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Executive Summary 
“…this has been our pattern. We go from shock to trance...oil prices go up, gas 
prices at the pump go up, everybody goes into a flurry of activity. And then the 
prices go back down and suddenly we act like it's not important, and we start… 
filling up our SUVs again.   And, as a consequence, we never make any progress. 
It's part of the addiction, all right…that has to be broken. Now is the time to break 
it.”      President-elect Barack Obama, “60 Minutes” interview, November 16, 2008 

The United States of America is currently faced with competing strategic objectives related to energy: energy 
supply security, economic sustainability, and concerns over global climate change.  As President-elect Obama 
alludes, the transportation sector is at the crux of this dilemma: high fuel price volatility directly affects the health 
of our economy and economic competitiveness, roughly two thirds of our transportation fuels are imported, and 
transportation is responsible for more carbon dioxide (CO2) emissions than any other end-use sector of our 
economy (34% of our total CO2 emissions by end-use). [1,2] 
 
Coal to Liquids (CTL) is a commercial process which converts coal into diesel fuel, producing a concentrated 
stream of CO2 as a byproduct.  Coupling the process with carbon sequestration is relatively inexpensive (adding 
only 7 cents per gallon to the Required Selling Price (RSP) of the diesel product) and results in a fuel with 
appreciably less (5-12%) life cycle Greenhouse Gas (GHG) emissions than the average U.S. petroleum-
derived diesel.  This latter finding is in contrast to an earlier, high level analysis by the Environmental Protection 
Agency (EPA) which found CTL to have life cycle GHG emissions above that of petroleum.  This diesel fuel is 
compatible with our current fuel distribution infrastructure, can be used directly in existing diesel vehicles, 
and would be economically competitive with petroleum-derived diesel when the crude oil price (COP) is 
equal to or above $86 per barrel (bbl), based on a twenty percent rate of return, January 2008 costs, and a GHG 
emissions value of zero.   
 
This same basic process can be used to leverage domestic and widely available biomass (non-food) resources.  
For example, a mixture of eight percent (by weight) biomass and ninety-two percent coal – Coal and Biomass to 
Liquids (CBTL) – can produce fuels which are economically competitive when crude prices are equal to or 
above $93/bbl and which have 20% lower life cycle GHG emissions than petroleum-derived diesel.   
 
Increasing the percentage of biomass in the feed further reduces the life cycle GHG emissions of the fuel, but also 
increases capital and operating costs due to the higher cost of biomass feedstock and reduced economies of scale.  
Diesel produced in a biomass only – i.e. Biomass to Liquids (BTL) – only becomes economically competitive 
when the GHG emission value exceeds $130/mt CO2 Equivalents (CO2E) and does not result in greater reductions 
in net GHG emissions than if the biomass were used in a CBTL plant. 
 
Based on these findings, it is anticipated that CTL and CBTL with modest biomass percentages (less than thirty 
percent by weight) would, as a part of the United States’ energy portfolio, provide a balanced solution to the 
nation’s transportation fuel dilemma, providing affordable fuels from domestic feedstocks, and enabling 
significant reductions in GHG emissions.  
 
Furthermore, a national commitment to promote the use of CTL and CBTL would have a tremendously positive 
impact on the economy, creating skilled jobs and reducing the amount of money sent overseas for oil imports, 
valued at $326 billion in 2007 and between $400 and $500 billion in 2008.  The production of domestic diesel 
would also improve the economic competitiveness of domestic industries by easing supply constraints associated 
with diesel fuel, thereby reducing overhead costs associated with high fuel costs. Should oil prices resume their 
upward trend, the benefits of CBTL to the nation could be enormous. 
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Nomenclature 
 
AGR  Acid Gas Removal 
AGT  Acid Gas Treatment 
ASU  Air Separation Unit 
ATR  Auto-Thermal Reformer 
bbl   Barrel 
BEC  Bare Erected Cost  
BFW  Boiler Feed Water 
BPD  Barrels Per Day 
BTL  Biomass to Liquids 
Btu   British thermal unit 
CBTL  Coal and Biomass to Liquids 
CCS  Carbon Capture and Storage 
CFB  Circulating Fluidized Bed 
CH4  Methane  
CMM  Coal Mine Methane 
CMT  Constant-Maturities Treasury  
COE  Crude Oil Equivalent 
COP  Crude Oil Price  
COS  Carbonyl Sulfide 
CO2  Carbon Dioxide 
CO2E  CO2 Equivalents 
CTL  Coal to Liquids 
CW  Cooling Water 
DB   Daily Barrel 
DOE  Department of Energy 
DSCR  Debt Service Coverage Ratio  
ECN  Energy research Centre of the Netherlands 
eGRID   Emissions & Generation Resource Integrated Database  
EIA  Energy Information Administration 
EISA  Energy and Independence & Security Act  
EOR  Enhanced Oil Recovery 
EPA  Environmental Protection Agency 
FEED  Front End Engineering Design  
FR   Forest Residues 
FT   Fischer-Tropsch 
GDP  Gross Domestic Product 
GHG  Greenhouse Gas 
GHGEV  Greenhouse gas emission value 
GREET     Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation 
GWP  Global Warming Potential  
HHV  Higher Heating Value 
H2   Hydrogen 
H2S  Hydrogen Sulfide 
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IGCC   Integrated Gasification Combined Cycle  
IPCC  Intergovernmental Panel on Climate Change  
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ISO   International Standards Organization  
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LCA  Life Cycle Assessment  
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LCI  Life Cycle Inventory 
LHV  Lower Heating Value 
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MMBtu Million Btu 
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MW  Megawatt 
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N2O   Nitrous Oxide 
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NPV  Net Present Value 
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RSP  Required Selling Price 
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TPD  Tons Per Day  
ULSD  Ultra-Low-Sulfur Diesel 
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1  INTRODUCTION 
 
This study evaluates the use of the United States’ abundant domestic resources to address the concurrent strategic 
objectives of energy supply security, economic sustainability, and the mitigation of global climate change.  
Addressing these objectives in the transportation sector is of particular immediate concern based on the high level 
of petroleum imports for this sector and recent high oil price volatility which negatively impacts both the health of 
the economy and economic competitiveness. Moreover, the vast distributed nature of point sources of greenhouse 
gas (GHG) emissions within transportation, a sector accounting for over a third of the country’s total emissions, 
renders emission reduction inherently difficult. 
  
The indirect liquefaction of coal is a near-term pathway that allows these objectives to be achieved.  This Coal to 
Liquids (CTL) process uses three existing technologies – carbon capture, gasification and Fischer-Tropsch (FT) 
synthesis – to convert coal to diesel fuel, producing a concentrated stream of carbon dioxide (CO2) as a byproduct.  
In other words, carbon capture is already part of the process.  The results of a detailed modeling effort by the 
National Energy Technology Laboratory (NETL) show that when coupled with carbon sequestration, the overall 
process produces a product that has significantly less (5-12%) life cycle GHG emissions than the average U.S. 
petroleum-derived diesel.  These fuels are economically competitive with petroleum-derived diesel when the 
crude oil price (COP) is at or above $86 per barrel (bbl) (based on a twenty percent rate of return, in January 
2008 dollars, carbon price is zero).  When carbon prices increase, the Required Selling Price (RSP) falls. 
 
This same process can be used to leverage domestic biomass (non-food) resources.  When an 8 percent by weight 
(8wt%) biomass feed is co-gasified with coal, the resulting process – Coal and Biomass to Liquids (CBTL) with 
carbon sequestration – can produce fuels which are economically competitive at crude prices above $93/bbl and 
which have 20% lower life cycle GHG emissions than petroleum-derived diesel.1 
 
Based on these findings, CTL and CBTL with modest amounts of biomass (less than 30% by weight) would 
provide a balanced solution to the nation’s energy dilemma, producing affordable fuels from domestic feedstocks 
and enabling significant reductions in GHG emissions. Furthermore, a national commitment to promote the use of 
CTL and CBTL would, at large scale, greatly benefit the economy, creating highly technical jobs and reducing the 
amount of money sent overseas for oil imports, estimated at $326 billion dollars in 2007 and between $400 and 
$500 billion in 2008.  
 
1.1 STRATEGIC SIGNIFICANCE: AN ENERGY STRATEGY DILEMMA 
 
The United States of America – like many other oil-importing countries in the world – is currently faced with 
competing strategic objectives related to energy, each with its’ own set of significant challenges: 
 

• Energy supply security: A lack of secure, reliable and adequate supplies of energy, combined with a 
relentless growth in imports from a world market that is heavily dependent on unreliable or potentially 
unstable sources of supply,  
 

• Economic sustainability: A widespread concern for the health and sustainability of the nation’s economy 
and standard of living, with the combination of high and volatile prices and import dependency sapping 
the nation’s competitiveness, 

 
• Climate Change:  A growing consensus regarding the need to widely transform the nation’s energy 

industries, infrastructure and consumption patterns to dramatically reduce GHG emissions, in an attempt 
to reduce the potential impacts of energy use on climate change. 

                                                 
1  The 8wt% biomass in the feed stream accounts for 5% of the total feedstock energy (higher heating value (HHV) basis). 
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A fundamental impediment for achieving these goals simultaneously is the difficulty that resolving individual 
challenges often serves to greatly exacerbate the others.  For example, unconventional energy alternatives that 
could be used to supplement U.S. energy supplies, such as oil-sands and shale-oil have comparatively high GHG 
emissions associated with their production and use.  Similarly, certain low GHG fuel sources have high 
production prices or limited availability, thereby yielding climate change benefits to the detriment of economic 
sustainability and energy supply security.   This dilemma is described in Figure 1-1: moving too far in any 
direction has negative impacts on another goal. 
 
