W+EM], B[O+ST], B[A+ST], B[A+W+ST], B[A+W+EM], ISR(ST), 
ISR(ST+SV), SWESAGD, [SV+EM], [ST+EM].  

For hybrid processes, process injectants are added to obviate or reduce some process 
deficiencies. [EM] or [ST] components are added to [O+W] or [A+W] to balance/stabilize 
the process.  

ISR or SWESAGD processes use electricity to produce/reflux steam in situ, with 
prospective applications to supplement or replace SAGD, with reduced capex (fewer 
wells), reduced or comparable opex, reduced CO2 emissions and reduced water use. 
ISR has the added advantage of longitudinal conformance control, but with incremental 
risks of salt or coke deposition on heater surfaces. SWESAGD has little risk and is most 
suitable for thin-pay deeper resources where SAGD is not practical. These processes 
are ripe for continued lab tests and field demonstrations.  

The binary hybrids ([ST+EM], [SV+ST], [SV+EM]...) are prospective processes with low 
opex, reduced CO2 emissions and reduced water use, ([O+EM] and [A+EM] are not 
feasible because there isn't enough steam to sustain a stable steam zone [SZ]). 
 
The tertiary hybrids ( B[O+W+ST], B[O+W+EM], B(A+W+ST] and B[A+W+EM] are 
improvements on wet ISC(O) and wet ISC (A) that can alleviate stability issues. The 
oxygen-based processes appear to be better than air for all applications. B[O+W+EM] 
has the lowest opex of all (see Table). As above, these processes are ripe for continued 
lab tests, further development and ultimately, field demonstrations. 

 
(3) The Elite Eight  

 
So far, a list of 20 types (or 170 processes) has been modelled (eg. Table 10.1). But 
some of the processes modelled have serious issues. The list can be further pared using 
the following criteria: 
  

(i) Eliminate processes with an ISC component with a potentially unstable steam 
zone (delete, [A], [O], [O+W], [A+W]).  
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(ii) Oxygen [O] is always preferred compared to air [A] as an ISC component (drop 
processes with an [A] component). 
 

(iii) Old proven processes (e.g. SAGD) are eliminated so a new process opportunity 
list can be developed. 
 

(iv) Water [W] injection, as a component of an ISC hybrid, is always preferred 
compared to dry processes (drop dry ISC processes without water injection). 
 

(v) Primary/dominant components in a hybrid process should always be one of the 
low-cost alternatives (drop processes with a dominant [EM] component). 
 

(vi) SOLVEX (SV) is dropped because of the imbalance of SV demand for heating 
and SV demand for dissolution viscosity reduction. Solvent as a hybrid 
component is still desirable.  

Using the above criteria, a new process opportunity list of 8 processes (The Elite Eight) 
is developed including:  

(i) ISR(ST), where steam is refluxed in-situ using in-well, electric resistance heaters. 
 

(ii) ISR[ST+SV], similar to (i) including some solvent as a non-dominant process 
component. 
 

(iii) [ST+EM], where [EM] is used to improve lateral growth and conformance control, 
may be best suited for capless reservoirs. 
 

(iv) [SV+ST] where steam preheats the reservoir to reduce SV demand for heating 
and improve solvent-use balance. 
 

(v) [SV+EM] where EM heat does the same as ST in (iv). 
 

(vi) SWESAGD, where steam is produced in-situ using electric heaters, may be best 
suited for thin-pay, deep, heavy oil reservoirs. 
 

(vii) B[O+W+ST] where steam is added to wet ISC(O) to stabilize steam zones. 
 

(viii) B[O+W +EM) where EM is added to wet ISC(O) to stabilize steam zones.  

The above list provides a good focus for R&D and field demonstrations. Table 10.5 
compares performance factors for Elite Eight processes and SAGD.  
Tables 10.5, 10.6 and 10.7 show that: 
 

(i) Seven of the 8 processes have opex less than SAGD. The low-cost process is 
B[O+W+EM] at 27.12 $/M3 (cost+tax); the high cost process is SWESAGD at 
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62.27 $/M3 (But, SWESAGD focus is deep, thin-pay reservoirs where SAGD 
cannot be applied). 
 

(ii) Seven of the 8 processes use less energy (ETOR) Than SAGD,  
 

(iii) Six of the 8 processes have reduced CO2 emissions compared to SAGD. But the 
2 processes with higher emissions (B[O+W+ST] and B[O+W+EM]) have 
significant CO2 mediation opportunities by sequestering vent gas directly or by 
sourcing electricity from non-emitting power plants. 
 

(iv) If a composite rating is considered (A, B, C in Tables 10.10 and 10.11). SAGD is 
the worst potential performer. 
 

(v) Table 10.8 shows the P-sensitivity of the Elite Eight processes and SAGD. SAGD 
performance is very sensitive to process P – not so for hybrid Elite 8 processes. 
Above about 4500 KPa all processes (excluding SV processes) outperform 
SAGD. 
 

(vi) SAGD is also a high end water user. All of the Elite 8 processes use less water 
than SAGD. 

 
(4) Environment - Is there a road to green?  

 
All of the elite 8 processes can be operated as zero CO2 emitters by using mitigation 
strategies, as discussed in Chapter 9 – sourcing electricity from non-CO2 sources 
(nuclear, hydro, renewables) and by sequestration of vent gas from any process with a 
[O] component. Individual process tactics include: 
  

(i) ISR[ST], ISR [ST+SV] and SWESAGD use only electricity and are zero CO2 

emitters if electricity is sourced from non-CO2 emitting sources. 
 

(ii) [ST+SV] can also be a zero-emitter if an ISR well or an electric heater is used to 
reflux ST+SV. 
 

(iii) B[O+W+ST] can also be a zero CO2 emitter if oxygen is produced using electric 
drivers (the usual case) and [W+ST] is produced using an in situ (‘crappy’) boiler 
as described in 7.7 (3) and vent gas (mostly CO2) is directly sequestered, 
sourcing electricity from non-CO2 emitters. 
 

(iv) B[O+W+ EM] can also be a zero CO2 emitter, if oxygen production is based on 
electricity and vent gas is sequestered directly. 
 

(v) A further attractive option for (iii) and (iv) is to use a down hole electric heater to 
preheat injected water [W]. 
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(vi) [SV+EM] can also be a zero CO2 emitter if solvent is refluxed using an electric 

heater (eg. waste heat from the EM antenna?) and electricity is sourced from a 
non-CO2 emitter. 
 

(vii) [ST+EM] cannot easily be a non-CO2 emitter if steam is produced on surface 
using gas-fired boilers, but an ISR version (ISR[ST+EM]) can be a non-CO2 
emitter.  

 
Water use is the other key environmental factor. Table 10.5 shows that 7 of the elite 8 
processes either use very little water or are net water producers. Only the [ST+ EM] 
process is a significant net water user. But for this process, water use can be reduced to 
very low levels if an ISR version of the process is used (eg. ISR [ST+EM]), with electric 
reflux heaters.  
 
Yes, there is a road to green, using versions of the elite 8 processes!  

 
 
10.3 R&D Focus  
  

(1) Introduction  

As a result of (or as a part of) new generation, bitumen EOR processes, there are 
several areas where R&D is needed and where R&D can be beneficial. R&D is defined 
herein, in the most general sense, including lab physical model tests, fundamental/basic 
research, new instrumentation and equipment development, new automated control 
procedures and field demonstrations – the ‘black hole’ of innovation. R&D in the 
following areas is suggested:  

- new instrumentation - particularly for new processes that can potentially 
control/improve process conformance (eg. ISR processes) 

- automation - new processes can be complex and would benefit from automation. 
- steam management - SAGD is really a latent-heat management process 
- fundamental studies - kinetics of liquid-liquid or gas-liquid dissolution for solvents + 

bitumen, in a reservoir matrix environment 
- new equipment - CRAPPY boilers, CRAPPY antennas, immersion electric heaters, 

electric steam superheaters, equipment for latent-heat management 
- field demonstrations - the ‘black hole' of innovation. Government help may be 

needed? 
- model improvements - the models used herein can be improved 

This section will address these issues in some detail:  

 (2) Steam Management  
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The old-school objective for SAGD (or related processes) steam supply, was to supply 
steam at the lowest cost (cost/total heat), at the wellhead. But, the new-school objective, 
as described in Chapter 3, is to supply steam latent-heat at the lowest cost at the sand 
face (or the bitumen interface) and to minimize make up (fresh) water (MUW) for the 
steam cycle. SAGD and other processes (ISR, SWESAGD…) are driven by latent heat. 
The sensible heat of condensed steam (water) is of no value to the process. 
 
Steam superheat at/near the wellhead (see Ch. 3 (4) (xi)) is a way to compensate for 
down-hole heat losses and to increase the delivery of latent heat to the sand face. 
Figure 3.9 shows that electric superheat can be economical for steam quality at the sand 
face below about: 0.95 (with no superheat). The same principles apply to steam 
distribution in a surface delivery system (3(4)(xii)). Figure 3.10 shows that as long as 
electricity costs are less than about 0.06 $/kWh, it is practical to supplant steam 
distribution losses using electric super heaters, rather than to separate and recycle 
condensed steam. A more detailed engineering R&D study should investigate the 
potential of steam superheat as an add-on to SÁGD steam distribution/injection facilities.  

 
(3) Instrumentation  
 

Many processes would benefit from development and/or deployment/demonstrations of 
new instrumentation. New, hybrid process opportunities may involve several injectants 
and monitoring of performance and injectant interactions that can be critical to process 
optimization. Specific opportunities may include: 

(i) Down-hole densitometers - to measure average fluid density. Designs have 
already been proposed (eg. Pelvier, 2002), but down-hole experience is needed. 
The meter could be valuable for ISR to determine whether the annular well space 
is occupied by hot liquids or by superheated steam. For some heavy oils, using a 
correlation of avg. density vs. water content, a series of down-hole densitometers 
could determine conformance factors. 
 

(ii) Down-hole flow meters - can potentially determine flow rates as a function of 
position in a horizontal production well. This can determine process conformance 
and may be important for processes that can control longitudinal conformance 
(eg. ISR).  
 

(iii) Down-hole or in-line steam quality meters - measurement of steam quality at the 
well head or at the sand face is difficult (Kerr, 1997), but it can enable a direct 
measure of heat loss from the well head to the sand face. When coupled with 
steam superheaters or steam reheaters, it can be used to automate superheat 
needed to optimize latent heat injectivity or superheat needed to optimize surface 
distribution systems. 
 

(iv) Water-cut meters are currently available for surface installation. Real-time water 
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cut for each well is a valuable measurement for any reservoir that may have 
water zones, mud zones, bottom water, top water or lean zones. Real-time water 
cuts can tell the operator of the state of pressure balance or the progress of 
process fronts. Meters can also replace well test separators that can only provide 
sporadic, time-averaged water cut information. Down-hole water cut meters are 
not yet available but would be valuable for any process where conformance 
control is possible or process with multiple injection/production wells (eg. COSH, 
COGD…) 

 
(4) Process Control ...  
 

Some/most of the new opportunity processes may involve multiple injection wells and 
separate gas and liquid production wells, with multiple injectants. Control of such a 
process may be difficult for a field operator who is responsible for multiple wells. It may 
be best - and most efficient to automate such processes. Processes that would benefit 
most, include:  

(i) ISR process types with multiple segment heaters and longer wells tham SAGD 
where conformance control is possible.  
 

(ii) [EM] processes with multiple antennas where conformance control is affected by 
changing power levels to each antenna. 
 

(iii) B[O+W+ST] or B[O+W+EM] with extensive startup and operation procedures. 
 

(iv) Automated heater protection for immersion heaters (ISR, SWESAGD…). 
 

(v) Steam latent heat management, as previously described (10.3(2)). 
 

(vi) Allocation of steam between recovery patterns when the project is steam-limited  

A major effort in process automation should be welcomed by all bitumen EOR operators 
as a way to improve productivity and reduce field labour costs.  

 
(5) Lab Tests  
 

Lab tests can involve physical models (or scaled physical models), tests to define the 
performance and constraints of key process mechanisms and proof-of-concept of 
various process types, including the following:  
 

(i) Liquid solvent dissolution - any process with a solvent [SV] component would 
benefit liquid/liquid dissolution tests to determine minimum T needed for rapid 
dissolution rates (see 5.1(5) for various solvents or solvent mixtures in 
liquid/liquid contact with bitumen in a sand matrix, without mechanical mixing. 
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(ii) Solvent gas - bitumen dissolution - any process with solvent [SV] component, 
particularly if the process conditions are such that the solvent remains as a gas, 
or a super-critical fluid, would benefit from a study of direct gas/liquid dissolution 
rates and degassing kinetics. 
 

(iii) Salt deposition - for ISR (or SWESAGD) electric heaters, immersed in a mixture 
of bitumen and water, what is the fate of salts dissolved in the water as the water 
is vaporized to steam? Do the precipitated salts deposit on the hot steel tubing, 
surrounding the heater, or do the salts remain in the bitumen as a dispersion of 
solid salts? Does the fact that most steels are oil-wet, in such an environment, 
protect them from accumulating salt deposits? 
 

(iv) Coke deposits - tests for coke deposition rates and coke deposition sites are also 
important for ISR processes. At best, process conditions should not let coke to 
form. At second best, minute coke particles (micro-coke) are suspended in 
bitumen without depositions on the heater steel surface. At worst, coke will 
deposit on heater walls and foul heat transfer. Conditions for each case should 
be defined so process conditions can be controlled. Operating strategies may be 
complex because coke deposition depends on bitumen flow rates and flow rates 
can vary substantially as a function of position in the production well.  
 

(v) (Scale) physical model tests - physical (scaled) model tests can also be useful for 
a process, bearing in mind the limitations as discussed in 2-4 (6). The opportunity 
processes (Table 10.5) can all benefit from proof-of-concept lab model tests – 
ISR[ST], ISR[ST+SV], SWESAGD, B[O+W+ST], B[O+W+EM], [SV+ST], 
[SV+EM] and [ST+EM]. 
 

(vi) Bitumen Interface Models - as noted in 2.4(6), scaled physical models do not 
capture the process mechanism of heat transfer to a cold bitumen interface 
because the models are preheated to attain good fluid injectivity. A study of heat 
transfer, as a function of T, may be valuable to determine process rates and 
bitumen productivity.  

 
 (6) New Equipment  
 

In addition to new instrumentation and new process control methods, some processes 
will require the development of major process components - new equipment. This can 
impose engineering issues that may be addressed outside of conventional lab tests.  