The transportation sector and the fuels used therein are crucial components of these challenges: transportation 
fuels are our largest single area of oil consumption (14 million barrels per day (mmb/d) or 68% of total petroleum 
consumption) and the sector is responsible for 34% of all CO2 emissions in the United States, making it the largest 
end-use sector emitter at 2,014 million metric tons of CO2 in 2007.2 [1,2,3] 
 

Figure 1-1: Solving the Energy Strategy Dilemma 
 

Energy 
Supply 

Security

Economic 
Sustainability

Climate 
Change

CBTL Provides a 
Balanced Solution

 
 
 
 
 

                                                 
2 Transportation fuels are responsible for most GHG emissions by end-use sector.  By comparison, electric power generation 
is responsible for more total CO2 emissions (2,433 versus 2,014 million metric tons per year in 2007), but electricity is used 
across many different end-use sectors. [1,2]  
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1.2  A BALANCED AND ATTRACTIVE SOLUTION 
 
Although this threefold energy strategy dilemma may appear to be intractable, CTL/CBTL with carbon capture 
and sequestration (CCS) addresses these concomitant concerns, producing affordable, low-carbon diesel fuel from 
domestic resources, and therefore providing a balanced and elegant solution to the dilemma. More specifically, 
the key advantages of this technology in supporting each of these energy strategies are: 
 

• Energy supply security:  
o Addresses the transportation sector, which accounts for two-thirds of total oil demand [3] 
o Uses coal and biomass: abundant and domestically available feedstocks 
o Synergistic use of coal and biomass in CBTL: 

 Better economic and GHG benefits than biomass alone  
 Most cost-effective use of limited biomass resources 

o Near-term pathway 
 Technology is commercial and ready for deployment now 
 Fuels produced work as a drop in replacement to diesel fuel 

 
• Economic improvement and sustainability:  

o Economic feasibility:  
 Feasible at crude oil prices above $86/bbl (twenty percent rate of return, carbon price is 

zero) 
 At carbon prices greater than zero, required crude oil feasibility price falls 

o New highly technical industry which results in significant job creation 
o Large-scale potential to address oil import dependency  
o High profitability under recent forecasts of future oil prices  

 
• Climate Change:  

o Relative to a petroleum-derived diesel produced in a standard U.S. refinery: 
 GHG emission reduction of  5% to 12%, without biomass 
 GHG emission reduction up to 75%, with combinations of up to 30% biomass3, 4  

o Effectively addresses supply-side transportation sector emissions  
  A near-term and significant technical achievement 

o Economically advantageous early opportunity for CCS demonstration projects 
 Incremental cost of CCS is low due to inherent CO2 separation 

 
1.3  KEY RESULTS 
 
The key findings of our report may be grouped into three overlapping areas: the attractive low carbon profile at 
reasonable cost, the synergistic benefit of combining coal and biomass into the same process, and the potential 
economic benefits of a large scale CTL/CBTL industry. 
 
 
 
                                                 
3 This accounting recognizes the net-negative CO2 emissions associated with sequestering photosynthetic CO2 derived from 
biomass.  Carbon credits are not taken from the buildup of carbon in the soil and roots of the biomass as a widely accepted 
accounting method for this carbon has yet to be finalized. 
4 This is achieved at a thirty percent (by weight) biomass feed, which has been demonstrated at the commercial scale in 
Buggenum, The Netherlands, and the application of aggressive CCS practices [4]. 
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1.3.1 Affordable, Low-Carbon Diesel Fuel 
 
CTL/CBTL/Biomass to Liquids (BTL) plants can produce diesel fuel that has life cycle GHG emissions that are 
significantly reduced from the life cycle GHG emissions of petroleum-derived diesel fuel.  Greater reductions are 
achieved as the percentage of biomass in the feedstock is increased and/or more aggressive carbon capture 
technologies are utilized (e.g. the CBTL with aggressive CCS cases).  However, both of these configuration 
changes make the fuel more expensive to produce, thereby increasing the price at which it must be sold at (i.e. the 
Required Selling Price (RSP)) to achieve economic feasibility.5 
 
Table 1-1 illustrates the proportional relationship between life cycle GHG emissions reductions and RSP.   
The three columns, moving from left to right, represent the no carbon sequestration case (the CO2 is captured but 
vented), simple CCS (CCS), and the more aggressive CCS configuration (CCS+ATR).  The rows represent 
varying amounts of biomass with the top row consisting of no biomass (CTL) and the bottom row consisting of 
100% biomass (BTL).  The background colors of the cells represent the crude oil price required for economic 
feasibility, assuming a 20 percent rate of return and a GHG emissions value (i.e. carbon price) between $0 and 
$45/mtCO2E.  The cells with a green background are feasible at crude oil prices between $80/bbl and $100/bbl, 
while the yellow background corresponds to feasibility between $100/bbl and $120/bbl, and the red background 
represents feasibility when crude oil prices are at or between $170/bbl and $240/bbl. 
 
The CTL with CCS configuration and the 8wt% to 15wt% CBTL with CCS configurations offer what might be 
the most pragmatic solution to the dilemma described in Figure 1-1:  GHG emission reductions which are 
significant (5 to 33% below the petroleum baseline) at diesel RSPs that are only half as much as using biomass 
alone ($2.56 to $2.82/gal compared to $6.45 to $6.96/gal for BTL).6  These CTL/CBTL with CCS options are 
economically feasible when crude oil prices are $86 to $95/bbl at a GHG emission value of $0/mtCO2E. 
 

Table 1-1: Life Cycle GHG Emissions of CBTL Plant Compared to 2005 Petroleum Baseline  

wt%
Biomass

Carbon Capture Configuration
No CCS CCS CCS+ATR

Life-Cycle GHG Emissions Relative to
Petroleum-Derived Diesel

0 +147% -5% -12%

8 -20% -28%1

15 -33% -42%

30 -63% -75%

100 -109% -322% -358%

crude oil from $80 to $100/bbl*

crude oil from $100 to $120/bbl*

crude oil from $170 to $240/bbl*

*Economic feasibility point, assuming 20% IRROE & 
GHG Emissions Values ranging from $0/mtCO2E to $45/mtCO2E 

 
         

   1The 8wt% CBTL with CCS+ATR point is interpolated between 0wt% and 15wt% 

                                                 
5 The Required Selling Price (RSP) is the minimum price fuels can be sold for in order to: a) offset operating costs, b) service 
its debt, and c) provide the expected rate of return to investors.  See Section 4.2 for an in-depth discussion on this topic.  
6 The 8wt% and 15wt% biomass cases equate to 5% and 10% of the feed streams on an HHV basis. 
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While these configurations provide what may be the most balanced solution from an energy strategy perspective, 
CTL/CBTL/BTL configuration options can also be evaluated on a basis that assumes GHG emissions must be 
accounted for economically, such as if a cap and trade policy were implemented.  In this scenario – described in 
Chapter 4 – any life cycle GHG emissions associated with the fuel would result in an operating cost (thereby 
increasing the RSP of the fuel) or, in the case where the fuel usage has negative GHG emissions, a revenue stream 
(based on GHG credits or offsets which can be sold).   
 
Tables 1-2 and 1-3 summarize which CTL/CBTL/BTL plant configurations would be economically preferred at 
different levels of GHG emission valuations, i.e. which option would produce the fuel with the lowest RSP.  As 
shown in Table 1-2, for GHG emissions values up to $5/mtCO2E, CTL without CCS is the economically preferred 
option, while for emissions values between $5/mtCO2E and $101/mtCO2E, CTL with CCS is preferred.  These 
options are economically viable when the crude oil price is between $74/bbl and $85/bbl (the exact price varies 
based on the GHG emission value).  
 

Table 1-2: Economically Preferred CBTL Configurations at Various GHG Emission Valuations without a LCFS7 
  Without a Low Carbon Fuel Standard

GHG Emission 
Value, 

Jan-08 $/mtCO2eq

Preferred CBTL 
Alternative

(lowest  cost  producer)

Crude Oil Price Required 
for Parity Between CBTL 

Diesel and Petroleum-
Derived Diesel

0 to 5 100% Coal, no CCS,
50k bpd $84 to $85 per bbl 

5 to 101 100% Coal, CCS,
50k bpd $85 to $74 per bbl

101 to 138 15 wt% SG, CCS,
50k bpd $74 to $66 per bbl

138 and higher 100 wt% SG, CCS+ATR,
5k bpd $66 and lower

 
 
Table 1-3 varies from Table 1-2 in that it assumes that a Low Carbon Fuel Standard (LCFS) is in place that 
prohibits the production of certain fuels based on life cycle GHG emissions.  In this case, fuels are required to 
exhibit emissions that are 20% below the petroleum baseline.  In this scenario, none of the CTL options are 
permitted  

 
Table 1-3: Economically Preferred CBTL Configurations at Various GHG Emission Valuations with a LCFS7 

Under a 20% Low Carbon Fuel Standard

GHG Emission 
Value,

Jan-08 $/mtCO2eq

Preferred CBTL 
Alternative 

(lowest cost  producer)

Crude Oil Price Required 
for Parity Between FT 
Diesel and Petroleum-

Derived Diesel

0 to 58 8 wt% SG, CCS,
50k bpd $93 to $83 per bbl

58 to 138 15 wt% SG, CCS,
50k bpd $83 to $66 per bbl

138 and higher 100 wt% SG, CCS+ATR,
5k bpd $66 and lower

 
                                                 
7 SG refers to switchgrass, the biomass type used in this study. 
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 (CTL with CCS+ATR is still only 15% below the petroleum baseline) and CBTL options with 8wt% biomass 
and 15wt% biomass are the economically preferred configurations for GHG emission values up to $58/mtCO2E 
and $138/mtCO2E, respectively.  These options are viable when crude oil is equal to or greater than $66/bbl or 
$93/bbl, depending on the GHG emissions value. 
 