(i) New antennas capacity - a 'SAGD project requires energy injection at a rate 
exceeding 10 MW(e), measured at the well head. The world's largest broadcast 
antenna (rf.) is about 2.5 MW(e). High power antennas need to be developed, 
especially for [EM] processes, and to a lesser extent for processes with an EM 
component (e.g. [SV+EM], [ST+EM], B[O+W+EM]). 
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(ii) Antenna directionality - it is important, from an efficiency standpoint, that 
antennas can focus EM enegy into directions that maximize reservoir contact 
and/or minimize EM emissions to overburden/underburden. It also may be 
important, if an antenna array is used, to focus EM emissions for the purposes of 
conformance control. 
 

(iii) CRAPPY antennas – Segmented, individually controllable antennas may be 
desirable for some processes with an [EM] component. Antenna efficiency 
(conversion of electricity to EM energy) can approach 100 percent for some r.f. 
broadcast antennas, but this may not be desirable for in situ antennas, 
particularly if the waste heat can be useful for the EOR process (e.g., to reflux 
steam or solvent), and if efficiency is sacrificed, to improve directionality control.  
 

(iv) Resistance heaters - immersion electric heaters (used for commercial electric 
boilers) have sufficient capacity (up to 20kW/m) for ISR and SWESAGD use. But 
the application to the bitumen EOR is not proven or demonstrated. Special 
control systems may need to be developed to protect the heaters from burnout. 
Heater bundling particularly for SWESAGD, may need some development testing 
and downhole demonstrations. 
 

(v) CRAPPY boilers - for some processes (eg. B[O+W+ST] = wet SAGDOX), both 
steam [ST] and water [W] are injected. Rather than inject separate streams it 
may be cost effective and practical to inject low quality steam from a single boiler 
source (ie. a CRAPPY boiler). For some applications, the boiler may be a down-
hole electric immersion heater to simultaneously obviate any heat losses from 
the well-head to the sand-face. 
 

(vi) Oxygen production - some processes (eg. B[O+W+ST] and B[O+W+EM]) use 
oxygen gas extracted from air. If the processes are adopted widely, oxygen 
demand is very large and can warrant large, world-class plants and/or a pipeline 
system to deliver oxygen (see 10.4 herein). This can warrant the development of 
new oxygen recovery technology with a focus on EOR applications. Bitumen 
EOR has no particular affinity for ultra pure oxygen. The lowest cost air 
separation produces oxygen at about 95 percent purity - sufficient for EOR - with 
argon gas (Ar) as the main impurity. Any new technology for O2 removal from air 
is important for EOR (eg. membrane separation). 
 

(vii) Cogen - plants that simultaneously produce electricity and steam are a popular 
way to reduce steam costs, but the advent of hybrid processes may spur other 
"cogen' opportunities. For example, solvent reflux may be combined with on site 
power, for (SV+EM] processes. 
 

(viii) Steam Superheaters - electric in line heaters + control system. 
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(ix) Segmented /Controllable ISR Heaters or EM Antennae 
Because of the fluvial deposition environment for some bitumen reservoirs (eg. 
Athabasca, in Canada), inhomogeneities or non-conformities can have a scale of 
about 50m. For a given bitumen reservoir, starting at a random point, there is 
likely to be at least one non-conformity for any direction, within 50m radius.  

Without the ability to control energy or fluid injection rates to this scale, 
conformity issues will develop for the process used to recover the bitumen. 
Sweep patterns will also be non-uniform, with concurrent recovery loss due to 
sweep inefficiencies. Sweep patterns will also change during a process 
development, as the process-swept zone exposes new non-conformities. 

SAGD (and other processes) cannot effectively respond to dynamic non-
conformities. A moveable injection tube (ie. tail pipe) for a good SAGD well would 
have a control scale of about 500m for a 1000m well. 

Injection non-conformity can also be created by pressure gradients due to fluid 
flow. This can be partially compensated by having graduated perforations, with 
higher perforation densities toward the toe of the horizontal injector well. But, as 
injection rates change, the compensation can be ineffective. 

For processes using horizontal wells, non-conformity can be broken into two 
factors – (i) lateral non-conformity in planes perpendicular to the horizontal well 
axis, and (ii) longitudinal non-conformity, down the length of the horizontal well. 
Lateral non-conformity can be partially compensated by well placement. 
Longitudinal non-conformity can be partially compensated by variable 
perforations or blank sections in the well or shorter well. But for both cases and 
most EOR processes, dynamic response to process non-conformities is difficult 
(or impossible) during process operations. 

If ISR immersion heaters or EM antennae can be developed to a scale of about 
50m (i.e. each segment is ≤ 50m long), longitudinal non-conformity can be 
controlled (and sweep efficiency improved) dynamically, during process 
operations, by altering the pattern of heat/EM injections in each segment zone. 
(Even a simple on /off control may be sufficient, with controlled on/off time ratios).  

EM antenna has the additional opportunity to control lateral conformance if the 
radiation pattern is controllable in the lateral direction.  

 
(7) Field Demonstrations  
 

All of the opportunity processes (elite eight) shown in Table 10.4 (ISR[ST], ISR[ST+SV], 
SWESAGD, B[O+W+ST], B[O+W+EM], [SV+ST], [SV+EM] and (ST+EM]) will eventually 
require field demonstrations as proof-of-concept for the processes -- similar to SAGD 
tests at the UTF facility in the 1980's and 1990's. Tests (pilots) may be conducted in 
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bitumen or heavy oil reservoirs, or both.  

All of the opportunity processes have the potential to be better than SAGD – less costly, 
less costly for specific applications (eg. SWESAGD for deep or thin reservoirs), or 
reduced environmental impact (see Table 10.5). 

Government, as the resource owner and royalty receptor, should/could participate in the 
lab tests or equipment developments, but particularly in the field demo/pilot tests. The 
‘black hole’ of the R&D commercialization chain, for a new process, is the field demo/ 
pilot. Many EOR processes are not developed because of the risk, cost, complexity and 
dedication needed for a successful field demo. Help is needed!  
Risk can be shared!  
 

(8) EOR Models  
 

The models developed herein are simple descriptors of EOR processes in a 
homogeneous reservoir. The models are effective for screening potential EOR 
processes for applications to this ‘homogeneous reservoir', including potential new or 
hybrid processes. This ‘effectiveness’ is evidenced by this book. But the models are not 
perfect and can be improved, as follows:  

(i) In processes with a [SV] component, direct gas dissolution (including 
supercritical gas) should be included as an alternant route to liquid-liquid 
dissolution. 
 

(ii) An algorithm for LR (heat loss to the reservoir) should be developed as a function 
of cumulative production, time, other factors... This would allow for productivity 
efficiency productions and DCF economic evaluations. 
 

(iii) Include for steam processes, input of subcool temperatures (default in model is 
to produce at zero subcool). 
 

(iv) Extend model applications beyond the 22 processes modeled herein. 
 

(v) An algorithm for Srb, incorporated in the model. 
 

(vi) An algorithm for Qsf, incorporated in the model. 
 

(vii) Extend [SV] processes (i.e. SOLVEX ) to 4,5, and 6 component mixtures. 
 

(viii) Extend processes with a [SV] component (e.g. [SV+EM]) to SV mixtures. 
 

(ix) Extend SV choices beyond n-alkanes (C3 to C8)  
 

This book has analyzed potential performance of each prospective process type, for 
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generic production, without focus on specific well patterns or on start-up procedures and 
full-cycle performance. For good prospective processes, FEA models need to be 
developed to further delineate process performance and to evaluate the effect of 
reservoir discontinuities. 

10.4 Big Picture Impacts 
 
(1) Introduction (IMM BD growth impacts)  
 

The Alberta oilsands are a world-class resource that, when fully developed, have the 
capacity for bitumen productivity over 10 MMBD vs todays productivity of only 2 MM BD. 
The growth potential is easily in excess of 1 MMBD - a growth increment that is realistic 
and easily attainable. But the impacts of such growth can be substantial for the province 
- including impacts on 

(i) Diluent supply demand 
(ii) Upgrading capacity 
(iii) CO2 Emissions 
(iv) Pipelines 
(v) Electricity.  

 
The impact of a specific process is not based on default model values, which represent a 
best-case steady-state production. It is based on design cases representing average 
production for each process. Table 10.9 shows design values for a 25KBD process 
module for each opportunity processes. Table 10.10 shows impact values for 1 MMBD 
of production for each of the 8 opportunity processes, noted in 11.2 (3) herein - ISR 
(ST), ISR[ST+SV], SWESAGD, B[O+W+ST], B[O+W+EM], [SV +ST], [SV+EM] and 
[ST+EM] - plus SAGD as a comparator.  

 
 (2) Diluent  
 

Without new upgrading capacity, diluent shortages or diluent price premiums can pose a 
significant problem for new bitumen supplies. The following table shows the diluent 
impacts for 1MMBD of new bitumen supply:  

  
       C5

+ diluent             Alternate diluents 
Rail bit Dilbit C4 Dilbit SCO Dilbit LCO Dilbit 

Fract. dil in blend 0.17 0.22 0.28 0.43    0.47 
KBD dil per MMBbit 205 282 389 754 887 

 

                   (where = SCO = fully upgraded SCO ; LCO = Light Crude Oil)  

These supplies of potential diluents are not available, without importing from offshore 
suppliers or by recycling from end-use (USA) refineries.  
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Without upgrading, diluent is a serious issue for oilsands production expansions. The 
recent decision of the U.S. (2014) to allowing C5

+ exports may alleviate diluent supply 
issues, but it doesn't alleviate diluent price-premium issues.  

 
(3) Upgrading 

 
Without an apparent solution to the diluent issue, upgrading may be a necessity for 
continued expansion of oilsand production. There are 3 kinds of upgrading that are 
potentially viable:  

(i) Partial upgrading - the objective is to produce a pipelinable product (viscosity 
less than 300 cp., and API density >22), so the product can be marketed to US or 
Canadian customers/refiners without the use of diluent. The P.Upgrader could be 
located at a field site or at a regional (Edmonton) site. So far (2017) no partial 
upgrader has been constructed nor announced. 2 issues – limited market (HO); 
not avail as blend to replace dil. 
 

(ii) Full upgrading - the objective is to produce a widely marketable SCO that has 
equivalent (or better) properties than a light, sweet crude. Most of the upgraders 
in Canada no have been constructed and operated with this objective.  
 

(iii) Full upgrading + refining - the object is to refine bitumen into marketable products 
(gasoline, diesel, jet fuel...) and perhaps to produce a SCO blend that is also 
marketed separately. Except for the local markets, because of the lack of product 
pipelines in Canada, this option has restricted opportunity.  

An incremental IMMBD of new bitumen production would probably necessitate the 
construction of significant new upgrading capacity in Alberta. 

 
(4) CO2 emissions  
 

If SAGD design case (Table 10.10) is used as a template for business as usual, IMMBD 
of incremental bitumen production would result in 73,000 tonnes/d of CO2 (26.64 million 
tonnes/yr) or 19,907 tonnes/d of carbon (7.265 million tonnes/yr). 
 
In 2016 oilsands emissions were 66 Mt (CO2E). The Alberta government announced a 
cap of 100 Mt (CO2E), leaving 34 Mt (CO2E) for future growth. If incremental volumes of 
bitumen are based on SAGD, the limit could be quickly approached. 
 
“Fortunately, if modest mitigation measures are applied to incremental production using 
new opportunity processes, increases in CO2(E) emissions can be modest. Two measures 
are attainable: 

(1) New electricity capacity from non-CO2 sources - hydro, nuclear, renewables. 
(2) A system to capture, pipeline and sequester CO2 (mostly from ISC process vent gas).  
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(5) Pipelines 
 

A pipeline system, serving the oilsands, offers the opportunity to centralize commodity 
production to achieve economies of scale, to reduce risks (ie. impacts of outages) for 
individual users and to focus construction and operations costs at a central site with a 
good supply of labour (i.e. Edmonton area). Some commodity gases (eg. hydrogen, 
oxygen) can be pipelined over long distances at modest costs /risks. 

There are four commodity pipeline systems that may be attractive for oilsands 
developments -  

(i) Hydrogen gas - upgrading is much more hydrogen-intensive than a typical oil 
refinery. A full range upgrader using a hydrogen addition technology can use up 
to about 2500 SCF hydrogen per barrel of bitumen. The average US refinery 
uses about 230 SCF H2/bbl, about one tenth the demand for an upgrader. 

For a 1 MMBD increment of bitumen upgraded, with an average hydrogen 
consumption of 2000 SCF/bbl, the annual H2 use is about 730 BCF/yr (about 2 
BSCF/day). This volume may be sufficient to spur construction of a hydrogen 
pipeline system to provide hydrogen to field or regional upgraders. To put this in 
perspective, the world's largest hydrogen pipeline system is operated by Air 
Products in the U.S. Gulf Coast area, with a capacity of 1.4 BSCFD, with 22 
separate H2 suppliers, stretching from Texas to Louisiana, over 600 miles long. 

(ii) Oxygen gas - bitumen EOR can use oxygen directly as a source of energy for 
ISC processes. Oxygen can also be used for POX processes producing syngas 
or hydrogen (eg. Long Lake integrated uppgrader/SAGD process). If [O+W+ST] 
is used as a template for 1 MMBP of new bitumen production, using the 25 KBD 
module design (Table 7.27), oxygen demand for 1 MMBD of new incremental 
production can be as high as. 105,000 tonnes/day or 2.75 BSCFD. 

To put this into perspective, the world's largest single-train cryogenic oxygen 
plant (Circa, 2005) (at Long Lake AB) (Kerretal, 2002) has a capacity over 3000 
tonnes/day oxygen. So the 1 MMBD increment described above would require 35 
such plants. Several commercial oxygen pipelines exist, worldwide, with some 
exceeding 100 miles in length. 

(iii) CO2 sequestration - Sequestration may be necessary to attain emission goals set 
by Alberta. If B[O+W+ST) is used as a template process (Table 7.27(a)) about 
0.68 of the total CO2 emissions arise from vent gas emission to the atmosphere 
of process gases produced by ISC. Most of this gas is pure CO2 that can be 
captured, treated (dyed) and pipelined to a sequestration site. 

For 1 MMBD of incremental bitumen production, the sequesterible CO2 amounts 
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to 181219 tonnes CO2(E)/d or 66 Mt/yr. (12.7 BSCF/yr). This can easily support a 
CO2 gathering /sequestering project. 