1.3.2 Synergistic Use of Coal and Biomass 
 
This analysis reveals that BTL is very costly.  For example, given a fixed amount of biomass available in an area 
adjacent to the CBTL or BTL plant, the use of that biomass in conjunction with coal results in greater investment 
returns, more fuels produced, and greater overall GHG emission reductions compared to using biomass alone.  
These effects are the result of both the large economy of scale achievable with coal (compared to biomass alone), 
and the improved thermal conversion efficiency when coal and biomass are co-converted to fuels compared to the 
efficiency due to the use of a circulating fluidized-bed gasifier in BTL systems.  These results are discussed in 
Chapter 5 and point to CBTL as the best way to leverage biomass for fuels production. 
 
1.3.3 Economic Benefits 
 
CTL/CBTL plants and a potential CTL/CBTL industry have a number of advantageous economic benefits.  These 
benefits, discussed in Chapter 6, include the likelihood of large and growing earned profits.  When diesel prices, 
and the corresponding crude oil prices, rise above the level required for CTL/CBTL to be economically feasible, 
economic profits will escalate as well. Thus, if world oil prices are above $90/bbl, a scenario to which the world 
may quickly return as it recovers from the current global recession and financial crisis, every barrel of CTL/CBTL 
would produce substantial economic benefits.  These benefits include the moderation of world oil prices, the 
retention of economic rent, possible amelioration of the trade deficit, and extensive domestic job creation, on the 
order of 150,000 jobs per million bbls of CTL/CBTL.  Over the period 2010-2030, the net present value (NPV) of 
ramping up to a 3 million bpd industry could range from $200 billion to $700 billion, in 2008 dollars. 
 
1.4  ABOUT THIS STUDY 
 
This study evaluates the performance and cost of eleven different CTL/CBTL/BTL plant configurations in order 
to identify a balanced solution to the nation’s energy strategy dilemma. The entirety of the analysis leverages the 
extensive experience of NETL in the gasification of carbonaceous feedstocks, large-scale energy conversion, 
indirect liquefaction via the FT synthesis process, and carbon capture and storage, including in-depth work with 
the Carbon Sequestration Regional Partnerships over the last decade.  The scope of the study is limited to one 
type of biomass and one type of coal, with additional studies to follow which consider alternate feedstocks, plant 
configurations, and plant locations. 
 
The plant configurations evaluated in this study focus on optimally producing liquid fuels while dramatically 
reducing CO2 emissions, creating scenarios and sensitivities for addressing the conflicting priorities of 
transportation GHG mitigation and energy supply security.  While it is noted that CTL/CBTL/BTL plants may be 
designed to produce significant amounts of excess electric power based on market conditions, all the 
configurations in this study were designed to produce little, if any, power in excess of what the plant itself needs 
to operate.  This also allows the economic analysis to be uninfluenced and uncomplicated by difficult assumptions 
regarding: 

• crediting and allocation of life-cycle GHG emissions between electric power and fuels, and 
• valuation of  low-carbon electric power under future GHG regulation, including its price ratio with liquid 

fuel prices. 
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Additionally, no credit is taken for soil root carbon, i.e. the accumulation of carbon in the soil and roots of energy 
crops, as there is some question as to the appropriate accounting method which should be used for this carbon.  
This report therefore may significantly understate the potential GHG benefits of biomass usage.  This has very 
little effect on the overall economic findings, e.g. which option is preferred at what carbon price, but could result 
in CBTL fuels which produce net zero GHG emissions with as little as 35-40 wt% biomass.   
 
The report is structured as follows:   

• Chapter 2 describes the CTL/CBTL/BTL process, commercial readiness of the associated technologies, 
and the design strategy used and the plant configurations evaluated in this study;  

• Chapter 3 discusses the life cycle GHG footprint of CTL/CBTL/BTL produced diesel fuel, comparison of 
these fuels to petroleum-derived diesel, and provides a detailed look at GHG emissions from the 
CTL/CBTL/BTL process; 

• Chapter 4 details the overall capital cost estimates and illustrates the economic feasibility of 
CTL/CBTL/BTL; 

• Chapter 5 establishes the preference for combined use of coal and biomass; and  
• Chapter 6 outlines the potentially large economic benefits of a CTL/CBTL/BTL industry. 
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2 CONVERTING COAL AND BIOMASS TO DIESEL FUEL: THE FT PROCESS 
 
The nation is looking towards transportation fuels produced from renewable resources, such as biomass, as a 
means of addressing the joint challenges of energy security and climate change.  This goal is being pursued 
through numerous legislative avenues as well as extensive research and development into both new technologies 
and efforts at improving burgeoning technologies which are not currently competitive. 
 
This chapter describes an existing and proven technology for producing diesel fuel from both biomass 
and/or coal: Coal and Biomass to Liquids (CBTL), Coal to Liquids (CTL) and Biomass to Liquids (BTL)..   
 
CTL/CBTL/BTL using Fischer-Tropsch (FT) synthesis is a near-term solution for diesel fuel production: the 
technology has been in commercial use since the 1930s and the fuel produced can be used in today’s fueling 
infrastructure.8 It can also be used to produce fuels which have a life cycle GHG emissions profile which is less 
than that of petroleum-derived diesel by coupling the process with carbon sequestration.  This can be done at a 
very small incremental cost (less than $0.10/gallon of diesel fuel) due to the nature of the CBTL process, which 
produces a pure stream of CO2 as part of the process.9,10   
 
The co-gasification of coal and biomass (CBTL) uses coal to overcome key challenges that face the use of 
biomass as a feedstock.  These include supplying additional feedstock to enable larger scale plants to be built 
(economies of scale improve plant economics) and preventing plant downtimes if biomass is not available.   
At the same time, coal benefits 
from biomass, which is a 
renewable resource (thereby 
providing a sustainable energy 
source) that “recycles” carbon 
from the atmosphere, a substantial 
benefit in terms of climate change.   
 
All of these aspects of CBTL 
make it an attractive solution for 
producing affordable, low-carbon 
diesel fuel from domestic 
resources, thereby enhancing 
energy supply security, promoting 
economic sustainability and 
addressing climate change issues 
associated with the transportation 
sector.   
 
The following sections describe 
the CTL/CBTL/BTL process, the 
technological readiness of 
different technologies used in the 
plant, and the specific plant 
configuration and feedstock pairs 
examined.    

CBTL: Diesel Fuel from Coal and Biomass 
 
CBTL is a generic term describing the conversion of coal and biomass 
to liquid fuels.  This study evaluates a specific CBTL process – 
indirect liquefaction with FT synthesis – as a means to convert 
carbonaceous materials (e.g. coal and biomass) into diesel fuel.  
 
The FT process falls into the category of “indirect liquefaction” 
because the feedstock (coal and/or biomass) is first broken down into 
building block molecules – carbon monoxide (CO) and hydrogen (H2) 
– via gasification, then this “synthesis gas”(syngas) is converted into 
liquid hydrocarbons via FT catalytic synthesis, a large percentage of 
which can be used to produce premium diesel or jet fuels.  This differs 
from other direct liquefaction and pyrolysis technologies that liquefy 
the coal and biomass directly by cracking large molecules and adding 
H2, rather than first producing a clean gas that is then converted to 
liquids. 
 
FT diesel fuel can be blended with or used as a drop-in replacement 
for petroleum-derived diesel that is compatible with today’s 
infrastructure, cars, and other end-uses.  Additionally, it is superior in 
quality to petroleum-derived diesel as it is essentially free of sulfur, 
lower in life cycle GHG emissions (if carbon containment techniques 
are used), and produces less particulate matter during combustion. [5] 

                                                 
8 Commercial indirect liquefaction processes have largely used coal as a feedstock due to its low cost, high energy density, 
and ease of availability.  However, the process can use any feedstock which can be gasified, including biomass. 
9 As opposed to a dilute stream of CO2 as produced by many other energy conversion and fuel production systems. 
10 This incremental cost includes the cost of CO2 compression, transport, sequestration, and 80 years of monitoring.  
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2.1  CBTL PROCESS DESCRIPTION 
 
Many different options exist for the design and configuration of a CTL/CBTL/BTL plant and these options can 
result in wide variations in the plant cost and performance.  The plants described here are designed for maximum 
diesel fuel production (production of co-products such as electricity is minimized) and are evaluated at various 
levels of both CO2 capture and biomass percentage in the feed.   
 
Regardless of size, overall configuration, and feedstock, the conceptual plants analyzed in this study all have 
certain process units in common.  This section provides a detailed look at the unit processes in each of the three 
basic CTL/CBTL/BTL plant configurations evaluated: no GHG mitigation (“without CCS”), “simple CCS”, and 
“aggressive CCS”.   
 
The “without CCS” and “simple CCS” plant configurations are functionally equivalent as CO2 is captured in both 
cases.  The key difference is that in the “simple CCS” case, captured CO2 is compressed, transported and stored in 
a geologic formation whereas in the other case it is merely vented to the atmosphere.  Figure 2-1 is a simplified 
block flow diagram which describes this plant configuration.  The extra equipment for compression, transport, 
and storage, combined with the fund for CO2 monitoring, only constitute 4% of the total capital cost of the plant, 
resulting in a small incremental cost to add carbon sequestration to the plant, as will be described in greater detail 
in Chapter 4. 
 
The “aggressive CCS” case is a CTL/CBTL/BTL plant configured for more aggressive levels of CO2 capture 
(>95%).  This is achieved through the use of an Auto-Thermal Reformer (ATR), an additional Water Gas Shift 
(WGS) unit, and a revised recycle stream.  Figure 2-2 is a simplified block flow diagram which describes this 
plant configuration, with the process changes from the “simple CCS” configuration denoted in red. 
 
The process design choices and specific cases evaluated are described in greater detail below in the Sections 2.4 
and 2.5.  This includes details on the choice of switchgrass (SG) as a representative biomass feedstock, biomass 
availability and how that relates to plant production capacity, GHG emissions reduction strategies, and the focus 
on fuels production. 
 
2.1.1 Feedstock Processing and Drying 
 
Both feedstocks – coal and biomass – must be prepared for conversion by grinding and drying.  The switchgrass 
feedstock also undergoes some preparation prior to arrival at the CBTL plant: it is cut, field dried to 15wt% 
moisture, then baled at the collection site where it is stored until needed at the plant.  Bales of switchgrass are  
 

CBTL Terminology 
 
Coal to Liquids (CTL) – A plant which converts coal to liquid transportation fuels, in this case via FT synthesis. 
 
Coal and Biomass to Liquids (CBTL) – Similar to CTL, this plant converts both coal and biomass to fuel.   
 
Biomass to Liquids (BTL) Similar to CTL/CBTL, this plant only uses biomass as a feedstock for fuel production. 
 
Carbon Capture and Storage (CCS) – The capture, transport, and long-term storage of CO2 to reduce GHG 
emissions and the climate change impact of a process.  The CCS cases evaluated here  
 
Simple CCS (“CCS cases”) – CBTL plant with a simple CCS system in which greater than 91% of the CO2 
produced by the plant is captured. 
 
Aggressive CCS (“CCS+ATR cases”) – CBTL configured for more aggressive levels of CO2 capture (>95%).  
This is achieved through the use of an Auto-Thermal Reformer (ATR) (discussed below). 
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Figure 2-1:  Simplified Block Flow Diagram for the CBTL Plant Equipped for Simple CCS 
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Figure 2-2:  Simplified Block Flow Diagram for the CBTL Process Equipped for Aggressive CCS11 
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11 An increased interest in reducing GHG emissions has resulted in the addition to the plant shown in red.  This addition – the 
“CCS+ATR” configuration – uses existing technologies already found in commercial CTL plants to enable increased CO2 
capture over previous plant designs.  
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transported by truck, and at the plant, a de-baler breaks up the bales into loose grass and uses waste heat from this 
equipment to dry the biomass to a nominal 10% moisture (by weight) as it is fed into the grinding and final drying 
process.  Biomass is more reactive than coal, and therefore does not have to be ground as fine: grinding to a size 
of one millimeter or less is required in order to ensure proper feeding.  It is dried to 5% moisture (by weight) 
using driers fired with FT tail gas, prior to feed into the gasifier.  See Section 2.4 for more information on the 
choice of switchgrass as a biomass feedstock and information on cultivation, harvest, and processing prior to the 
plant gate. 
 
Coal is transported to the plant via rail and is crushed and ground to a size distribution which is 17 percent less 
than 200 mesh.  Coal is also dried to 5% moisture (by weight) prior to feed into the gasifier.   
 
2.1.2 Gasification  
 
The indirect liquefaction process requires solid feedstocks to be gasified to synthesis gas (syngas) before they can 
be converted to a liquid fuel.  As part of the overall study, a review of gasification technology suitable for CBTL 
processes was performed and the gasifiers and operating conditions used in the conceptual plant designs were 
based on recommendations from this work. [6]   Oxygen-blown gasifiers were used in all process configurations.  
This results in significantly reduced equipment sizes throughout the plant and therefore dramatically reduces the 
overall plant costs.   
 
2.1.2.1 Gasification of Coal and Coal/Biomass Mixtures  
 
In CTL and CBTL cases, a single stage, dry feed, entrained-flow gasifier was used to gasify the coal and/or 
biomass.  This type of gasifier was chosen due to operating experience in co-firing biomass and the advantage that 
it produces no tars and a minimal amount of methane (CH4) (which does not react in the FT synthesis process).   
 
The gasifier is of the slagging type and a direct contact water quench spray system is used to cool the syngas 
exiting the gasifier.  The quench also removes particulate matter and contaminants not removed in the slag.  
However, because the ash from biomass is rich in calcium oxide, it is difficult to melt even at the high gasifier 
operating temperature (2600°F) and additional fluxing agents may be required to obtain acceptable slag 
properties.  It is assumed in this study that the gasifier design has to be modified to include the two separate feed 
systems and dedicated biomass burners.12   
 
2.1.2.2 Biomass Only  
 
The BTL cases use a circulating-fluidized bed (CFB) gasifier for the biomass.  This system operates at lower 
temperatures and will therefore produce more light gases, like CH4, and tars from the breakdown of the biomass, 
requiring additional processing to take place downstream of the gasifier.  The CFB gasifier was chosen as it is 
generally accepted to be an appropriate gasifier for pure biomass streams, allowing: larger feedstock particle sizes 
– important due to the high energy requirements associated with grinding fibrous biomass –lower temperature 
operation (acceptable based on biomass reactivity), and at scales more suitable to generalized biomass feedstock 
availability. However, the operating experience with these gasifiers tends towards air-blown operation as opposed 
to the oxygen-blown systems evaluated in this study.  The CFB gasifier is also slightly less efficient than the 
entrained-flow gasifiers used in the CTL/CBTL cases due to the increased steam load of the process.  
 
2.1.3 Air Separation Unit 
 
                                                 
12 The advantage of having separate feed systems would be that, if the biomass system becomes inoperable for a time because 
of plugging, the gasifier can still continue to operate on coal only. 
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The oxygen for gasification is provided by a conventional cryogenic Air Separation Unit (ASU).  This unit takes 
uses a cryogenic distillation column to separate air into oxygen (O2) (95% purity) and nitrogen (N2). 
 
2.1.4 Gas Cooling, Raw Water Gas Shift, COS Hydrolysis, and Mercury Removal 
 
The syngas stream leaving the gasifier quench section is split into two streams.  The first stream is sent to a raw 
WGS reactor where water is reacted with the syngas to generate additional H2 via Equation 1.  This H2 is required 
for both the FT reactor and the product upgrading section of the plant.13  The other portion of the syngas is sent to 
a carbonyl sulfide (COS) hydrolysis unit where the COS is hydrolyzed to hydrogen sulfide (H2S), a form which 
can be removed downstream in the acid gas removal (AGR) unit.  (COS is also hydrolyzed in the WGS reactor.)  
While splitting the stream in this fashion is not strictly necessary – it is possible to operate the WGS reactor in 
such a way that the desired level of H2 is produced – it does result in reduced costs and is the generally accepted 
process configuration for CBTL plants.   

Water Gas Shift:  CO + H2O   ↔   CO2 + H2   {2-1} 

The two streams are then combined and cooled in gas coolers before being sent to activated carbon filtration for 
removal of mercury.  The cooled gas is then sent to a two-stage Selexol™ unit for removal of H2S and CO2. 
 
2.1.5 Acid Gas Removal 
 
The Selexol™ unit is used for the selective removal of H2S and for bulk removal of CO2.  The H2S produced by 
this selective absorption is suitable for feeding to a Claus-type unit for acid gas treatment (AGT) and recovery of 
elemental sulfur.  In the CCS cases, the CO2 is sent to drying and compression; otherwise, it is vented to the 
atmosphere. 
 
2.1.6     Sulfur Polishing 
 
Depending on operating conditions, the syngas exiting the Selexol™ unit still contains about 1-2 parts per million 
of H2S on a volume basis (1-2 ppmv).  This quantity of H2S is still too great to feed to the sulfur sensitive iron-
based catalysts in the FT synthesis process.  To remove this residual H2S, zinc oxide polishing reactors are used.  
The zinc oxide reacts with the H2S to form solid zinc sulfide.  The product gas leaving the polishing reactor 
contains less than 0.03 ppmv H2S. 
 
2.1.7     Hydrogen Recovery 
 
A portion of the clean syngas leaving the AGR unit is sent to the H2 recovery unit where sufficient H2 is separated 
and purified for use in the FT upgrading section of the plant.  This H2 is required for hydrotreating and 
hydrocracking.  The H2 separation system chosen for this study is the combination of a membrane unit and a 
Pressure Swing Adsorption (PSA) unit. 
 