(iv) Diluent - without upgrading bitumen marketing in pipelines will require a diluent to 
reduce viscosity to acceptable limits for commercial pipelines. For an incremental 
1 MMBD of bitumen, if the product were to all be pipelined to market, a pentane 
plus (C5

+) diluent demand would be about 390 KBD (Table 1.11) with 1.39 MMBD 
of blend. This supply is not available today and would be difficult to obtain. 

Pipelines may be needed to recirculate diluent from regional upgraders (ie. 
Edmonton) or, in the extreme, to recirculate diluent from end market users (eg. 
Houston) or to provide diluent from off-shore suppliers.  

(6) Electricity 
 

Electricity is another commodity that can be transported practically, over long distances 
at modest costs. If ISR(ST) is used as the template for electric EOR impacts (Table 
10.10), 1 MMBD of incremental bitumen production would consume electricity at a rate 
of 9080 MW(e).  

To put this into perspective, the current (2017) total installed capacity for the province of 
Alberta is about 16,000 MWe). So, 1 MMBD of new EEOR capacity would require about 
50% of Alberta's electrical generation capacity. 
 
Also, for another perspective, a world-scale nuclear plant produces about 2000 MWe) at 
capacity. So, 1 MMBD of new EEOR bitumen production, with zero CO2 emissions using 
ISR(ST), could be accomplished by 5 new world-scale nuclear plants.  

 
(7) Water Use  
 

Many new opportunity bitumen EOR processes do not use water (net) or produce 
surplus water (Table 10.2). The worst-case scenario is a continued use of SAGD 
process types. Using the SAGD design module (Table 3.7), 1 MMBD of new, 
incremental bitumen production would require about 338,000 bbl/d of make-up water. 
This water could be fresh or brackish, depending on the water treatment process 
chosen, but it could still pose an environmental concern.  

To put this in perspective, it may be useful to consider river flows in the area:  

  M3/sec MMB/D 
Athabasca River average discharge 783 426 
 max. discharge 4790 2604 
 min. discharge 75 41 
Peace River average discharge 2110 1147 
 max. discharge 9790 5322 
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 min. discharge 344 187 
 
                                                                      (Wikipedia, 2017)  

 
The N.E. section of Alberta is blessed with an abundance of water. The 1 MMBD SAGD 
increment, would use only 0.83 percent of the minimum flow of the Athabasca River or 
0.18 percent of the minimum flow of the Peace River.  
 
Incremental bitumen production using any EOR process, should not pose a concern to 
wildlife in the area, if properly managed. 

 
(8) Natural Gas Use  
 

Natural gas can potentially be a constraint for incremental bitumen production. If SAGD 
is used as the template for potential gas demands (Table 10.10), for 1MMBD of 
incremental bitumen production, natural gas use as boiler fuel to produce steam, 
amounts to 1389 MMSCFD or 1.39 BSCFD.  
 
Today (2017) about 68 percent of Canada's natural gas production is secured from 
Alberta. Today's (2016) Alberta gas production is about 10 BSCFD. So, gas demand for 
1MMBD increased bitumen production is significant but not dominant. 
 
Natural gas supplies should not be an issue for oil sands developments. (But CO2 
emissions from nat. gas combustion can be significant). 

 
(9) Solvent Losses  
 

Would 1MMBD of incremental bitumen, using solvents in an EOR process, pose a risk to 
solvent supplies? If [ST+SV] is taken as the template process, using a design 
performance (avg.) of SOR =3 and a solvent/steam ratio as per default inputs (Rsvs = 
0.25), then solvent losses (LSVOR) would amount to 0.03 bbl/bblB. For 1MMBD bitumen 
production, solvent losses woud be 150,000 bbls/day. The solvent would most likely be 
butane (nC4).  
 
Alberta's current i nC4 production (circa 2017) is about 90,000 bbls/day. So, the potential 
impact of [ST+SV] losses is important factor if growth is primarily a SV based process.  

10.5    Other Issues  

 Other, periphery issues can relate to and influence oil sands developments, including:  
 

(1) AOSTRA 
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The Alberta Oil Sands Technology and Research Authority was formed as a Crown 
Corporation, in 1974, by the then Premier of Alberta, Peter Lougheed. As shown in 
Table 10.11, over its 15 years of operation (1974-2000) AOSTRA spent $620 million. 
Using the joint venture approach with industry, universities and R&D laboratories 
developed several technologies, including SAGD at its UTF facility in the heart of the 
Athabasca oil sands. The AOSTRA issue is whether or not the expenditure was 
warranted and resulted in a net benefit to the Province?  

Without accounting for spin-off benefits (taxes, jobs...), assuming the Provincial royalty 
take will average about 5$/bbl bitumen, at today's production rates of one million 
barrels/day, the annual government take is about $1.8 billion. So’ if SAGD development 
and use is attributed to AOSTRA, the AOSTRA expenditures have earned tremendous 
benefits for the province, with a pay back of 126 days.  
The problem is that naysayers will have claimed that the technology would have been 
developed without AOSTRA, and that the benefits would have also accrued without 
AOSTRA. The issue will never be resolved. 

 
(2) Sulfur  

 
Sulfur is a major product with a significant history in Alberta (Table 10.12). In the 1950-
1970's, significant sour gas discoveries and production, made Alberta a significant player 
in the world sulfur market. Sulfur was recovered from sour gas so that sweet, sales gas 
could be marketed (Figure 10.1). At the peak (1973), Alberta produced as much as 7 
Mt/yr of elemental sulfur and Alberta was the world's leading sulfur producer, dominating 
the world sulfur market. Not all of the sulfur could be sold, and sulfur inventories 
increased to a peak of about 21 Mt sulfur in 1978. These ‘yellow pyramids’ of Alberta 
represented the largest S stockpile ever seen in the world. At the same time, Alberta 
developed a world leading expertise in sulfur recovery technology (eg. Western 
Research and Development Ltd., Calgary). 
 
Since 1973, Alberta S production has declined as the sour gas production has matured. 
Today Alberta produces only about 2 Mt/yr sulfur from sour gas processing. But this 
decline will be supplanted by sulfur produced from bitumen upgrading/refining. Since 
2015, sulfur produced from upgrading has exceeded sulfur produced from sour gas 
processing. Today, Alberta produces about 4 Mt/yr of sulfur - second in the world to only 
the USA – and production is growing.  
 
For each 1 MMBD bitumen upgraded (or refined) in Alberta, about 2.9 Mt/yr of sulfur will 
be produced. As the oilsands are developed, Canada will again become the world's 
largest sulfur producer and will dominate the world sulfur market. Unless new end-use 
technology is developed, the yellow pyramids of Alberta may re-emerge. 
  
Bitumen has a higher sulfur content (5 w/w percent) than most crude oils. So, any 
upgrading/refining of bitumen will produce more sulfur than a conventional oil refinery 
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(US refinery average sulfur content feedstock. 1.45 w/w % circa 2015)  
 

(3) Turbo Expander Applications/Synergies   
 

There is a process integration opportunity that may be valuable for processes with an 
ISC component (i.e. [A] or [O]), particularly to hybrid processes also with an [EM] 
component (i.e. [A+EM], [A+W+EM], [O+EM], or [O+W+EM]). 
  
The vent gas from an ISC process is substantially at/near process pressures (ie. 200 – 
400 psia). This is the same pressure range for intermediate gasses used in a jet engine 
(ie. a turbo expander). ISC vent gas also needs to be incinerated (and/or desulfurized) 
for treatment prior to atmospheric venting. This can be accomplished as shown in figure 
10.2 and where ISC is integrated with air compression or oxygen production. Both 
compressed air and cryogenic air separation/oxygen production can be accomplished 
using electric drivers. Processes with an [EM] component use electricity directly.  
Steam can also be produced using some heat in the expander exhaust gas (ie. cogen) 
so the scheme may also be a fit for [A+ST], [O+ST], [A+W+ST], and [O+W+ST) EOR 
processes. 

 
(4) Cyclic Processes  
 

As discussed in 6.6 (3) (iii) EMEEOR has a potential problem with pressure build-up 
because steam production by EM absorption by connate water may exceed net water 
removal by the production wells. Flow paths from the absorption site may not be 
established to the production well or live steam may enter the production well. One 
practical solution to the issue is to operate EMEEOR as a cyclic process within a 
pressure band. In the huff part of the cycle, the EM antenna is operated at/near full 
power and production is controlled so that live steam is not produced. Pressure 
increases until a target P is attained. When this occurs, power is shutoff and liquids are 
produced until a target min. P is attained (ie. the ‘puff’ part of the cycle). Power is then 
restored to the antenna and the cycle is repeated.  

There are several possible ways to conduct a cyclic EOR process, but the dominant 
option is to cycle the process pressure (P). Some of the options and/or considerations 
are as follows: 

 
(i) It may be easier to operate a process within a band of pressure, rather than 

attempting to operate at/close to a single target pressure. This is akin to a 
thermostat operating with a dead band of temperatures. Because the algorithms 
representing the physical properties of the reservoir, the reservoir fluids and the 
process injectants are generally non-linear it may be expected that pressure 
cycling about a fixed pressure target can be beneficial or harmful to process 
performance. Tables 10.13 and 10.14 compare the average performance factors 
for a P-cycling process to the performance factors at the mean P, for a ± ten 
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percent P-band.  

The ultimate performance factor is the total cost of the process ($/M3B). Of the 6 
processes studied, only 1 process (dISC (A)) showed a net harmful effect of P-
cycling. The other 5 processes either showed a net beneficial effect (SAGD, ISR, 
EEOR, DISC(O) +ST) or showed no effect at all (wISC(O)). In any case, the size 
of the effects was almost negligible (< 0.1%) for all the processes studied for a 
±10 percent P cycle, centered at P=2000 KPa. 

(ii) If P is allowed to cycle over a wide range, similar to CSS, the cycle effects as 
shown in table 10.14 (for P avg. = 2200 KPa ±90.9 %). Using total costs as the 
ultimate performance factors, the average cost during the P-cycle is 54.99 $/M3, 
while the cost at the average P is 63.10 $/M3B. The benefit of P-cycling is 8.11 
$/M3B or 12.9% of the cost at fixed P. If the maximum P (4200 KPa in the table    
example) exceeds fracture pressure, added advantages can be achieved if the 
reservoir geology is sufficient to allow for containment of the fractures (ie. similar 
to Cold Lake). The fractures can create an incremental horizontal conduit for 
distribution of injection fluids (eg. steam) and for collection of produced fluids (eg. 
water, heated bitumen). 

(iii) Steam processes, where steam is produced using a centralized boiler and 
distributed to the individual well heads using an extensive distribution system, 
may have some difficulty to cycle pressures, particularly if wells are at different 
parts of the Pcycle. However, the ISR and SWESAGD processes can easily 
adjust P, independently, for each well, including conditions above fracture P, or 
parting P, if desirable. 

(iv) It may also be desirable to cycle P for processes containing a solvent component 
(but not above fracture P). Operation above fracture pressures is consistent with 
a CSS-type process and can be effective with good fracture confinement 
reservoirs (eg. IOL Cold Lake). High P maximizes the spatial distribution of 
solvent gas and maximizes the latent heat delivery. P- gradients can provide 
some mechanical energy to increase solvent-bitumen dissolution rates. Low P 
adds solution gas drive mechanisms and provides some additional mechanical 
energy.  

(v) Another type of cyclic process may be necessary if the reservoir contains some 
non-condensable gas (eg. CH4) either as an initial gas saturation or as solution 
gas, and the EOR process does not contain a way (eg. vent gas well) to remove 
the gas from the process. Periodically, it may be necessary to blow down the well 
and remove nc gas from the reservoir. 

(vi) A unique cycling process is available for processes containing an EEOR 
component (EM, ISR, SWESĄGD ...). Electricity costs from a grid source are 
cyclic during the day. By varying electricity demand during the day an EEOR 
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project can substantially reduce costs – by as much as 50 percent of the project 
is willing to respond to time-of-day pricing opportunities and cycle demand 
up/down 3 or 4 times per day.  

(vii) EMEEOR process may necessitate a natural process cycle as pressure builds up 
due to connate water evaporation (see 6.6(5)). 

(viii)  If n.c.gas builds up in the reservoir (eg. from solution gas or solvent gas 
impurities) the EOR process could benefit from cyclic removal (eg. blowdown) of 
the n.c. gas.  

 
 (5) THẠI Geometry - Can it be saved?  

Toe-to-heel (TTH) geometry with a vertical injector and a horizontal production well is 
the simplest potential multi-well geometry with short bitumen flow paths for effective 
drainage and a simple injector (Figure 2.5). One weakness of TTH geometries is for 
processes with an ISC component where the vent gas is removed in the same well and 
at the same temperature as the produced liquids. If the vent gas is steam-saturated, this 
can lead to various process inefficiencies.  
 
Table 10.15 shows how selected processes with an ISC component behave when vent 
gases are removed at the same T as produced liquids. Under these conditions, the ISC 
(air) processes are not competitive with SAGD. But the ISC (oxygen) processes are still 
competitive and wISC(O) has less than half the opex of SAGD.  
 
This may be a vehicle to save TTH geometry for bitumen EOR.  

10.6    Conclusions  

Supported by the analysis and results hereen, the following conclusions are warranted:  
 

(1) Canada's bitumen resources are a world-class liquid hydrocarbon resource, with an 
ultimate resource up to about 3 trillion bbls. OOIP (depending on source used). 
 

(2) Surface mining/extraction has the potential to recover about 34 billion bbls, only about 1 
percent of the ultimate potential resource. 
 

(3) The remaining recoverable resource must come from in situ EOR processes.  
 

(4) There are currently 3 field-proven EOR processes to recover oil sands bitumen. Cyclic 
steam stimulation (CSS) is a huff-and-puff EOR process developed by IOL in Canada, 
but recovery factors are poor and applicability is limited to resources contained by a 
strong cap rock. SAGD is a continuous EOR process using horizontal well pairs. SAGD 
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with a solvent added. [ST+SV] is an improvement on SAGD. 
 

(5) The nomenclature for hybrid processes, developed herein, is a useful and descriptive 
way to characterize next generation, hybrid, bitumen EOR processes.  
 

(6) There are 6 possible, practical injectants for hybrid processes. Five of the injectants can 
describe potential processes by themselves – [O] and [A] are ISC processes using 
oxygen and air, respectively; [ST] is steam (eg. SAGD); [SV] is solvent gas injection (e.g. 
SOLVEX) and [EM] is electromagnetic radiation injection. The 6th injectant is water [W] 
used to scavenge heat and redistribute energy. 
 

(7) Binary hybrids use two injectants for EOR (eg. [ST+SV])  
 

(8) Tertiary hybrids use three injectants (eg. B[O+W+ST]) 
 

(9) SAGD [ST] and SAP [ST +SV] are now the dominant processes used to recover 
bitumen, but they have serious concerns: 

 performance deteriorates rapidly as process pressure/depth increase 

 water use and CO2 emissions are significant 

 potential applications are limited by depth, thickness...  

 project size is limited by surface steam transportation limits 

 pattern recovery and size is limited by well length and conformance issues 
 the process(es) may be considered as high-cost compared to alternatives  

 
(10) ISC ([A]; [O], [A+W], [O+W]) has always been considered as the ‘holy grail' of EOR 

because it is potentially the low-cost process alternative. Wet ISC is an improvement on 
dry ISC. ISC using oxygen is an improvement on ISC using air. ISC is a field-proven 
process for medium and some heavy oils. But, for bitumen it has serious issues:  

 high well counts for pattern recovery, 
 protracted and complex startup procedure, 
 potential low productivity, zone instability 
 poor field-test history (eg. THAI),  
 highest CO2 emitter 

 
(11) Solvent [SV] processes (eg. SOLVEX) can alleviate many of the environmental issues, 

but SOLVEX also has serious concerns:  
 solvent demand for process heating greatly exceeds solvent demand for bitumen 

dissolution (i.e.the process is out of balance), 
 opex can be high, dominated by the cost of solvent losses, 
 solvent loss costs are also risky, not totally determined till the end of the project, 
 start up can be protracted and difficult, 
 limited operating range (T,P), dictated by solvent properties 
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(12) EM electric [EM] processes have potential, but also have some significant issues: 
 no flow paths are established by energy injection 
 electricity as the high cost alternative for energy, 
 EM antenna capacity is too low, needs significant development,  
 CO2 emissions can be high if electricity is sourced from hydrocarbon combustion, 
 poor field test history (except for ES EIEH?) 
 hard to control P, may need to be a cyclic process. 

 
(13) One way to ameliorate some of the issues for [ST] or [ST+SV] is to generate the 

injectants, down-hole, using electric resistance heaters. Both ISR and SWESAGD use 
this concept. For these down-hole configurations to reflux steam (or (ST+SV)) it is only 
necessary to supply the latent heat needed, not the total heat needed for surface 
boilers. Electric resistance heaters have enough energy intensity (KW/M length) to 
provide sufficient steam or [ST+SV] to mirror SAGD or SAP using downhole reflux.  
 

(14) Another way to ameliorate some of the issues, for the pure injectant processes, is to 
use a hybrid process with 2 or 3 injectants, where one or more of the injectants can 
compensate for some of the issues of the prime dominant injectant. 
 

(15) After modeling 22 process types and analyzing process performance, 8 hybrid 
processes are identified that can operate at lower costs than SAGD and/or can operate 
with reduced emissions and/or that have applications for special circumstances (e.g. 
deep reservoirs). 

These 8 processes are as follows, in order of increasing opex costs  
(i) B[O+W+EM]  - EM can fix ISC processes instabilities,  
(ii) [SV+ST]         - ST can balance SV demands, 
(iii) B[O+W+ST]   - ST can also fix ISC process instabilities, 
(iv) [SV+EM]        - EM can also balance SV demands, 
(v) ISR [ST+SV]  - improves on SAP performance, especially at depth 
(vi) ISR(ST)          - improves on SAGD performance, especially at depth 
(vii)  [ST+EM]        - good? for capless reservoirs 
(viii) SWESAGD   - good for deep, thin pay resources  

All processes are new/innovative concepts with good, prospective performance.  
Hybrid processes have excellent prospects to be the next generation for EOR oilsands. 
 

(16)  It is possible using these new processes to produce bitumen with low, near-zero, CO2 
emissions if (i) electricity is purchased / produced from non-CO2 sources, and (ii) vent 
gas from ISC [O] process types is directly sequestered. 
 

(17) Three of the new processes (B[O+W+ST], B[O+W+EM], and [SV+EM]) use no net 
water or produce a water surplus Three processes (ISR (ST), ISR [ST+SV] and 
[SV+ST]) use much less water than SAGD. Two processes (SWESAGD and [ST+ EM]) 
use less water than SAGD but are still significant water users.  
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(18) Three processes (ISR(ST), ISR[ST+SV], SWESAGD) are single-well processes that 

generate heat in situ, with potential beneficial applications to deep resources, off-shore 
resources or to thin-pay resources. 
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Table 10.1 
 

20 Processes Modelled 
 
 

Injectants 
Other Common 

Names 
Comments 

Single:   

(1) [ST] SAGD Commercial, dominant process, compositor 

(2) [ST] ISR(ST) Reflex SAGD, needs field test 

(3) [ST] SWESAGD Needs field test, good for HO? 

(4) [SV] SOLVEX,… May not be practical for pure solvent 

(5) [A] Dry ISC(Air) May not be practical, unstable SZ.  

(6) [O] Dry ISC(Oxygen) May not be practical, unstable SZ.  

(7) [EM] EEOR May not be practical as a dominant component 

Binary Hybrids:   

(8) [O+W] Wet ISC(Oxygen) May not be practical, unstable SZ 

(9) B[O+ST] Dry SAGDOX Not practical c/w (17) 

(10) [A+W] Wet ISC(Air) Practical only for shallow reservoirs 

(11) B[A+ST] - Not practical c/w (19) 

(12) [ST+SV] SAP,… Successful commercial process 

(13) [ST+SV] ISR [ST+SV] Needs field test, good potential 

(14) [ST+EM] - 
EM can enhance lateral growth, capless 
reservoirs 

(15) [SV+ST] - ST balances SV use/demand 

(16) [SV+EM] ESEIEH? EM balances SV process 

Tertiary Hybrids:   

(17) B[O+W+ST] Wet SAGDOX ST stabilizes SZ 

(18) B[O+W+EM] Wet ESAGDOX EM stabilizes SZ 

(19) B[A+W+ST] - ST stabilizes SZ 

(20) B[A+W+EM] - EM stabilizes SZ 
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Table 10.2 
 

20 Modelled Processes 
 
 

 
Specific 
Models 

Commercial 
Success? 

Field 
Tested? 

 
Proprietary  
Technology  
 

Single:     

(1)    SAGD 1    

(2) ISR(ST) 1    

(3) SWESAGD 1    

(4) [SV] 31    

(5) [A] 1    

(6) [O] 1    

(7) [EM] 1    

Binary Hybrids:     

(8) [O+W] 1    

(9) B[O+ST] 1    

(10) [A+W] 1    

(11) B[A+ST] 1    

(12) [ST+SV] 31   ? 

(13) ISR [ST+SV] 31    

(14) [ST+EM] 1    

(15) [SV+ST] 31    

(16) [SV+EM] 31    

Tertiary Hybrids:     

(17) B[O+W+ST] 1    

(18) B[O+W+EM] 1    

(19) B[A+W+ST] 1    

(20) B[A+W+EM] 1    

 170 2 6 5 
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Table 10.3 
 

20 Modelled Processes 
 
 

 

Opex Less 
Than 
SAGD?  
 

CO2 less 
Than 
SAGD? 

CO2 
Mitigation 
Potential? 

ETOR Less 
Than 
SAGD? 

F. Net 
Water  
User? 
 

Single:      

(1)    SAGD      

(2) ISR(ST)      

(3) SWESAGD      

(4) [SV]      

(5) [A]   ?   

(6) [O]      

(7) [EM]      

Binary Hybrids:      

(8) [O+W]      

(9) B[O+ST]      

(10) [A+W]      

(11) B[A+ST]      

(12) [ST+SV]      

(13) ISR [ST+SV]      

(14) [ST+EM]      

(15) [SV+ST]      

(16) [SV+EM]      

Tertiary Hybrids:      

(17) B[O+W+ST]      

(18) B[O+W+EM]      

(19) B[A+W+ST]      

(20) B[A+W+EM]      

 14 14 12 12 7 
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Table 10.4 
 

Bitumen EOR - Process Generation 
 
 

S.F. Injectants 
 

Common Names Comments 

First Generation (Field-Proven, Commercial Production) 

(1)    [ST] SAGD world’s largest bitumen producer 

(2) [ST] CSS IOL Cold Lake, limited applicability 

(3) [ST+SV] SAP… better than SAGD 

Second Generation (Field-Tested, not Commercialized, Failures?) 

(4) [A] THAI… test failure 

(5) [O] Dry ISC(Oxygen) BP, Cold lake tests 

(6) [A+W] Wet ISC(Air) H.oil tests (Ch.4) 

(7) [O+W] Wet ISC(Oxygen) H.oil tests (Ch.4) 

(8) [EM] ESEIEH Now in field testing 

(9) [SV] SOLVEX… DOVAP tests 

Third Generation (no Field Tests, Conceptual, Lab Tests?) 

(10) [SV+ST] SOLVEX+ST  

(11) [SV+EM] SOLVEX+EM ESEIEH tests underway 

(12) [EM+SV] EM+ Solvent ESEIEH tests underway 

(13) [ST+SV] ISR(ST+SV) needs field test 

(14) [ST+EM]   

(15) B[O+ST] Dry SAGDOX  

(16) B[A+ST]  Air is inferior to Oxygen (Ch.4) 

(17) [ST] ISR(ST) Lab tests underway 

(18) [ST] SWESAGD Focus on deep, thin reservoirs 

(19) B[O+W+ST] Wet SAGDOX  

(20) B[O+W+EM] Wet ESAGDOX  

(21) B[A+W+ST]  Air is inferior to oxygen (Ch. 4) 

(22) B[A+W+EM]  Air is inferior to oxygen (Ch. 4) 

 

Where: - CSS is not modeled 
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Table 10.5 
 

Elite Eight Performance Factors 
 
 

                      'Elite Eight' 

 
 

SAGD ISR(ST) ISR(ST+SV) ST+EM SV+ST SV+EM SWESAGD B[O+W+ST] B[O+W+EM] 

Costs:           

Process Costs   ($/M3B) 55.45 53.34 52.98 54.91 45.19 53.15 60.61 34.04 24.91 

CO2 Tax     ($/M3B) 1.74 1.69 1.57 1.49 0.89 1.15 1.66 3.71 2.21 

Cost + Tax ($/M3B) 57.19 55.03 54.55 56.64 46.08 54.30 62.27 37.75 27.12 

Injectants:            

SOR (M3L/M3B) 1.762 - 0 0.926 0.788 - 1.330 0.318 - 

Elec. Use    (KWh/M3B) - 761.9 - 368.2 - 467.0 746.4 - 170.4 

O2 Use (nM3/M3B) - - - - - - - 259.1 140.0 

Air Use (nM3/M3B) - - - - - - - - - 

SV Losses  (M3L/M3B) - - 0.015 - 0.083 0.083 - - - 

Emissions:           

Vent gas (wet)  (nM3/M3B) - - - - - - - 234.3 126.6 

DCO2                  (nM3/M3B) - - - - - - - 220.5 119.1 

ICO2                     (nM3/M3B) 137.5 133.9 123.9 137.0 70.5 90.9 131.2 72.4 55.6 

TCO2                   (nM3/M3B) 137.5 133.9 123.9 137.0 70.5 90.9 131.2 292.9 174.7 

Water Use:           

PWOR           (M3L/M3B) 1.750 - 0 0.914 0.788 - 1.328 1.174 1.755 

WRR             (M3/M3) 0.993 - - 0.988 - - 0.999 1.253 - 

Other Diagnostics:        

Oper. Temp           (ºC) 204.8 204.8 202.6 204.8 102.8 106.4 204.8 198.8 197.0 

ETOR              (GJ/M3B) 4.755 2.743 2.539 3.913 2.530 2.010 2.687 5.522 3.117 

r.f.                           - 0.813 0.813 0.875 0.813 0.875 0.875 0.813 0.896 0.941 

µprodmix             (Cp) 10.04 10.04 <10 10.04 0.706 0.275 10.04 11.31 11.5 

 

Where:  - default inputs (P = 1724 KPa) 

  - SV = nC4 for above processes with a SV component 

  - Oper. Temp. = T of produced liquids. 
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Table 10.6 
 

Elite 8 - Process Rankings 
 
 

 Factors    

Process Cost+Tax ETOR TCO2 µbit 
Composite 

A 
Composite 

B 
Composite 

C 

Comparator:        

SAGD 8 8 7 5.5 9 9 9 

Elite 8:        

ISR(ST) 6 5 5 5.5 4 6 4 

ISR[ST+SV] 5 3 3 3 3 3 3 

[ST+EM] 7 7 6 5.5 7 7 7 

[SV+ST] 3 2 1 2 1.5 1 2 

[SV+EM] 4 1 2 1 1.5 2 1 

SWESAGD 9 4 4 5.5 5 8 6 

B[O+W+ST] 2 9 9 8 8 5 8 

B[O+W+EM] 1 6 8 9 6 4 5 

Totals 45 45 45 45 45 45 45 

 
Where:  - Best=1; Worst = 9 
  - no CO2 mitigation 
  - Composite A = equal weighting on all factors 
              - Composite B = equal weighting – cost + sum of other factors  
              - Composite C = equal weighting – cost + CO2+ sum of others  
             - Table 10.9 used for rankings. 
              - default input values  
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Table 10.7 
 

 Top Process Rankings, in Order  
 
 

 Factors Composite 

Ranking Cost+Tax ETOR TCO2 bit µ A B C 

1 B[O+W+EM] [SV+EM] [SV+ST] [SV+EM] [SV+EM] T [SV+ST] [SV+EM] 

2 B[O+W+ST] [SV+ST] [SV+EM] [SV+ST] [SV+ST] T [SV+EM] [SV+ST] 

3 [SV+ST] ISR[ST+SV] ISR[ST+SV] ISR[ST+SV] ISR[ST+SV] ISR[ST+SV] ISR[ST+SV] 

4 [SV+EM] SWESAGD SWESAGD SWESAGDT ISR(ST) B[O+W+EM] ISR(ST) 

5 ISR[ST+SV] ISR(ST) ISR(ST) [ST+EM] T SWESAGD B[O+W+ST] B[O+W+EM] 

6 ISR(ST) B[O+W+EM] [ST+EM] ISR(ST) T B[O+W+EM] ISR(ST) SWESAGD 

7 [ST+EM] [ST+EM] SAGD SAGDT [ST+EM] [ST+EM] [ST+EM] 