2.1.8 Fischer-Tropsch Synthesis 
 
The clean syngas from the sulfur polishing reactor is sent to the FT section of the plant.  The syngas is heated to 
about 400ºF and fed to the bottom of the FT reactors, which operate in the 360-480ºF temperature range.   The gas 
bubbles up through the reactors that are filled with liquid hydrocarbons in which are suspended fine iron-based 
catalyst particles.  Reaction heat is removed via heat exchange tubes within the reactors.  The liquid medium 
enables rapid heat transfer to the heat exchangers which allows high syngas conversions in a single pass through 
                                                 
13 The FT reactors require a 1:1.0 to 1.1:1 ratio of H2 to CO in the syngas for proper operation.  In the CTL and CBTL cases, 
the syngas exiting the gasifier has a 0.4 H2:CO and therefore requires the water gas shift in order to ensure proper operation.  
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the reactor, and conversions of up to 80 percent per pass can be obtained.  In addition to the FT catalysis reaction, 
a WGS reaction also occurs in the presence of the iron catalyst, resulting in the conversion of CO and water to H2 
and CO2 throughout the reactor, increasing the H2 to CO ratio of the syngas.   
 
Fischer-Tropsch Synthesis 
 
The FT process creates what can be considered “synthetic” liquid fuels 
such as diesel and jet fuels from carbonaceous feedstocks.  The solid 
feedstock, such as coal or biomass, is first broken up into CO and H2 by 
gasification and gas cleaning and then reacted with a catalyst to form 
hydrocarbons of various lengths, the majority of which can be converted 
into transportation fuels.  This differs from conventional petroleum 
refining where carbon chains are broken down into shorter chains to form 
fuel.  Basic molecular building blocks are formed that result in fuels free 
of the sulfur and aromatic compounds found in petroleum-based fuels. 
 
To do this, syngas is put into contact with a catalyst such as iron or cobalt, 
which allows the chemical conversion shown in Equation 2 to take place.  
By using different catalysts, different H2 to CO ratios, or operating the 
reactor at different temperatures, different hydrocarbon products will be 
formed.   
 

(2n+1)H2 + nCO → CnH(2n+2) + nH2O                 {2-2} 
 
The FT reactor used in this study is a low temperature (360-480ºF), slurry 
phase reactor which contains an iron catalyst.  This reactor design and 
operating configuration are optimized for the production of long carbon 
chain hydrocarbons that can be selectively hydrocracked into diesel fuel 
and jet fuel, along with the minimization of oxygenates.14  Slurry reactors 
also give a higher conversion per pass because of their superior heat 
transfer characteristics.  Iron is used as catalyst because it is less 
expensive than cobalt and readily obtained in the U.S. 
 

The immediate products from the FT
reactor system are: (1) a tail-gas 
containing CO2, unreacted H2 and 
CO, and light hydrocarbon gases (C4 
and below), (2) a liquid stream 
containing medium length 
hydrocarbons, and (3) a wax stream 
containing long chain hydrocarbons.   
 
The tail-gas undergoes additional 
processing downstream before being 
split into a recycle stream and a 
stream to be combusted, as will be 
described below.  A maximum of 
80% of the tail gas can be used in the 
recycle stream based as higher 
recycle rates will result in 
unnecessarily large FT reactor units 
due to the buildup of extra syngas in 
the FT reactor loop. 
 
The liquid and wax streams are sent 
to the product recovery/upgrading 
sub-system.    In this area, the H2 
produced in the H2 recovery system 
upstream of the FT reactors is used 
in hydrocracking the wax and 
hydrotreating the raw to produce a 
diesel fraction and a naphtha 
fraction.  

 
2.1.9 FT Tail-Gas Processing (Aggressive CCS Cases) 
  
Half of the cases enabled for CCS also utilize ATR and WGS reactors to attain increased levels of CO2 capture, 
thereby further reducing the GHG footprint of the FT diesel fuel.15  In these cases, the light hydrocarbons in the 
tail gas are partially oxidized to CO,, producing H2 as a by-product and making it possible to capture carbon 
which would otherwise be combusted and emitted as CO2.  This partial oxidation occurs in the ATR, and 
generates steam for use in process units such as the WGS reactor.   

                                                 
14 The product mix from a FT reactor varies widely with operating conditions.  Specifically, higher temperature operation 
produces shorter chain hydrocarbons and a larger number of oxygenates, a product mix which is better suited for gasoline 
production. 
15 Light hydrocarbons cannot be captured in the downstream MDEA unit.  The partial oxidation, i.e. partial combustion, of 
light hydrocarbons allows the recovery of their thermal heating value while converting them into a form which is useful in 
the recycle stream (CO).  Furthermore, if that CO is shifted to CO2 using a WGS unit, it can be captured by the MDEA unit. 
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The reformed tail gas is then split into two streams: (1) a stream of H2, CO, and CO2 that is recycled through the 
upstream Selexol system and FT unit in order to increase liquids yield, and (2) a stream that is shifted in a WGS 
reactor in order to convert any CO species to CO2, thereby enabling CO2 capture.   
 
After the latter stream is shifted, it is processed in a methyldiethanol amine (MDEA) unit to remove the CO2, 
resulting in a H2 rich gas.  This tail-gas is then sent to the power generation block for combustion. 
 
A standard MDEA unit with a single CO2 absorber and solvent regenerator is used for this unit operation.  
Captured CO2 is compressed for transport and storage, as described below. 
 
2.1.10 FT Tail-Gas Processing (Simple CCS Cases) 
 
In the “simple CCS” cases the FT tail gas is processed in a MDEA unit to remove the CO2 from the tail gas.  CO2 
is removed in order to reduce the volume of the recycle stream (and therefore the size and cost of the FT reactor) 
and to improve the heating value of the tail gas to be combusted.  After the FT tail gas is processed in an MDEA 
unit, it is split into two streams, one of which is sent to the power generation block for combustion and the second 
of which is a recycle stream.  This recycle stream is then recycled to just upstream of the FT reactor.   
 
A standard MDEA unit with a single CO2 absorber and solvent regenerator is used for this unit operation.  
Captured CO2 is compressed for transport and storage, as described below. 
 
2.1.11 FT Tail-Gas Processing (non-CCS Cases) 
 
The FT tail-gas in the non-CCS is processed in a fashion identical to that described in the “simple CCS” section 
(Section 2.1.10) except that captured CO2 is vented to the atmosphere (as opposed to compressed for transport and 
storage). 
 
2.1.12 CO2 Compression, Transport, and Storage (CCS Cases only) 
 
In cases enabled for CCS, CO2 captured in the plant is dried and compressed for pipeline transport to 2,200 
pounds per square inch absolute (psia), at which point it is a supercritical fluid.  A pipeline length of 50 miles is 
assumed and the pipeline diameter is specified such that the CO2 pressure is 1,200 psia at the pipeline destination, 
providing a ten percent safety margin above the critical-point.  This design removes the need for recompression 
stages.   
 
Transported CO2 is injected into a saline formation for long-term storage with provisions for 80 years of 
monitoring to ensure the CO2 remains in place. 
 
The costs associated with each CCS stage – compression through monitoring – are included in both the selling 
price of the fuel and the capital and operating costs reported throughout this document.  These costs represent 
approximately 4% of the overall capital costs, and therefore do not have a dramatic effect on the RSP of the final 
diesel fuel product. 
 
2.1.13 Power Generation Block 
 
The tail gas is combusted in a direct-fired superheater to create steam for power generation.  This steam is used to 
drive the steam turbine to generate the electric power for the plant. Enough gas is combusted to provide power for 
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all of the equipment in the plant and in some cases a small amount of excess power (less than ten percent of the 
total plant parasitic power draw) is sold to the local electricity grid. 
 
2.1.14 Balance of Plant (BOP) Units 
 
The conceptual design included materials and equipment for on-site tank product storage, plant water systems 
(cooling towers, boiler feed water (BFW), waste water treating, storm water handling, and fire water 
requirements), electrical transformers and plant power distribution facilities, and  instrumentation and control 
systems. 
 
 

 
2.2  PRODUCT MIX 
 
The product mix produced by the FT reactor is 70% by volume FT diesel and 30% by volume naphtha.  The FT 
diesel fuel contains no sulfur and is completely fungible with petroleum-derived fuels: it is ready for use in 
existing vehicles without any modification; can be blended with petroleum-derived diesel to improve the cetane 
content of that fuel; and can be transported and stored using the existing infrastructure.  Furthermore, the literature 
reports that FT diesel has several advantages over petroleum-based diesel, including burning cleaner with fewer 
particulate emissions [5].  The zero sulfur fuel also allows lean Nitrogen Oxides (NOx) catalysts to be used in 
vehicle exhaust emission cleanup systems. 
 
The naphtha generated by the plant is sold as a chemical or gasoline feedstock.  The end use is likely to vary from 
plant to plant, based on current market conditions and proximity to chemical plants or refiners.  Future analyses 
will investigate the refining and upgrading of naphtha to gasoline at the indirect liquefaction plant itself.  
 
2.3  TECHNOLOGY BACKGROUND AND READINESS 
 
This section reviews the maturity and history of each technology and identifies potential hurdles and opportunities 
for process optimizations. 
 
2.3.1 Coal Gasification 
 
Coal gasification is a mature technology which has been deployed throughout the world, including in conjunction 
with FT synthesis plants. 
  
2.3.2 Biomass Gasification 
 
The majority of existing biomass gasification systems are small scale, air-blown, and low temperature systems.  
Such gasifiers were deemed inappropriate for the BTL cases in this study for reasons including N2 dilution in air-
blown systems, gas cleanup issues, and problems with tar formation.  Although considerable research has been 
performed on biomass gasification, a large, commercial scale biomass gasification plant has yet to be built which 
meets the operating requirements of this technology: high operating pressure, oxygen blown, and/or high 
temperature operation [7]. 
 