8 SAGD SAGD B[O+W+EM] B[O+W+ST] B[O+W+ST] SWESAGD B[O+W+ST] 

9 SWESAGD B[O+W+ST] B[O+W+ST] B[O+W+EM] SAGD SAGD SAGD 

 
Where:  - best = 1, worst = 9 
  - no CO2 mitigation 
  - Composite A - equal weighting on all factors 
  - Composite B- equal weighting on costs & sum of other factors 
  - Composite C- equal weighting on costs, TCO2 & sum of other factors 
  - default input values 
  - See also Table 10.10  
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Table 10.8 
 

 Elite Eight P Sensitivity  
(Cost +Tax, $/M3B) 

 
 
 

 Process Pressure (KPa) 

 1724 2500 4500 6500 8500 10500 

Comparator:       

SAGD 51.14 60.95 95. 80 177.10 241.16 337.06 

‘Elite Eight’:       

[ISR(ST)] 53.34 59.28 72.33 101.06 110.53 115.84 

ISR[ST+SV] n/a n/a n/a n/a n/a n/a 

[ST+EM] 56.64 n/a 92.62 n/a 183.99 n/a 

[SV+ST] n/a n/a n/a n/a n/a n/a 

[SV+EM] n/a n/a n/a n/a n/a n/a 

SWESAGD 62.27 69.74 83.81 123.09 132.38 141.01 

B[O+W+ST] 37.75 43.21 55.45 96.96 108.61 120.84 

B[O+W+EM] 27.12 34.84 49.03 59.49 n/a n/a 

 
Where:  - default input values, except for P 
  - see Table 3.5 for SAGD, Qwh= 1.0 algorithm for depth 
  - ISR (ST+SV) has similar sens. as ISR (ST) ie. little sens. 
  - SV processes have significant P restrictions (see Ch.5)  
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Table 10.9 

25 KBD Plant Module Design Basis 
 
 

Selected 
Processes 

Steam NG 
Use 

(MMSCFD) 

SV 
Losses 
(B/D) 

O2 Used 
(MMSCFD) 

Steam 
(KBD) 

Electricity  
MW(e) 

CO2 
Emission 
(Kt/yr)  

Net 
Water 
Use 
(KBD) 

Comparator:        

SAGD 34.74 - - 79.3 - 666.1 8.45 

‘Elite Eight’:        

[ISR(ST)] - - - - 227 471.9 0.27 

ISR[ST+SV] - 688.8 - - 210 600.7 0 

[ST+EM] 23.18 - - 52.9 81.4 676.7 5.84 

[SV+ST] 15.54 3738.0 - 35.48 - 341.7 3.55 

[SV+EM] 0 3738.0 - - 139 440.6 0 

SWESAGD - - - - 223 449.0 5.84 

B[O+W+ST] 15.02 - 17.31 34.3 - 1654 (1.71) 

B[O+W+EM] - - 35.39 - 50.8 846.8 0 

 
Where:  - design case LR=0.5; 600B/D productivity/well pattern 
  - 25 KBD module 
  - 41.7 patterns/module 
  - net water use = – RWS = – (PWOR – (SOR/0.9) – IWOR) 
  - NG use = 438 SCF/bbl steam. (for stm. production) 
  - 1 tonne CO2 = 46,529 SCF = 1317.6 nM3  
  - 1 tonne O2 = 26,173 SCF = 741.1 nM3 
  - ve net water use = water surplus 
  - NG use only for steam production 
  - SV = nC4 
  - no mitigation for CO2 emissions  
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Table 10.10 
 

1 MMBD Production Impacts 
 
 

Selected 
Processes 

Steam 
NG Use 
(BSCFD) 

SV 
Losses 
(KBD) 

O2 Used 
(BSCFD) 

Steam 
Used 
(MMBD) 

Elec. 
Used  
(MW(e)) 

CO2 
Emission 
(Mt/yr)  

Net 
Water 
Use 
(MMBD) 

Comparator:        

SAGD 1.389 - - 3.172 - 26.64 0.338 

‘Elite Eight’:        

[ISR(ST)] - - - 3.172 9,080 18.88 0.0017 

ISR[ST+SV] - 27.55 - - 8,418 24.027 ~0 

[ST+EM] 0.927 - - 2.116 3,256 27.068 0.234 

[SV+ST] 0.622 149.52 - 1.419 - 13.668 0.142 

[SV+EM] - 149.52 - - 5,560 17.624 0 

SWESAGD - - - - 8,920 17.960 0.234 

B[O+W+ST] 0.601 - 2.750 1.372 - 66.16 (0.068) 

B[O+W+EM] 0 - 1.416 - 2,032 33.87 0 

 
Where:  - performance based on LR = 0.50 (design case) + default values  
  - NG use = 438 SCF/bbl steam 
  - negative water use = water surplus 
  - no CO2 mitigation  
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Table 10.11 
 

AOSTRA Chronology  
 

1971 - Peter Lougheed comes to power as the Alberta Premier 

1974 - AOSTRA formed, initial funding $100 m.  

 - 
Original mandate - development of new technologies for oil sands and heavy oil 
production. 

1979 - AOSTRA mandate expanded to also include conventional oil. 

1984 - 
AOSTRA initiates UTF (Underground Test facility) at Dover, AB in the Athabasca 
Oil Sands, to study bitumen in situ EOR technologies. 

1986 - AOSTRA taken over by Alberta Dept. of Energy. 

1994 - AOSTRA merged into Provincial Ministry of Energy - oil sands research division. 

2000  - August, AOSTRA dissolved, assets go to ASRA. 

2001 - AERI established, assumes AOSTRA responsibilities and programs. 

2010  - AERI renamed to Alberta Innovates - Energy & Environment Solutions. 

 

Accomplishments: 

- 15 years of AOSTRA activity & existence 1984 – 2000. 

- 23 field pilots support, with various companies. 

- UTF facility operated to develop SAGD. 

- $620M AOSTRA funds spent. 

- Several technologies developed, including (1) SAGD (2) Cold Water Extraction (OSLO), 
(3) Alberta Taciuk Process (upgrading) (ATP)...etc. 

- Sponsored programs with 17 Can. universities, 10 research organizations, 834 
agreements with various partners. 
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Table 10.12  
 

Canada's Sulfur Chronology  
 

1924 - Canada's first sour gas sweetening plant, Port Alma, Ont. 

1925 - W. Canada's first sour gas sweetening plant at Turner Valley, Alta. Royalite is the 
operator. 

1951 - Shell Oil, Jumping Pound, Alta. sour gas plant starts operation. 

1957 - Taylor B.C (near ft. St. John) starts operations. 

1963 - Alta. S production at 1 Mt/yr  

1971 - New (tougher) emission regulations, necessitates tool-gas-treatment plants for 
large operations. 

1973  - Alta. S production peaks at 7 Mt/yr., largest producer in World. 

1978 - Solid sulfur inventory peaks at 21 Mt sulfur, ‘yellow pyramids of Alberta’. 

1985 - 
Shell, Caroline, AB, extra sour gas discovery, revenues from sulfur and NGL 
exceed revenues from sales gas. 

1990 - Alta., solid sulfur inventory down to 3 Mt, inventory shrinking. 

1993  - Solid inventory/blocking continues due to market forces. 

2015 - S productions from oil sands bitumen upgrading/refining now exceeds S 
production from sour gas processing. 

2016 - S production reduced by 0.6 Mt/yr due to Ft. Mc Murray wildfires. 

 - Avg. S price, FOB Vancouver is $82 US/tonne, 2/3 increase from 2015 prices. 

2017 - New Sulfur terminal in Edmonton. 

 - Canada is now world's 2nd largest S producer (USA is first). 

 - Alberta sulfur production ~4 Mt/yr (2 from sour gas +2 from oil sands). 

 - Canada is world's largest sulfur exporter with 40% of the world sulfur trade.  
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Table 10.13 

The Effect of P - Cycling for Selected Processes  
(Entries are total costs $/M3B) 

 
 

Process Cost, Pavg. Cost PFavg. Δ Δ% 

SAGD 60.69 60.64 +0.05 +0.0824 

ISR 57.40 57.35 +0.05 +0.0871 

dISC(A) 56.78 56.81 -0.03 -0.0528 

wISC(O) 30.15 30.15 0 0 

dISC(O)+ST 60.37 60.36 +0.01 +0.0166 

EEOR 263.67 263.45 +0.22 +0.0834 

 
Where:   - entries are $/M3B total cost+tax 
  - Pavg. = 2000KPa. 
  - Pcycle, Plow = 1800 KPa, Phigh = 2200 KPa  
              Δ = Cost avg. (1/2(Phigh+ Plow) Costs) – Cost at Pavg.) 
  - +ve Δ = benefit; -ve Δ = harm 
  - except for P, process values = defaults.  
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Table 10.14 
 

 SAGD - CSS P Cycling Benefits?  
 
 

  
(1) 

 
P=200KPa 

(2) 
 

P=2200KPa 

(3) 
 

P=4200KPa 

PF average 
 

[(1) + (2)] /2 

Process Costs   ($/M3B) 25.09 61.18 81.53 53.31 

CO2 Tax ($/M3B) 0.79 1.92 2.56 1.68 

Total Cost + Tax   ($/M3B) 25.88 63.10 84.09 54.99 

Ts                        (ºC) 120.10 217.04 253.23 186.67 

ETOR             (GJ/M3B) 2.0704 5.2616 7.0336 4.552 

PWOR   (M3/M3B) 0.7959 1.9286 2.5607 1.6783 

SOR               (M3/M3B) 0.7976 1.9448 2.5916 1.6946 

ICO2                     (M3/M3B) 62.2423 151.7743 202.2494 132.246 

MUW              (M3/M3B) 0.08122 0.20906 0.2870 0.1841 

WRR              (M3/M3) 0.9980 0.99167 0.98808 0.9930 

µs                      (Cp) 123.355 8.0203 4.6231 63.9891 

r.f.                          - 0.8125 0.8125 0.8125 0.8125 

P/PH                                    - 1.000 1.000 1.000 1.000 
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Table 10.15 

TTH-ISC vs SAGD Performance 

  

  TTH ISC Process 

Performance Factors  SAGD dISC(A) dISC(O) wISC(A) wISC(O) 

Costs:       

Process Costs   ($/M3B) 55.45 65.54 49.84 86.37 24.19 

CO2 Tax         ($/M3B) 1.74 9.34 7.05 12.31 3.43 

Cost + Tax ($/M3B) 57.19 74.88 56.89 98.68 27.62 

Diagnostics:       

Ts                    (ºC) 204.8 146.5 185.6 175.2 197.4 

ETOR              (GJ/M3B) 4.755 8.439 8.325 9.097 3.145 

PWOR            (M3/M3B) 1.750 0 0 0.0158 0.0197 

SOR            (M3L/M3B) 1.762 - - - - 

O2 Use           (nM3/M3B) - 471.9 465.5 508.6 175.9 

Air Use      (nM3/M3B) - 2252.7 - 2428.2 - 

Vent (wet)  (nM3/M3B) - 2918.3 1176.9 4925.7 1052.2 

DCO2                   (nM3/M3B) - 401.6 396.1 432.9 149.7 

ICO2                      (nM3/M3B) 137.7 336.9 161.0 541.1 121.6 

TCO2                    (nM3/M3B) 137.5 738.5 557.1 974.0 271.2 

R1  - - 0 0 0.0102 0.0067 

R2 - - - - 1.800 1.704 

Rs - - 1.008 1.003 0.991 0.993 

µs                                       (cp) 10.04 44.77 15.07 19.09 11.45 

BF                    (PVF) - 0.140 0.138 0.149 0.0586 

r.f. - 0.8125 0.8251 0.8271 0.8140 0.9268 

P/PH - 1.000 1.000 1.000 1.000 1.000 

WRR                (M3/M3) 0.993 - - 0.0158 0.0084 

 
Where:  - vent gas Tv = Ts (liquids & gases are at same T)  
  - water inj rates for w ISC(A) = 100 bbls/MMSCF air 
  - water inj rates for wISC(O) = 500bbls/MMSCF Oxygen 
  - except for Tv, all other inputs = default values 
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Figure 10.1  
 

Sour Gas Plant-Schematic  

 

 

 

 

 

 

 

 Where: - NGL = natural gas liquids  

(Source: Wikipedia, 2017)  
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Figure 10.2  
 

ISC – Turboexpander/Incinerattion Schematic 
 
 
 
 

  

 Where: - EOR process has an ISC component 
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Author’s Afterword 

 

(1) My beliefs 
 

As a result of the journey outlined in this book, I have formed a set of beliefs that can go 
beyond the conclusions outlined above that are not necessarily justified as unassailable 
scientific conclusions – including: 

(i) The Canadian Oilsands are a world-class resource, a national ‘treasure’, to be 
managed and exploited by Alberta, for the benefits of citizens of Alberta, Canada, 
and the world. Exploitation is a duty, not an option. 

(ii) Man’s desire and need for liquid petroleum fuels is not insatiable, but it will be in 
force for several future generations. Electric cars may supplement the demand 
for transportation fuels. But it is hard to foresee electric airplanes or electric 
ocean liners. 

(iii) Man needs to thrive and survive. Exploitation of resources is what we do and 
what we have to do. Liquid petroleum fuels are necessary for survival and 
improvements in living conditions. Leaving bitumen in the ground is not a ‘good 
thing’ nor will it happen. The resource will be exploited. 

(iv) Extraction/production of bitumen can be accomplished under the auspices of a 
‘social license’. It can be economic, green and better than today’s technology. 

(v) Using oilsands development as the dominant source, North America can become 
self-sufficient in liquid petroleum fuels. 

(vi) Canadian bitumen is an ethical fuel produced in a country with fundamental 
values that protect human rights and protect local/regional environments. Why 
should we purchase oil from unethical suppliers to support their beliefs and 
regimes that are antithesis of our way of life? 

(vii)  The next generation of bitumen EOR technology, described herein, is practical, 
feasible and prospective. The risks are manageable and the prize is large and 
important. 

I believe that the current (2017) political and environmental focus on CO2 emissions 
containment or reduction has taken on a religious fervor that makes me very 
uncomfortable, with branding those who question a CO2 climate change linkage as ‘non-
believers’ or ‘deniers’ and treating them as pariahs. 
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Despite the focus on CO2 emissions herein (necessary to achieve a ‘social’ license), I 
personally, am not a believer that global warming or climate change are inextricably and 
strongly related to CO2 emissions. The scientific method does not substantiate this 
conclusion. 