Unfortunately, there is very little data in the literature for high pressure biomass gasifiers.  Because of the fibrous 
nature of most biomass sources, the material is very difficult to feed into a high pressure gasifier.  Typical 
problems include clumping and bridging.   Other technical hurdles also exist, such as the high slagging 
temperature of mineral content within biomass and the production of tars in low-temperature gasifiers often 
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considered for use with biomass.  These issues will require significant Research & Development (R&D) prior to 
deployment.  Furthermore, research will be required associated with the gasification of biomass in O2-blown 
systems, as required by the FT reactor and in order to drive costs down. 
 
2.3.3 Co-Gasification of Coal and Biomass 
 
Co-gasification of coal and biomass has been successfully demonstrated at both the Polk Power Plant in Tampa, 
Florida, and the NUON power plant in the Netherlands.  The operating experience at Polk involved up to one and 
a half percent woody biomass (by weight) being co-gasified with bituminous coal.  The biomass was preground to 
particles nominally ½” in size and did not present any major issues [8].  
 
At NUON they successfully fed a mixture of 30 percent by weight of demolition wood and 70 percent coal to the 
Shell-dry-feed, high pressure, entrained gasifier.  The wood was reduced to sawdust and had a particle size of 1 
mm or less. Based on this experience it is assumed that it is possible to feed small wood particles of 1 mm size to 
a pressurized entrained gasifier using the existing lock hopper feed system.  This assumption is supported by 
Energy research Centre of the Netherlands (ECN) in their report on entrained flow gasification of biomass [9]. 
 
These initial successes show the promise of co-gasification, but because they are limited to a few sources of 
biomass, limited duration tests, and various concentrations of biomass, further R&D is required before large-scale 
deployment.  The major design issues which must be tackled include the development of high pressure biomass 
feed systems, gasifier optimizations for co-gasification at varied biomass feed rates, overcoming hurdles 
associated with feeding heterogeneous biomass types, design of biomass preprocessing systems and choice 
between biomass preprocessing at the plant or at the harvest site.   
 
Therefore, while co-gasification can be considered a technology ready for long-term demonstration at large-scale, 
full implementation which allows the utilization of a wide range of heterogeneous biomass feedstocks will require 
additional Research, Development and Demonstration (RD&D).   
 
2.3.4 Fischer-Tropsch Synthesis 
 
FT synthesis is a commercial process which was utilized extensively in Germany through the end of World War 
II.  It is currently being utilized commercially by SASOL and Petro-SA in South Africa, by Shell in Malaysia, and 
by SASOL in Qatar.  The South Africa plants were deployed 25-30 years ago, and while SASOL has continued an 
active R&D program since then, no large scale facilities were built in the remainder of the 20th century.  The 
66,000 bpd Gas to Liquids plant currently under construction in Qatar represents the first large scale deployment 
of an FT synthesis plant by SASOL in 25 years.  
 
The commercial nature of the process non-withstanding, R&D opportunities exist, including the development of 
better catalysts and improving the understanding of the FT process so that the product slate can be easily changed 
to match market trends.  Improvement in these areas represents an opportunity to increase profitability of FT 
operations, as well affect the reduction of up front capital costs.   
 
2.3.5 Systems Integration 
 
In the twenty plus years since the SASOL units went into production, significant technological advances have 
been made, resulting in a number of opportunities for process efficiency and environmental improvements.  
Therefore, while CTL plants are considered commercial, best practices using new technologies have yet to be 
ascertained and significant improvements can be realized during systems integration.   
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2.3.6 Carbon Sequestration in Geologic Sinks 
 
Currently, two major demonstration projects are sequestering an estimated two million tons of CO2 in geologic 
formations:  one for enhanced oil recovery (EOR) operations and one for the explicit sequestration of CO2 to 
avoid CO2 emissions taxes.  The latter is the objective of the Sleipner CO2 injection project, with one million tons 
of CO2 being injected per year into a saline formation under the North Sea.  This CO2 is the byproduct of a natural 
gas production facility and injection has been occurring since 1996 and, coupled with extensive monitoring 
operations, has served as a large scale demonstration of how carbon sequestration can work. [10]   EnCana’s 
enhanced oil recovery project in Weyburn is another representative case where over a million tons are injected per 
year, resulting in over 20 million barrels of incremental oil produced and detailed modeling data of underground 
CO2 flows in oil wells.16  The CO2 used in this project is produced from the conversion of coal into synthetic 
natural gas and other specialty chemicals at the Dakota Gasification Plant in Beulah, ND, and represents a good 
example of how CO2 generated from coal fed processes can be used in an economically beneficial way [11].  
These projects are in addition to the oil industry which uses CO2 from natural deposits for EOR applications 
throughout the Southwest and Texas. 
 
To date, geologic sequestration has not been widely deployed, predominantly due to the lack of legal 
requirements for reduction and lack of an economic driver to cover the large capital and operating costs of 
concentrating CO2 from point sources such as power plants.  The above examples – Sleipner and Weyburn – are 
unique in that relatively pure CO2 was already being produced at the plant, and the costs, while significant, were 
offset by tax breaks.  Both CTL and CBTL offer a similar opportunity, as the CO2 generated by the plant is 
already concentrated into a pure stream and ready for compression and transport. This makes CTL and CBTL 
superb choices for carbon sequestration demonstration projects, as the marginal cost of CCS is very low.   
 
2.4  DESIGN STRATEGY 
 
Many different options exist for the design and configuration of a CTL/CBTL/BTL plant and these options can 
result in wide variations in the plant cost and performance.  This section describes the overarching design strategy 
used in this study. 
 
2.4.1 Liquid Fuels Production Focus 
 
The CBTL plants evaluated in this study are configured for the production of fuels (as opposed to other co-
products, such as electricity).  The decision to focus on liquid fuels production – and specifically diesel fuel – 
stems from a desire to simplify the analysis by eliminating the need to allocation production costs and GHG 
emissions to another significant byproduct.17  Maximum fuels production is achieved by the use of a so-called 
“recycle configuration”, in which syngas that is not converted to fuels in the FT reactor is recycled back into the 
process, maximizing the amount of carbon which is converted into diesel fuel.   
 
2.4.2 GHG Emissions Reduction 
 

                                                 
16 The field is expected to produce 155 million barrels of incremental oil over 30 years of CO2 flooding, or an average of 5 
million bbl/yr of incremental oil, and the project is in its eighth year.  Assuming that incremental production did not occur 
until year two of the project, an estimated 30 million barrels of incremental oil have been produced.  This ramp-up seems 
commiserate with a current incremental production rate of 18,000 bbl/d, or 6 million bbl/yr [12]. 
17 The production of diesel and jet fuel is of particular importance given the lack of alternatives for certain vehicles which use 
these fuels.  In particular: aircraft, long haul trucks, and trains cannot be easily retrofitted to use hybrid electric technologies 
or configured for different fuel usage.  
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A decision was also made to focus on reducing GHG emissions from the CTL/CBTL/BTL plant, based on current 
concerns related to climate change.  As described in Section 2.1 above, two different CCS configurations were 
examined: a default, or “simple CCS” configuration, and a second “aggressive CCS” configuration in which 
equipment is added (at additional cost and performance penalty) in order to further reduce CO2 emissions from 
the CBTL process. 
 
The “simple CCS” is a low incremental cost option for CCS, as it is functionally identical to the “without CCS” 
cases: CO2 is already captured within the CTL/CBTL/BTL plant as part of the process.  The only difference is the 
addition of CO2 compression, transport and storage capital and operating costs.  This option results in the 
capture of 91% or more of the CO2 produced by the plant. 
 
The “aggressive CCS” plant configuration was developed in order to increase the level of CO2 capture achievable 
in a CTL/CBTL/BTL plant, so that a lower GHG emissions profile fuel could be produced.  The key to further 
reducing emissions is to aggressively remove as much carbon as possible from the fuel gas to be combusted for 
plant power generation.  As a portion of the carbon in the fuel gas is in the form of light hydrocarbons (C2-C4), 
reductions can be achieved by converting this carbon to CO2 so that it can be captured.  This type of conversion is 
common in some CTL/CBTL/BTL process configurations, where light hydrocarbons are converted to CO 
(through partial oxidation) which is recycled to a point upstream of the FT reactors [13].  A similar technique was 
used in the “aggressive CCS” configuration, except that the light hydrocarbons are first partially oxidized to CO, 
then converted to CO2 via WGS so that they can be captured in the MDEA unit.     
 
These changes in the process result in the capture of more than 95% of the CO2 produced by the plant 
although this additional level of capture incurs both an efficiency and cost penalty which in many cases makes 
this plant configuration not preferred economically. 
 
2.4.3 Carbonaceous Feedstocks 
 
The indirect liquefaction CTL/CBTL/BTL pathway offers a great deal of flexibility with regards to feedstock 
choice due to the extensive gas cleaning required to protect the FT catalyst.  For example, coals which might be 
undesirable for power generation due to high sulfur content, low-heating values, or other undesirable 
characteristics can be used as a feedstock. Similarly, a wide variety of biomass types, ranging from herbaceous 
and woody biomass to agricultural waste (corn stover, bagasse, etc.) and construction wastes can also be used.   
 
This study uses one feedstock of each type – bituminous coal and switchgrass – to evaluate the CTL/CBTL/BTL 
processes.  These were chosen as representative feedstocks for a Midwest plant location.  Other coal and biomass 
feedstocks will be evaluated in a later study. 
 