Despite the uncertainties, I believe that AOSTRA was a tremendous success and the 
model may have to be replicated for new generation bitumen EOR process 
developments. 

 
(2) My concerns 
 

The journey to exploit the oilsands resource is not without significant commitments nor 
concerns that need to be ameliorated or addressed – including: 

(i) New infrastructure is/will be needed – roads, power grid, power plants, cities,… A 
particularly important need is pipeline infrastructure, with connections to the US 
gulf coast and tide water at the Atlantic andPacific oceans. 

(ii) The upgrading/diluent issue needs to be resolved. Diluent import is costly and 
diluent prices are at a premium to market (refinery) values. Partial upgrading can 
back out diluent directly. Full upgrading to SCO can back out diluent firstly by not 
needing diluent to transport SCO and secondly by production of synbit products. 

(iii) Field tests/demonstrations will be needed to fully develop new EOR technologies. 
This is the ‘black hole’ of new EOR development. Government may have to help. 
A son/daughter of AOSTRA would be welcome. 

(iv) Environmental protesters have a strong voice. Achieving a social license for 
oilsands may be difficult. But, placing too much credance on the ‘nattering 
nabobs of negativism’ (apologies to Spiro Agnew) is not in the best interests of 
society, particularly as it relates to oilsands exploitation. 

(3) Surprises 
 

When I started this book, as one skilled in the art, I thought that none of the results 
herein would surprise me. I was wrong! The following items were a surprise to me. 

(i) I was surprised by the issues/problems of SAGD. The process is far from perfect. 

(ii) I was surprised that electric EOR (EEOR) can be an economic process. I had an 
initial bias against electricity because it was the most expensive and highest 
quality of energy. 
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(iii) I was surprised at the simple explanation as to why ISC can’t work, or can’t work 
well in bitumen EOR, and how it can be easily fixed by hybrid processes 

(iv) I was also surprised at the simple explanation as to why SOLVEX can’t work, or 
can’t work well, in bitumen EOR and how it can be fixed easily by hybrid 
processes. 

(v) I was surprised that ‘Green’ bitumen EOR is feasible and potentially practicable. 

(vi) I was surprised at the number of ‘new’ processes that look attractive. 

(vii) I was surprised at the utility and ease of use of the EOR process models. 
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Appendix A – Acronyms 

A 

A = Air 
AOSTRA = Alberta Oil Sands Technology + Research Authority 
API = American Petrolium Institute (gravity) 
ARC = Alberta Research Council 
ASU = Air Separation Unit (cryogenic oxygen plant) 
AB = Alberta 

 

B 

B = Bitumen 
BP = Britich Petroleum 
BFW = Boiler Feed Water (treated water) 
BUTEX = Butane Extraction (EOR process) 
BP = Boiling Point 
BEST = Bitumen Extraction Solvent Technology (EOR process) 
 

C 

CNRL = Canadian Natura; Resources LTD. 
CSS = Cyclic Steam Stimultion 
CHOA = Canadian Heavy Oil Assn. 
COSH = Combusion Overhead Split Horizontal (EOR process) 
COGD = Combusion Overhead Gravity Drainage (EOR process) 
CSP = Cyclic Solvent Process (IOL EOR process) 
CSOP = Cumulation SOR 
CW = Connate Water 
CAPRI = Catalyst PRI (EOR process)  
CSI = Cyclic Steam Ingection 
CHOPS = Cold Heavy Oil Production with Sand (recovery process) 
CSZ = Combusion – Swept Zone 
CZ = Combusion Zone 
CERI = Candain Energy Research Institute 
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D 

dISC = dry ISC (EOR process) 
DCF = Discounted Cash Flow (analysis) 
DHSG = Down Hole Steam Generator 
d = dry (process type) 
DCEEOR = Direct Contact Electric EOR (process) 
DOVAP = DOVer VAPex (testsite/consortium) 
 
E 

EMEEOR = EletroMagnetic EEOR (process) 
EEOR = Electric EOR (process) 
EOR = Enhanced Oil Recovery 
ESVOR = ‘Engaged’ Solvent to Oil Ratio 
ETOR = Energy To Oil Ratio  
EM = ElectroMagnetic (radiation) 
ESEIEH = Enhanced Solvent Extraction Incorporation Electromagnetic Heating 
EAIR = Enhanced Air (increase O2 levels) 
ET-DSP = ElectroThermal Dynamic Stripping Process 
ESSAGD = Expanding Solvent SAGD (EOR process) 
ECZ = Extended Combustion Zone 
EHO = Extra Heavy Oil 
 
F 

FEA = Finite Elemental Analysis (modelling technique) 
FG = Flue Gas (exhaust gas) 
FP = Freezing Point 
FPSO = Floating Production, Storage and Offloading 
 
G 

GCOS = Great Canadian Oil Sands (ex company) 
GD = Gravity Drainage 
 
H 

H/C = Hydrogen/Carbon (ratio in fuels) 
HHV = Higher Heating Value 
HZ = Horizontal (well) 
HTO = High Temperature Oxidation (ISC) 
HO = Heavy Oil 
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I 

ISR = In Situ Reflux (EOR process) 
ISC (A) = ISC using Air as the oxidant 
ISC (A) = ISC using Oxygen gas as the oxidant 
ISC = in Situ Combusion 
IOL = Imperial Oil Ltd. (Canadian company) 
ISVOR = Injected Solvent to Oil Ratio 
IITRI = Illinois Institute of Technology, Research Institute 
 
J 

JACOS = Japan Canada Oil Sands (company) 
 
K 

KBD = thousands of barrels per day 
 
L 

L = Liquid 
LSVOR = Lost solvent to Oil Ratio 
LT = Latent Heat 
LF = Low Frequency (radiation) 
LTO = Low Temperature Oxidation 
LHV = Lower Heating Value 
LASER = Liquid (solvent) Addition to Steam to Enhance Recovery 
 
M 

MW = Molecular Weight or Mega Watts 
MUW = Make – Up Water 
MOU = Memorandum or Understanding 
M = Mixture (of solvents) (msv) 
MWD = Measurement While Drilling 
MMBD = Millions of Barrels per Day 
 
N 

n = normal (gas conditions) 
nc = non-condensable (gas) 
 
O 

OIP = Oil In Place 
OOIP = Original Oil In Place 
O or OX = OXygen (gas) 
OBIP = Original Bitumen In Place 
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P 

PROPEX = PROPane Extraction (EOR process) 
PWOR = Produced Water to Oil Ratio 
PSVOR = Produced Solvent to Oil Ratio 
PRI = Petroleum Research Institute (Alberta) 
PC = Progressive Cavity (oil/liquid pump) 
 
Q 

 
R 

R & D = Research and Development 
RF = Radio Frequency (EM) 
RHEEOR = Resistance Heating EEOR (EOR process) 
r.f. or rf = recovery factor 
 
S 

SAGD = Steam Assisted Gravity Drainage (EOR process) 
SAGDOX = SAGD with oxygen gas injected (EOR process) 
SOLVEX = SOLVent EXtraction (EOR process) 
SAP = Solvent Aided Production (EOR process) 
SWOT = Strengths, Weaknesses, Opportunities, Threats 
SW = Single Well 
ST or S = Steam 
SV = Solvent 
SCL = Syncrude Canada Ltd. 
SOR = Steam to Oil Ratio 
SVOR = Solvent to Oil Ratio 
SA-SAGD = Solvent Aided SAGD 
SC-SAGS = Solvent Cyclic SAGD 
SCI = Solvent Co-Injection 
SAS = Steam – Alternating Solvent 
SPE = Society of Petroleum Engineers 
SRC = Saskatchewan Research Council 
SF = Steam Flood 
SAGP = Steam Assisted Gas Push (EOR process) 
SZ = Steam Zone 
SK = Saskatchewan 
SWSAGD = Single Well SAGD 
SWESAGD = Single Well Electric SAGD 
SCO = Synthetic Crude Oil 
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T 

TTH = Toe To Heel (well geometry) 
THAI = Toe to Hell Air Injection (EOR process) 
TDS = Total Dissolved Solids 
 
U 

UTF = Underground Test Facility 
USBM = U.S. Bureau of Mines 
USGS = U.S. Geological Society 
 
V 

VT = Vertical (well) 
 
W 

w = wet 
WZ = Wet (water) Zone 
W = Water 
WRR = Water Recycle Ratio 
wISC = wet ISC 
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Appendix B – Symbols Used 
Φ = fractional porosity 
Sib = initial bitumen saturation 
Srb = residual bitumen saturation 
Siw = initial water saturation 
Srb = residual water  
P = system pressure 
Ti = initial reservoir temperature 
Pi = initial reservoir pressure 
LR = fractional energy loss to the reservoir 
F = (1+r/2+x/4) (combustion stoichiometry) 
X = atomic H/C ratio of fuel (combustion stoichiometry) 
τ = fraction of carbon as CO (combustion stoichiometry) 
Q = (65.789 + 5.483x) (combustion stoichiometry) 
IS = indirect CO2 emissions from steam production 
IE = indirect CO2 emissions from electricity production 
IO = indirect CO2 emissions from oxygen production 
IA = indirect CO2 emissions from air compression 
IV = indirect CO2 emissions from vent gas 
 
CS = cost factor for steam ($/m3L) 
CE = cost factor for steam electricity ($/KWh) 
CO = cost factor for steam oxygen gas ($/m3) 
CA = cost factor for steam compressed air ($/m3) 
CV = cost factor for vent gas treating ($/m3) 
CCO2 = CO2 taxes ($/m3) 
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Appendix C – Disclaimers 
Process analysis and performance factor are mostly based on a modelling of a fictitious, 

base-case, (default case), sandstone, reservoir with homogenous properties – ϕ = 0.3, Sib = 
0.8, Siw = -2, Ti = 15oC, Pi = 1724kPa. Performance is also predicated o a situation with 
relatively low energy losses (LR = -1). Variations in P, Ti and other properties were not studied 
in detail. Conclusions derived, herein, may not apply to other reservoirs with different 
conditions.  

Predictions of performance factors are based on model assumptions as outlined in the 
text. These predictions are estimates only and cannot be warranted.  

Selection of prospective processes (top 10) are based on the processes modelled only. 
Other processes may be possible. 
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Appendix D – Glossary of Terms (Used in Text) 
EOR – Enhanced Oil recovery, a process where a fluid and/or energy is injected into a reservoir 

to stimulate oil production. 
EEOR – Electric EOR, a family of EOR recovery processes where electricity is used as the sole 

source of energy.  
RHEEOR – Resistive heating EEOR, where conventional electric resistance heaters are used, 

in or near an injection well-bore, adjacent to or inside of the reservoir to produce heat for 
an EEOR process. Heat can be conducted directly,  or it can be transformed to the 
reservoir using steam or hot solvent gas as a transfer medium. 

DC EEOR – Direct contact EEOR is a process where electrical current, either DC or AC, is 
injected directly into a reservoir using connate (or other) water as an electric conductor. 
Heat is released when the current paths meet a resistive zone. 

ISR – In situ reflux (steam) is a proprietary process where electric immersion (resistance) 
heaters are placed in a metal tube, inside a single horizontal reflux well, completed near 
the bottom of a bitumen (or heavy oil) reservoir, similar to a SAGD production well. (ISR 
can also be used for solvent reflux) 

SWEEAGD – Single well electric SAGD, is a process using a single horizontal well. With water 
conveyed to the toe section using a centralized tube and bitumen + water produced 
using the annular space. Steam is produced at/near the well toe using bundled electric 
heaters. 

TTH – Toe to heel geometry is a well configuration using a horizontal production well and a 
vertical injection well competed near the horizontal well toe, in the same vertical plane as 
the horizontal well (also called THAI geometry) 

BFW – Boiler feed water is treated/conditioned water of suitable quality to feed a boiler, without 
substantial deposition of salts in/on the boiler tubing.  

Electric Heater Bundles – are two or more electric heater tubs that are bundled together to 
increase linear heating capacity. 

Bitumen Productivity – the ability of a process to recover bitumen, measured as bbl/day or 
m3L/day. 

EM Radiation – EM energy produced by a down hole antenna or induced by down hole 
induction coils using alternating current/electricity. 

Process Model – a mathematical representation of an EOR process, that can predict (some) 
performance factors. 

FEA Model – a finite element analysis/representation of an EOR process, that can represent 
geological variations and can predict performance factors, including bitumen (oil) 
productivity. 

MUW – make up (fresh) water needed to supply sufficient BFW for a steam EOR process, or a 
process containing a steam component/ 

Recovery Factor – (r.f) the fraction of initial bitumen produced from a process – swept zone. 
Bitumen – a natural liquid hydrocarbon with a density less than 10API (more than 1000kg/m3) 
Heavy Oil – a natural hydrocarbon liquid with a density between 10 and 20 API (ie between 

1000 and 934 kg/m3) 
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OOIP/OBIP – original oil in-place/original bitumen in place, prior to any recovery process 
initiation. 

Oilsands – Canadian bitumen deposits, usually in unconsolidated sands. 
Bitumen Upgrading – a process to improve the quality of native bitumen, usually conducted by 

adding hydrogen or removing carbon. Upgrading goals can be partial – to produce a 
liquid hydrocarbon that is pipeline-able without diluent or with reduced diluent – or full – 
to produce a liquid hydrocarbon that is fungible with light conventional oils.  

In Situ EOR – is a family of processes that recover oil by injecting energy and/or fluids that 
cause incremental oil to be produced. In-situ EOR can be applied after primary or 
secondary production for conventional oils (ie tertiary production). For bitumen the 
primary production process is In situ EOR where energy and fluids may be both injected. 

Condensate – also called Cs+, is a light liquid hydrocarbon mixture produced as a by product of 
some natural gas processing (wet gas). Condensate usually has an API gravity between 
50 and 60. It is often used as a diluent for bitumen, so bitumen can be pipelined to 
market. 

Oil-Water Emulsions – two type o/w (oil in water) where water is the continuous phase and w/o 
(water in oil) where oil is the continuous phase. o/w emulsions have a much lower 
viscosity the w/o emulsions. Both emulsions can form in the reservoir depending on oil 
and water properties. o/w emulsions are usually considered ‘desirable’ because of ease 
of flow. w/o emulsions are usually considered ‘undesirable’ and may be difficult to break. 

Process Models – are mathematical representations of various oil/bitumen recovery processes. 
FEA (finite element analysis) models are the most detailed models that can predict 
bitumen/oil productivity and other performance factors. Models used herein are ‘partial’ 
models that predict performance factors, not including bitumen productivity. 