2.4.3.1 Coal  
 
Illinois #6, a high sulfur, bituminous coal is used as the coal feedstock in this study.  The coal is mined 
underground using a combination of both conventional and long-wall mining techniques.  If the mine is 
particularly gassy (high in coal mine methane), best coal mine methane (CMM) management practices are used to 
meet both Mine Safety and Health Administration (MSHA) mine safety requirements and to reduce CH4 
emissions.18  CMM is assumed to be combusted on site for use in mining operations due to variability such as 
CMM product quality and proximity to markets. 
 

                                                 
18 CMM reduction methods are currently in practice at a number of domestic mines and can be used to produce saleable gas.  
In many cases, however, low grade CMM is used for mine energy requirements, including the heating of ventilation air [14]. 
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Coal is delivered to the CTL/CBTL plant by rail and contains 11.11% moisture (by weight).   
 
2.4.3.2 Biomass  
 
Only one biomass type, switchgrass, is evaluated in this study.  Switchgrass is herbaceous biomass which can be 
grown throughout the United States including on degraded or marginal lands.  This study assumes switchgrass is 
cultivated on these land types, which can affect feedstock cost and availability as described in Section 2.4.4. 
 
Once harvested, switchgrass is left to dry in the field, resulting in a final moisture content of 15% (by weight).  Of 
the cultivated crop, 15% (by weight) is assumed to have been lost during harvest.  Field dried switchgrass is then 
collected then baled, covered with tarps, and stored on the ground in the field.  A further 10% (by weight) of the 
switchgrass is assumed to be lost during storage due to biomass degradation.  The bales are collected and 
transported by truck to the CBTL/BTL facility where they are processed in a de-baler, dried with waste heat to a 
moisture content of 10% (by weight),and sized for gasification.  
 
2.4.4 Switchgrass Availability 
 
A key issue surrounding the use of biomass as an energy feedstock is land use change, i.e. energy crops 
competing for lands used for food crops or causing non-croplands to be developed for cultivation, resulting in the 
release of stored carbon from these lands.  One example of this would be the clearing of forests for additional 
cropland to be created.  For the purposes of this study, it is assumed that no land use changes occurred as a result 
of biomass cultivation, and that the switchgrass used was cultivated only on marginal lands which are not suitable 
for food-crops (abandoned mine lands, etc.) or depleted crop lands.  This can result in a relatively large collection 
area for a small amount of biomass, as only a fraction of the land in proximity to the plant is considered to be 
marginal and available for energy crop cultivation. 
 
With the exception of a few ideal locations, it is assumed that 4,000 dry tons per day (tpd) of biomass will be the 
maximum economically feasible supply available for the majority of biomass energy conversion facilities in the 
United States, should widespread deployment occur.  This assumption is congruent with a number of regional 
sites which can support this production rate from a collection radius of 30 to 50 miles based on the use of only 
marginal lands and without causing land use changes [6, 15].  This feed rate would result in 10.2-ton biomass 
delivery trucks arriving roughly every 10 minutes at a central collection facility.   
 
2.4.5 Plant Size 
 
The production capacity of the CTL/CBTL/BTL plant was based on three factors: (1) FT reactors are generally 
sized at 5,000 bpd, (2) at 50,000 bpd the effects of economies of scale taper off, making this the smallest plant 
size at which adding capacity will not significantly decrease capital requirements on a “dollars per daily barrel” 
basis, and (3) in the case of CBTL plants being fed biomass, the maximum biomass feed rate is 4,000 dry tpd.   
 
Therefore, 50,000 bpd was viewed as the preferred CTL/CBTL/BTL plant size, unless this required a higher 
biomass feed rate than 4,000 dry tpd.  In these cases, the plant size was decreased in 2,500 bpd increments until 
the required biomass feed rate was equal to or less than 4,000 dry tpd.  As shown in Section 2.5, this resulted in 
“biomass-only” plants sized at 5,000 bpd production capacity and “co-gasification of coal and biomass plants” 
that are fed 30% biomass (by weight), sized at 30,000 bpd.  These reduced plant sizes do have an effect on the 
capital requirement for building the CTL/CBTL/BTL plant, resulting in significant increases in cost for the 5,000 
bpd plant cost.  This has a number of ramifications, including that the plant siting of BTL plants or CBTL plants 
which utilize large percentages of biomass may only be viable in special locations where larger biomass feed rates 
are available.  Such opportunities are thought to be somewhat limited, however, and their assessment is beyond 
the scope of this study. 
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2.5  CASE DESCRIPTIONS 
 
Table 2-1 describes the cases covered in this study.  Three “Plant Types” are evaluated – CBTL, CTL, and BTL – 
at capacities up to 50,000 bpd.  The plant capacity for plants fed with biomass was based upon a biomass feed rate 
of 4,000 dry tpd, which correlates to a biomass collection radius of thirty to fifty miles.  This feed rate can be 
supported in a wide range of locations around the country without displacing food crops [15].  Feeds of fifteen 
and thirty percent biomass (by weight) were evaluated for the CBTL cases.   
 

Although both the CBTL and BTL technologies can gasify a variety of biomass types, this study placed a focus 
on the use of switchgrass, which is an energy crop that can be grown on degraded or abandoned land.  The coal 
feedstock chosen for the CBTL and CTL cases was Illinois #6, a high-sulfur, bituminous coal. 
 
 

Table 2-1: CBTL Plant Configurations for this Study 

Case Plant Type 
Capacity 

(BPD) Biomass % Biomass Type Specification 
1 CTL 50,000 n/a n/a No CCS 
2 CTL 50,000 n/a n/a CCS 
3 CTL 50,000 n/a n/a CCS + ATR 
4 CBTL 50,000 8% Switchgrass CCS 
5 CBTL 50,000 15% Switchgrass CCS 
6 CBTL 50,000 15% Switchgrass CCS + ATR 
7 CBTL 30,000* 30% Switchgrass CCS 
8 CBTL 30,000* 30% Switchgrass CCS + ATR 
9 BTL 5,000* 100% Switchgrass No CCS 
10 BTL 5,000* 100% Switchgrass CCS 
11 BTL 5,000* 100% Switchgrass CCS + ATR 

*Plant capacity reduced from 50,000 BPD due to a scenario in which there is limited availability of biomass (4,000 dry tons per day). 

 
 
2.6  SUMMARY 
 
CTL/CBTL/BTL is a process that combines several existing and proven technologies for the production of 
diesel fuel from both biomass and coal.  The process produces a nearly pure stream of CO2 which is ready for 
sequestration, resulting in a very low incremental cost to produce a fuel which has a life cycle GHG emissions 
profile which is less than that of petroleum-derived fuels, as will be detailed in Chapter 3 (GHG emissions levels) 
and Chapter 4 (economics). 
 
CTL/CBTL/BTL is unique in that it uses coal to make the use of biomass economically viable by enabling 
large scale operation (driving down costs), preventing plant downtimes if biomass is not available, and providing 
a cheap, energy dense feedstock to lower costs.  This makes it a very attractive solution for producing affordable, 
low-carbon diesel fuel from domestic resources, thereby enhancing energy supply security, promoting economic 
sustainability and addressing climate change issues associated with the transportation sector. 
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3 GLOBAL CLIMATE CHANGE AND FUEL GHG EMISSION PROFILES 
 

This chapter discusses the life cycle GHG footprint of CTL/CBTL/BTL produced diesel fuel, compares these 
fuels to petroleum-derived diesel, and provides a detailed look at GHG emissions from the CTL/CBTL/BTL 
process.  CTL/CBTL/BTL offers a near-term opportunity for reducing GHG emissions in the transportation 
sector by producing diesel fuel with a life cycle GHG intensity substantially (5% to 358%) below that of 
petroleum-derived fuels.  As will be shown in Section 3.3, reductions of 5-12% can be achieved in CTL plants 
and up to a 75% reduction is achievable when co-gasifying coal with commercially demonstrated levels of 
biomass (30% biomass by weight) in CBTL plants.  Using only biomass as a feedstock will produce a fuel with 
an even lower GHG footprint – up to 358% below that of petroleum – but this option is not likely to be 
economically viable, as is discussed in Chapters 4 and 5. 
 

3.1  ALTERNATIVE FUEL CRITERIA FOR ACCEPTABILITY 
 

A confluence of the desire for both (a) energy security and (b) GHG emissions reductions in the transportation 
sector has prompted a search for fuels which might supplant petroleum-derived fuels.  One criterion used to 
inform policy and regulatory decisions regarding these fuels are the life cycle GHG emissions associated with 
these fuels, starting with the acquisition of raw materials from the earth (crude oil, coal, biomass, etc.) all the way 
through the use of the fuel in a vehicle. 
 

Evaluating transportation fuels on a life cycle GHG emission basis is non-trivial, however, and care must be taken 
lest viable fuel options be needlessly precluded from development.  For example, in April of 2007 the U.S. 
Environmental Protection Agency (EPA) published the results of a life cycle GHG analysis of 14 alternative 
transportation fuels in a 3-page fact sheet.  One of the findings was that fuel produced by a CTL plant equipped 
with CCS had GHG emissions which were 3.7% greater than petroleum-derived diesel fuel, using fuel produced 
in the year 2017 as a basis of comparison (EPA 2007).  These preliminary findings from the EPA led lawmakers 
to insert language into the Energy and Independence & Security Act (EISA) of 2007 to preclude the use of fuels 
with a higher GHG footprint than those produced from petroleum, effectively discouraging domestic CTL 
development.   
 