Algorithms – are mathematical expressions (e.g., power series) used to estimate physical 
properties of solids and fluids, used for modeling. 

Consolidation – the state of a reservoir where individual sand grains are firmly cemented and 
locked in place. Most Alberta oilsands have poor consolidation (ie unconsolidated) and 
sand grains can easily be mobilized (and mined) 

Rate Limiting Step – if a process (eg. bitumen recovery) is complex and takes place in a series 
of process steps, and one of the steps is slowest in the chain, the slowest step can be 
determined as the rate-limiting-step. If properly calibrated the modeling of this step, by 
itself, can often be a good and sufficient (engineering) model of process kinetics and a 
predictor process kinetics. 

Conformance and Conformance Control – conformance is a term used by engineers to describe 
the sweep conformance of an EOR process. A process with good conformance has a 
high sweep efficiency . A process with poor conformance has a low sweep efficiency and 
a poor overall recovery. Conformance can be influenced by reservoir properties such as 
lean zones, thief zones, bottom/top water, shales, mud zones … ect. Conformance 
control is a term used to describe processes that can control the injection location of 
fluids (or EM energy) and/or the removal of fluids (eg. ISR) 
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Well Geometry – is the spatial location and type of well (horizontal or vertical) in a recovery 
pattern for implementation of an EOR process. 

Physical (process) Models – are scaled, partially-scaled or unscaled models, used for lab tests 
of specific EOR processes. 

Hydrostatic Pressure/Depth – the pressure in a reservoir assuming it is ‘connected’ to the 
surface by water channels. Hydrostatic depth is the water depth that produces a 
hydrostatic pressure similar to the reservoir pressure or the process pressure.  

Steam EOR – an EOR process that uses steam as the sole/predominate injectant SAGD is the 
predominate Steam EOR process. 

CSS – cyclic steam stimulation is a process developed and refined by IOL, Canada to recover 
bitumen or heavy oil. The process has 3 phases, injection of steam, soaking and 
production. 

SF – Steam flood is a process to recover oil by steam injection/flood. SF was the dominate 
steam EOR process, prior to the utilization of horizontal wells.  

SAGD – steam assisted gravity drainage is a steam EOR process, with two, twin, parallel 
horizontal wells about 500 to 1000 m in length, completed in the same vertical plane in 
the reservoir, about 5m apart, with the lower horizontal well close to the bottom of the 
reservoir. The upper well is used as a continuous steam injector. The lower well is used 
as a liquid (water + bitumen) producer. SAGD is now the world’s dominate steam EOR 
process. 

CO2 Tax – a carbon tax imposed on CO2 emissions. Other non-CO2 taxes are excluded. 
ETOR – energy to oil ratio, is the ration of injected energy (measured at the well load) per unit 

bitumen production, as GJ/m3B or MMBTU/bblB. ETOR allows energy use comparisons 
between different processes. 

SOR – steam to oil ratio, the traditional performance measure for SAGD, is measured, at the 
well lead, as condensed steam m3L/m3B or bbl/bbl. 

WRR – the water recycle ratio, is the liquid volume of produced water (not counting steam/water 
in vent gas to steam + water injected) measured as a liquid volume at the well lead. 
WRR can be a more incisive performance measure than PWOR. 

PWOR – produced water to oil ratio, is the volume of liquid water produced compared to 
bitumen/oil produced, excluding any steam/water in vent gas. 

Process Costs – are the costs directly associated with bitumen production, including costs of 
steam, water treatment, air compression, oxygen production, electricity, solvent losses, 
energy to reflux solvent, vent gas treatment (incineration) and other items. Common 
costs (eg. water/oil separation, labour, … ) and taxes are excluded (including CO2 taxes) 

Steam Dew Points – Ts is the temperature, at process pressure P, where steam first 
condensates at a single Ts/ For other EOR processes (eg. wet ISC) steam condensation 
follows a dew point curve as heat is removed from injectant gases.  

CO2 Emissions - are direct CO2 emissions (ie vent gas), with CO counted as a CO2 equivalent, 
or indirect CO2 (ICO2) emissions (ie, CO2 created by incinerating vent gas, CO2 from 
boiler flux gas, CO2 associated with electricity production, CO2 associated with oxygen 
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production, CO2 associated with air compression, CO2 from solvent reflux heaters, … 
ect.) 

Economic Limits – when reservoirs heat losses LR = 0.5 and when total cost + tax equals 
300$/m3B, the reservoir conditions (Sib, ϕ) are said to be at the economic limit for 
processes that are modelled. (other definitions are up the model users) 

ESP – electric submersible pumps are necessary for some EOR processes (eg, SAGD), where 
natural-lift is not applicable and gas-ift is not desirable. Recent technology development 
has allowed ESPs to operate at elevated temperature (SAGD Ts). 

OTSG – once-thru steam generators are boilers that can use feed water (BFW) with significant 
TDS levels to produce low quality steam (Q ~ 80%) in a once-thru operating mode. 
SAGD operators typically remove steam condensate since it is of no value to the 
process. 

DHSG – down-hole steam generators, using combustion with a hydrocarbon liquid or natural 
gas fuel, have been designed and tested for several decades. But no commercial DHSG 
is in operation today. Problems include injection of flue gas into the reservoirs, 
insufficient capacity to meet SAGD productivity (~10MW(+)), corrosion, and 
maintenance. 

Insulated Tubing – to inhibit heat losses during steam transit from the well head to the sand 
faces, have been developed and field tested. But insulation is expensive and field tests 
have been inconclusive. 

Cogen – cogeneration is a process that simultaneously produces electricity and steam. The 
preferred configuration is a gas turbine (generator) followed by steam production using 
heat from the turbine exhaust. 

Combined Cycle – a process to produce electrical power where the first stage is a gas turbine 
(Brayton Cycle) and the second stage uses the turbine exhaust to produce steam used 
to, in turn produce power in a condensing steam cycle (Ranking cycle) 

SAGP – steam assisted gas push, is a SAGD daughter process where non-condensing gas 
(usually methane) is added to the steam injectant, in small quantities (<= 2 percent v/v). 
The nc gas remains in the reservoir to occupy some bitumen void age and insulate the 
ceiling from excessive heat loss. 

ISC -  in situ combustion is a family of processes using injected air or oxygen (ISC (A) or ISC 
(O)) to provide oxygen for in situ combustion of residual oil/bitumen. The process may 
be dry (dry ISC(A) or dry ISC(O)) or wet, with water injected to scavenge heat from the 
combustion-swept zone (wISC(A) or wISC(O)) 

SWSAGD – Single well SAGD is a process invented by Elan Energy in 1987 using a single 
horizontal well with a tubular insert to convey steam to the well toe and produce oil + 
water in the annules. The process was abandoned after unsuccessful field tests in the 
1990’s. 

LTO – low temperature oxidation is an ISC remnant process when T <~300oC, where oxidation 
is incomplete, not all residual fuel is consumed, and ISC combustion products contain 
organic acids that can cause corrosion and stabilize w/o emulsions. LTO is considered 
undesirable. 
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HTO – high temperature oxidation is the preferred mode for ISC, where combustion T > 400oC 
and combustion products are mainly H2O, CO2 and CO (not including sulfur compounds) 

SOLVEX – solvent extraction, is a EOR process using volatile hydrocarbon solvents. The 
solvent is injected as a gas and provides both energy to heat bitumen (heat of solvent 
condensation) and dissolves into bitumen to form a low-viscosity solvent + bitumen 
mixture. Solvent is refluxed by heating the produced mixture. 

ISC Zones – the ISC process may be considered as separate process zones, depending on 
injectants. The most upstream zone, if water is injected, is a wet zone (wZ) where water 
is heated, by the hot reservoir matrix. The next zone is the combustion-swept zone 
(CSZ) where vapour injectants (air, oxygen, steam) pass through to the next zone. The 
third zone is the combustion zone (CZ) where combustion occurs, and flue gas products 
start to cool. The next zone is the steam zone (SZ) where steam condensates and heats 
the bitumen interface. All zones may not always be present, depending on injectants 
(e.g. water) and if one zone grows faster (e.g. CZ) it can overtake a downstream zone 
(e.g. SZ) to create an instability in the process. 

Process Zones – a zone is a subset of a process swept volume that can be defined or 
characterized by a specific process mechanism. 

 
  



457 
 

Appendix E: References 
- T.G. Harding, S. Zauon, M. Imran, R.K Kerr – ‘In-situ Reflux: An improved In-situ Recovery 

Method for Oil Sands’, SPE-180752-MS, Calgary, Alberta, 7-9 June, 2016 
- R.K. Kerr, US Pat. App., US 2013/0175031 AI, ‘SAGDOX Geometry’, July 6, 2012 
- R.K. Kerr, US Pat. App., US 2013/0098603 AI, ‘Steam Assisted Gravity Drainage 

Processes with the Addition of Oxygen Addition’, Sept. 27, 2012 
- R.K. Kerr, Us Pat. App., US 2013/0098607 AI, ‘Steam Flooding with Oxygen Injection and 

Cyclic Steam Stimulation with Oxygen Injection, Sept. 27, 2012 
- R.K. Kerr, Us Pat. App., US 2013/0000887 AI, ‘SAGDOX Operation in Leaky Bitumen 

Reservoirs’, June 27, 2013 
- P. Yang and R.K. Kerr, US Pat. App., 2014/0000876 AI, ‘SAGD Control in Leaky 

Reservoirs’, June 27, 2013 
- R.K. Kerr, US. Pat. App., US 2013/0248177 AI, ‘SAGDOC Geometry for Impaired Bitumen 

Reservoirs’, May. 14, 2013 
- P. Yang and R.K Kerr, US Pat. App., US 2013/0327525 AI, ‘Thermal Pulsing Procedure for 

Remediation of Cold Spots in Steam Assisted Gravity Drainage’, June 7, 2013 
- R.K. Kerr, US Pat. Appl., US 2014/0000888 AI, ‘Uplifted Single Well Steam Assisted 

Gravity Drainage System and Process’, June 27, 2013 
- R.K. Kerr, US Pat. Appl., US 2014/0096960 AI, ‘Use of Steam Assisted Gravity Drainage 

with Oxygen (‘SAGDOX’) in the Recovery of Bitumen in thin Pay Zones’, Oct. 21, 2013 
- R.K. Kerr, US Pat. Appl., US 2014/0076555 AI, ‘Method and System of Optimized Steam-

Assisted Gravity Drainage with Oxygen (‘SAGDOXO’) for Oil Recovery’, Nov. 18, 2013 
- B.E. Poling, J.M. Prausnitz, J.P. O’Connell, ‘The Properties of Gases and Liquids’ 5th ed., 

McGraw – Hill, 2001. 
- R.M. Butler, ‘Thermal Recovery of Oil & Bitumen, Prentice – Hall, 1991 
- J.G. Speight, ‘The Chemistry and Technology of Petroleum’, Marcel Dekker, 1991 
- ‘The CHOA Handbook’, CHOA, 2006. 
- L.G. Helper and C.Hsi – ‘AOSTRA Technical Handbook on Oil Sands, Bitumen and Heavy 

Oils’, AOSTRA, Oct. 1989 
- M.A. Carrigy (ed), ‘Athabasca Oil Sands – The K.A. Clarke Volume’, Alberta Research 

Council, Oct. 1963 
- Z. A. Yousef, H. AlDaif, M.A. Otaibi, H. Vance – ‘An Overview of Steam Injection Projects in 

Fractured Carbonate Reservoirs in the Middle East’ – JPSR, Vol 3, Iss. 3, July 2014 
- J.E. Bridges, J.J. Krstansky, A. Taflove + G. Sresty ‘The IITRI In situ RF Fuel Recovery 

Process’, J.of Microwave Power, 18(1), 1983 
- R.P. Leaute and B.S. Carey ‘Liquid Addition to Stream for Enhancing Recovery (LASER) of 

bitumen with CSS: Results from the first Pilot cycle’, JCPT, Sept. 2007 
- P.R Leaute ‘LASER of Bitmen with CSS: Evolution of Technology from Research Concept 

to a Field Pilot at Cold Lake’, SPE International Thermal Operations and Heavy Oil 
Sympsium, Calgary, Nov. 4-7, 2002 



458 
 

- F.N. Pebdanic, R. Longoria, D.N. Wilkerson, V.N. Venkatesan (Mobil) – ‘Enhanced Oil 
Recovery by Wet In-Situ Oxygen Combustion: Eoperon Done Field, Liberty County, Texas’ 
– SPE – 18072 – MS, October 1988 

- T.N. Nasr, O. Ayodel (ARC) – ‘New Hybrid Steam – Solvent Processes for the Pecovery of 
Heavy Oil and Bitumen’, SPE – 101717 – ms, Nov. 2006 

- T.G. Harding and W.D. MacFarlane – ‘A Review of Promising Enhanced In-situ Recovery 
Methods for Oil Sands’, World Heavy Oil Congress, Calgary, Alberta, Canada, 2016 
(WHOC16 – 242) 

- Hamilton, Tyler, ‘A Cheaper Way to Draw Oil from Shale’, MIT Technology Review April 8, 
2009 

- Bera, A and Babadgli, T. ‘Status of Electromagnetic Heating for Enhanced Heavy 
Oil/Bitumen Recovery and Future Prospects: A Review’, Research Gate, May 2015 

- J. Homan (Laricina) – ‘Detailing the Future Projections Regarding the Supply and Demand 
for Condensate in Western Canada’, NGL Marketing and NG Export Congress, Calgary, 
Aug. 20, 2013 

- Millington, D. (CERI), - ‘Canadian Diluent Demand and Market Access’, Argus Condensate 
and Naphtha Market Conference, Oct. 28, 2015 

- CERI – ‘Canadian Oil Sands Supply Costs and Development Projects (2016-2036)’ Study 
163, Feb. 2017 

- Athabasca Oil Corporation, TAGD', atha.com, June, 2013 
- Baiton, N., 'Downhole Steam Generation System and Method, US Patent Application, 

20080017381, Jan. 24, 2008 
- Beiranvand, M.S.; Morshedi, S.; Sedaghat, M.H.; and Aghahoseini, S. "Design of a Gas Lift 

System to Increase Oil Production from an Iranian Offshore Well with High Water Cut', 
Australian J. of Basic & Appl. Sci., 2011 

- Beiranvand, M.S.; Morshedi, S; Sedaghat, M.H. and Aghahoseini, "Design of a Gas Lift 
System to Increase Oil Production from and Iranian Offshore Well with High Water Cut, 
Australian J. of Basic and Applied Sciences, 5(11), 2011 

- Butler, R.M., Thermal Recovery of Oil & Bitumen, Prentice Hall, 1991 
- Cenovus, 'Solvent Aided Process', cenovus.com, 2013 
- Clare, R.T. and Egan, W.J.N., 'Method of removing Water from Crude Oil Containing 

Same', US Patent RE 33999, Nov.22, 1983 
- Clare, R.T., and Egan, W.J.N., 'Method of Removing Water from Crude Oil Containing 

Same' US Patent, RE33999; July 1992 
- Crabtree, M.; Eslinger, D.; Fletcher, P.; Miller, M., Johnson, A; and King, G., Fighting Scale 

Removal and Prevention', Oilfield Review, Autumn, 1999 
- Craig Jr., F.F., and Parrish, D.R., 'A Multipilot Evaluation of the COFCAW Process', JPT, 

June, 1974 
- Dietz, D.N.; and, Weijdema, J., Wet and Partially Quenched Combustion', JPT, April, 1968 
- Economides, M.J.; Daniel-Hill, A., and Ehlig-Economides, C., 'Petroleum Production 

Systems', Prentice Hall, 1994 Cong 1970 



459 
 

- Economides, M.J.;Daniel-Hill, A; and Ehlig-Economides, C., 'Petroleum Production 
Systems', Prentice Hall, 1994 

- Eson, R.L., 'Downhole Steam Generator-Field Tests', SPE 10745, Mar.,1982 
- Gates, C.F.; and Ramey, H.J., 'A Method for Engineering In Situ Combustion Oil Recovery 

Projects', JPT, Feb, 1980  
- Greaves, M.; El-Sakr, A.; and Xia X., THAI-New Air Injection Technology for Heavy Oil 

Recovery and In Situ Upgrading', Petroleum Society of Canada, June 1999 
- Hydroflame, Hydroflame Technologies', hydroflametech.com, 2013 
- Jama luddin, A.K.M.; Mehta, S.A.; and Moore, R.G., 'Downhole Heating Device to 

Remediate Near-Wellbore Formation Damage Related to Clay Swelling and Fluid Blocking', 
Pet. Soc. Of CIM, paper 89-73, June 1998 

- Joseph, C; and Pusch, W.H., 'A Field Comparison of Wet and Dry Combustion', JPT, Sept. 
1980 

- Koolman, M,; Huber, N.; Diehl, D. and Wacker, B., 'Electromagnetic Heating Method to 
Improve Steam Assisted Gravity Drainage', SPE/PS/CHOA, 117481, Oct., 2008 

- Kresnyak, S. and Shaw, F., 'Method of Removing Water and Contaminants from Crude Oil 
Containing Same', U.S. Patent 2572ZIS AI 6372123B1, June 26, 2000 

- Lewis, J., 'Petrobank Suffers Setback with THAI, Alberta Oil, Mar.8, 2012 
- Marshall, B.W., 'Operational Experiences of a Downhole Steam Generator, SPE 10744, 

March 1982 
- Mukhametshing, A. and Marynova, E., Electro-magnetic Heating of Heavy Oil and Bitumen: 

A Review of Experimental Studies and Field Applications' JPT, Vol. 2013, 2013 
- N-SolvM Corp., 'Company Profile', n-solv.com, July, 2013 
- Parrish, D.R.; and Craig Jr., F.F., 'Laboratory Study of a Combination of Forward 

Combustion and Waterflooding, The COFCAW Process', JPT, June, 1969 
- Precision Combustion ´Downhole Steam Generator', precision- combustion.com, 2013 
- Ramey Jr., HJ., In Situ Combustion', Proc. 8th World Pet. Cong,, 1970 
- Roche, P. 'COGD, not SAGD', Ne Tech. Mag., Sept., 2009 
- Roche, P., 'Beyond Steam', NewTech Magazine, Sept., 2011 
- Sarathi, P.S., In-situ Combustion Handbook- Principles and Practices' D.0.E. Contract DE-

AC22-94PC91008, Jan., 1999 
- Smith, M., "Into the Deep', New Technology Magazine, Jan./Feb., 2012 
- Tallent, B., 'Major steam Injection Venture Hold Promise for Oil Producers', News OK, July 

25, 1982 
- Turta, A.T.; Chattopadhyay, S.K.; Bhattacharya, R.N., Condrachi, A., and Hanson, W., 

Current Status of Commercial In Situ Combustion Projects Worldwide' JCPT quest editorial, 
Nov. 2007 

- Vanderklippe, N., The Oil Patch's Solvent Solution to Extracting Bitumen', The Globe and 
Mail, Jan. 17, 2013 

- Wilson, A., 'Downhole Steam Generation Pushes Recovery Beyond Conventional Limits, 
JPT editorial, June, 2012 

- World Oil 'Some Like it Hotter', World Oil Magazine, editorial, Jan., 2007 



460 
 

- WRT, Development and Demonstration of a Practical Electric 991 Downhole Steam 
Generator for Thermal Recovery of Heavy Oil and Tar', Western Research Institute, DOE 
proposal, March, 1993 

- Clare, Ron and Egan, Wayne, ‘Crude Oil Treater’, CA patent 1257215 AI, Nov. 22, 1983 
- Kerr, R., ‘How To Measure Downhole Steam Quality Using Only a Thermocouple’, 

Petroleum Conf. of the South Saskatchewan Section, Oct. 19, 1997 
- Heins, W.F., McNeill, R.; and Albions., ‘Worlds First SAGD Facility Using Evaporators, 

Drum Boilers, and Zero discharge Crystallizers to Treat Produed Water’ JCPT, May 2006 
- Mayer, J.P., ‘Summary of CO2 EOR Injection Well Technology’ – API, www.API.org, (2017) 
- DOE ‘Carbon Dioxide Enhanced Oil Recovery’, National Energy Technology Laboratory, 

2010 
- Balog, S.E; Kerr, R.K.; Pradt, L.A. – ‘The Wet Air Oxidation Boiler for Enhanced Oil 

Recovery’, JCPT, Sept – Oct, 1982 
- Kerr, R.K., ‘The Alberta Oil Sands: An Awakening Giant’, Geopolitics of Energy, July 1987 
- Kerr, R.K., - ‘Straight Talk about Hot Air’, Energy Environment Report, Feb. 1991 
- Kerr, R.K – ‘Technology Management for Heavy Oil’, CHOA conference, Calgary, Dec, 

1994 
- Kerr, R.K. – ‘Petroleum R + D Collaboration’, CIM Conf. Regina, 1995 
- Kerr, R.K. – ‘Dice, the Central Limit Theorem, and why Oil Companies Underestimate  

reserves’, CIM Paper 97-159, Oct. 1997 
- Adams, J.; Bennett, B.; Huang H.; Koksalan T.; Jiang D.; Fay, M.; Gates, 1.; and Larter S., 

'Controls on the Variability of Fluid Properties of Heavy Oils and Bitumens in Foreland 
Basins: A Case History from the Alberta Oil Sands', Search and Discovery Article #40275, 
March 2008 

- Akram, F., Reservoir Simulation Optimizes SAGD', AOGR, Sept., 2010 
- Bouchard, J, 'Scratching Below the Surface, Issues at Long Lake - Part 2' Raymond James 

& Assoc., Feb.10, 2011 
- Boyle, T.B.; Gittins, S.D. and Chakrabarty, C., The Evolution of SAGD Technology at East 

Senlac', Can.Int .Pet.Conf., Calgary, June, 2002 
- Butler, R.M., Thermal Recovery of oil & Bitumen, Prentice Hall, 1991 
- Conticello, R. & Bernhagen, P. Fired Heater Design & Decoking Techniques', Foster-

Wheeler, NPRA Conference, 2005 
- Das, S. 'lmproving the Performance of SAGD', SPE/PS-CIM/CHOA 97921, Nov., 2005 
- Foster, F. and Kock, A., 'Scaling and Plugging Issues in Husky's Lloydminster Thermal 

Projects', www.lloydminsterheavyoil.com, Aug., 2013 
- Gray, R.M., Tutorial on Upgrading of Oilsands Bitumen', University of Alberta website, 2013 
- Haggett, J., Update 3-Long Lake Oilsands Output may lag Targets' Reuters, Feb.10, 2011 
- Jiang, Q.; Thornton, B.; Houston, J.R. and Spence, S., 'Review of Thermal Recovery 

Technologies for the Clearwater and Lower Grand Rapids Formations in the Cold Lake 
Area in Alberta', SPE 2009-068, June, 2009 

- Kasraie, M. and Singhal, A.K., 'Screening Design Criteria for Tangleflags Type Reservoirs', 
SPE 37571-MS, Feb., 1997 



461 
 

- Koolman, M.; Huber, N., Diehl, D and Wacker, B., Electromagnetic Heating Method to 
Improve Steam Assisted Gravity Drainage', SPE/PS/CHOA, 117481, Oct., 2008 

- Kus, J.,'Extra Heavy Oil in Canada', TEKNA conference, Stavenger, Norway, Jan. 23, 2008 
- Meyer, R.F, Attanasi E.D.; and Freeman P.A. Heavy Oil and Natural Bitumen Resources in 

Geological Basins of the World', USGS, report 2007-1084, 2007 
- Miller, K.A. and Xiao, Y. 'SAGD Over Bottom water Optimum Utilization of Edge Pairs', 

SPE, 2008-077-EA, June, 2008 
- Peterson, J.A.; Riva, D.T.; Connelly, M.E.; Solanki, S.C.; and Edmunds, N.R. Conducting 

SAGD in shoreface oil sands with associated basal water', Laricina Energy Ltd., 2009 
- RPS Energy Canada, 'JOGMEC SAGD Performance Study, Final Presentation Tokyo, 

Sept. 29, 2009 
- Sarma, H.K. and Ono, K., Producing Horizontal Wells Prove Versatile for Improved Oil 

Recovery', OGJ, Dec. 11, 1995 
- Schramm, L.L. Foams', ACS, 1994 
- Vanderclippe, N. (Long Lake Project Hits Sticky Patch', CTV News, 2011 
- Wang, J.; Bryan, J.; and Kantzas, A., Comparative Investigation of Thermal Processes for 

Marginal Bitumen Resources', Int.Pet.Tech.Conf., Dec., 2008 
- Yang, D., 'CSS or SAGD? Consider Both!', CHOA, Jan., 2013 
- Singh, S.; Du Plessis, M.P.’ Isaacs, E.E.; Kerr, R.K., ‘Cost Analysis of Advanced 

Technologies for the Production of Heavy Oil and Bitumen in Westurn Canada World 
Energy Conference, Houston TX, 1998 

- Kerr, R.K.; Palmiere, B.; Leckie D., ‘Frontiers for Canadian Petroleum Technology’ CIM 
Paper 99-89, Conf. at Regina, Oct 18-21, 1999 

- Kerr R.; Birdgenau J.; Batt, B.; Yang, P.; Nieuwenburg G.; Rettger P.; Arnold J., Bronicki Y. 
– ‘The Long Lake Project – The First Field Integration of SAGD and Upgrading’ SPE 79072, 
Nov. 2002 

- C. Holly etal ‘Alberta Energy Oil Sands Production Profile, 2004-2014’ Alberta ETS, Jan 
2016 

- Pelvier M.T. etal – ‘Downhole Densitometer’ (Halibrton) US Patent US6378364 BI, Apr. 30, 
2002 

- Harison C.; Coleou, C.; Jundt, J.; ‘Microfluidic Oscillating Tube Densitometer for Downhole 
Applications’, US Patent 20150345289, Dec. 2, 2015 

- Fatemi, S.M. and Jamaloel, ‘Preliminary considerations on the application of toe-to-heel 
steam flooding (THSF): Injection well-producer well configurations’ Chen. Eng. Res. + Des., 
89(11), Nov. 2011 

- Asghari, K., ‘Review of Field Implementation of ISC and Air Injection Projects’ PTRC, 
Regina SK, Dec. 2009 

- Turta, A.T.; Singhal, A.K.; Xia, T.X.; Graves, M.; Goldman, J. and Ivory, J. – Preliminary 
considerations on applications of steam flooding in a toe-to-heel configuration’, JEPT 
48(11), 2009 



462 
 

- Ehrenberg, S.N; and Nadeau, P.H., ‘Sandstone vs Carbonate Petroleum Reservoirs: A 
gloal perspective on porosity-depth and porosity-permeability relationships’ AAPG Bulletin, 
Apr. 2005 

- Dudley, J.W.; Taberner, C.; LaMantia, B.C. Zhang, E. and McNett, J., ‘Rock-Fluid 
Interactions of a Carbonate Reservoir Rock Under Steam-Soak Conditions – Importance of 
Testing Under Reservoir Temperature and Stress Conditions’, IPTC – 16802-M5, 2013 

- Koolman, M.; Huber, N.; Diehl, D. and Wacker, B., ‘Electromagnetic Heating Method to 
Improve Assisted Gravity Drainage’ SPE/PS/CHOA, 117481, Oct. 2008 

- Elan Energy, ‘Single Horizontal Wellbore Gravity Drainage assisted Steam Flooding 
Process’, US Patent 5626183, Apr. 11, 1985 

- Kerr, R.K. ‘Uplifted single well steam assisted gravity drainage system and process’ US 
Patent, US 20140000888, Jan. 27, 2013 

- Kisman, K. and Lau, E. ‘A New Combustion Process Using Horizontal Wells and Gravity 
Drainage (COSH)’, CHOA Handbook, 2006 

- Nasr, T.N.; Ayodele, O.R, ‘New Hybrid Steam – Solvent Process for the Recovery of Heavy 
Oil + Bitumen’ SPE – 101717 – MS, Nov. 2006 

- Chhina, H. (Cenovus), ‘A Different Kind of Oil Sands’, Peters and Co. N.A. Oil + Gas 
Conference, Sept. 11, 2012 

- Mukhametshina, A and Martynova, E., ‘Electromagnetic Heating of Heavy Oil and Bitumen: 
A Review of Experimental Studies and Field Applications’ J. of Pet. Eng., vol. 2013 

- Chute, F. and Vermeulen, F., ‘Electrical Heating of Reservoirs’, AOSTRA Technical 
Handbook on Oil Sands, Bitumen’s and Heavy Oils’, 1989 

- Dusseault, M.B., ‘Comparing Venezuelan and Canadian Heavy Oil and Tar Sands’, CIM 
Pet. Soc., paper 2001-061, June 2001 

-  