This study clearly demonstrates that the use of the EPA feasibility study resulted in a misguided characterization 
of the life cycle GHG benefits of CTL with CCS.  Through detailed analysis, NETL has found FT diesel fuel from 
CTL with CCS to have life cycle GHG emissions which are 9% to 15% below that of petroleum-derived diesel, 
when a petroleum base year of 2017 is assumed (as in the EPA study).  Figure 3-1 depicts the original April 2007 
EPA bar chart and contrasts these findings with the 3.7% increase originally reported by the EPA. 

 
Figure 3-1: Percent Change in Emissions Using Non-EISA Petroleum Baseline 
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3.1.1 Energy Independence and Security (EISA) Act of 2007 Provisions 
 
EISA 2007, enacted December 19, 2007, contains two key provisions which pertain to the life cycle GHG 
emissions of alternative transportation fuels: the definition of a base year of comparison for GHG emissions and 
the requirement that alternative fuels procured by the government must meet a certain level of GHG emissions   
 
3.1.1.1 2005 Petroleum Baseline  
 
The CTL/CBTL/BTL diesel fuels evaluated in this study are compared to the average emissions profile of 
petroleum-derived diesel, based on the U.S. national average in 2005.  This “petroleum baseline” was used in 
order to be consistent with language in EISA 2007, which established the year 2005 as the basis of comparison for 
certain alternative fuels.19 The sole exception to this is the result reported in Figure 3-1, where CTL with CCS is 
reported as a 9% to 15% reduction in life cycle GHG emissions compared to a petroleum base year of 2017, 
whereas it is 5% to 12% below the 2005 baseline.  The 2017 baseline was used in this figure for consistency with 
the April 2007 EPA document and will not be referred to again.   
 
As the U.S. EPA Administrator has not determined a 2005 petroleum baseline as of December 2008; the 2005 
petroleum baseline reported in the NETL report entitled “Development of Baseline Data and Analysis of Life 
Cycle Greenhouse Gas Emissions of Petroleum-Based Fuels” is used as a basis of comparison in this study 
[16].  This study is discussed in greater detail in Appendix B. 
 
3.1.1.2 Life Cycle Emissions Comparison to Petroleum-Derived Diesel  
 
As mentioned above, when faced with a direct result of the EPA preliminary finding, lawmakers inserted 
language into Title V, Subtitle C, Sec. 526 of EISA 2007 which precluded federal agencies from entering “into a 
contract for procurement of an alternative or synthetic fuel…unless the contract specifies that the lifecycle 
greenhouse gas emissions associated with the production and combustion of the fuel supplied under the contract 
must…be less than or equal to such emissions from the equivalent conventional fuel produced from conventional 
petroleum sources.” Based on this criteria and the EISA language which sets 2005 for the base year for 
comparison, CTL with CCS qualifies for federal procurement, as is discussed in Section 3.3. 
 
3.2  GHG EMISSIONS FROM PETROLUEM-DERIVED DIESEL FUEL 
 
The production and delivery of transportation fuels has been widely studied in the United States.  Over the past 10 
years, the increasing emphasis on GHG emissions in the United States and abroad has resulted in a number of 
well-documented and cited reports on the life cycle emissions of petroleum-derived diesel fuel.  Figure 3-2 
describes the “Well-To-Tank” (WTT) GHG emissions for petroleum diesel, as reported in a number of these 
studies.20  As shown, the results vary widely across different crude sources, base years, and modeling 
assumptions, ranging from 11.8 kg CO2E/million British thermal units (mmBtu) to 37.5 kg CO2E/mmBtu – a 
three-fold differential between the minimum and maximum values.   
 

                                                 
19 Title II, Subtitle A, Sec. 201 of EISA 2007 states that alternative transportation fuels are to be compared to the “average 
life cycle GHG emissions, as determined by the [EPA] Administrator, after notice and opportunity for comment, for gasoline 
or diesel fuel (whichever is being replaced by the renewable fuel) sold or distributed as transportation fuel in 2005.”   
20 The “well-to-tank” emissions are the emissions associated with the production and delivery of diesel fuel. 
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In November of 2008, NETL released a detailed study which found the WTT GHG emissions profile of 
petroleum-derived diesel fuel to be 18.3 kg CO2E/mmBtu lower heating value (LHV) of diesel fuel dispensed, 
based on the average U.S. transportation fuel sold or distributed in 2005.  This result, shown as the green bar in  

Figure 3-2. Comparison of Diesel Fuel Greenhouse Gas Profiles from Various Studies 
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Figure 3-2, has half the emissions of Venezuela very heavy crude, as estimated by McCann in 1999.  This has the 
clear ramification that by displacing the marginal supply of heavy crude imports with FT fuels which have GHG 
emissions equal to or below the petroleum baseline, the overall GHG emissions from the transportation sector can 
be dramatically reduced. 
 
When the “Well-to-Wheels” (WTW) life cycle emissions are considered and vehicle operation is included in the 
emissions profile, the total life cycle GHG emissions are 95.0 kg CO2 E/mmBtu LHV of fuel consumed (or 7.3 
kilograms per gallon of diesel fuel consumed) [16].21 As described in Figure 3-3, the bulk of these emissions 
(81%) are associated with vehicle operation during which carbon in the fuel is combusted and converted to CO2.  
Since the capture and disposal of these combustion emissions is not viewed as viable with conventional vehicle 
technology, the maximum GHG emissions reduction possible achievable by making changes to the existing 
petroleum-based diesel production chain is 19% – or 19% below the 2005 average petroleum baseline – assuming 
all upstream emissions are eliminated.22   
 
3.3  GHG EMISSIONS FROM FT DIESEL 
 
CTL/CBTL/BTL can produce diesel which has a GHG emissions profile significantly below that of petroleum-
derived diesel.  This represents a unique opportunity for GHG emissions reductions from the transportation sector 
in light of the limited reductions achievable from petroleum-derived diesel (19% theoretical maximum).   This 

                                                 
21 Vehicle operation is included in the petroleum baseline in accordance with the EISA 2007 definition of “baseline life cycle 
greenhouse gas emissions.” 
22 In reality, it is not possible to eliminate all upstream emissions. 
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reduced GHG profile is achieved in two ways: carbon sequestration and the use of biomass to supply all or part of 
the required feedstock energy.  Carbon sequestration is utilized to reduce upstream emissions of the fuel to a level  
 

Figure 3-3: Breakdown of Life Cycle GHG Emissions from Petroleum-Derived Diesel 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
below the upstream emissions of petroleum-diesel.  The use of biomass as a feedstock offsets a portion of the 
carbon released during combustion, reducing the “vehicle operation” emissions.  Biomass cultivation can also 
result in the sequestration of carbon in low-grade soils, further reducing GHG emissions, although credit for this 
GHG offset was not taken into account by this study.23   
 
When carbon sequestration and the use of biomass are combined, the diesel produced has a fraction of the GHG 
emissions of petroleum-derived fuels and can even be “GHG negative”, where more carbon is removed from the 
atmosphere than is emitted.  The improvement is even more pronounced for BTL plants in which only biomass is 
used as a feedstock because some of the CO2 removed from the atmosphere during photosynthesis is then 
sequestered.  This benefit is offset by limits of available biomass in the nation, therefore reducing the total amount 
of fuel produced and the total impact of the lower-carbon profile fuel, as is described in Chapter 5.  
 

3.3.1 Emissions Profiles FT Diesel 
 
The life cycle GHG emissions of the FT diesel produced in Cases 1 to 11 were calculated using the methodology 
described in Appendix B and then compared to the petroleum baseline.  Of the ten cases evaluated, only one – 
CTL without CCS – produced a fuel with a higher GHG emissions profile than the petroleum baseline.  As 
detailed in Table 3-2, the remaining cases range from 5% below that of petroleum (CTL with CCS) to 358% 
                                                 
23 Depending on the type of biomass, the cultivation methodology, and the soil quality, some of the plant carbon may be 
deposited in the soil and/or left in the soil as roots.  Although this phenomenon has been detailed in the literature, GHG 
credits are not taken for soil and root carbon in this study.  This is due to a lack of consensus in the field as to the proper 
accounting methodology for how much CO2 is converted and remains in the ground. [17].  
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below the baseline (BTL with CCS+ATR) with emissions reductions increasing steadily with increased biomass 
percentages in the feed, and likewise, as an ATR is added to the CCS configurations.   

 
Table 3-2: GHG Emissions of CBTL Plants Compared to Petroleum-Derived Diesel Fuel 

Case 1 2 3 4 5 6 7 8 9 10 11 
Description CTL CTL CTL CBTL CBTL CBTL CBTL CBTL BTL BTL BTL 

CCS None Simple ATR Simple Simple Simple ATR ATR None Simple ATR 

Biomass % n/a n/a n/a 8wt% 15wt% 30wt% 15wt% 30wt% 100% 100% 100% 

WTW GHG Emissions 
(kg CO2eq/mmBtu) 235 90.2 83.7 76.0 63.4 35.1 55.3 23.8 -8.8 -210.0 -245.0 

 
% Change from Petroleum +147% -5% -12% -20% -33% -63% -42% -75% -9.2% -321% -358%

 
Figure 3-4: GHG Emissions of CBTL Plants Compared to Petroleum-Derived Diesel Fuel 
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The five cases described in Figure 3-4 represent the salient CTL/CBTL/BTL plant configurations.  The first key 
finding is that the addition of CCS to a CTL plant can result in fuels which have 5% to 12% less GHG emissions 
than petroleum-derived diesel.  Furthermore, this can be achieved at a low incremental cost, as will be discussed 
further below.  This shows that FT diesel can provide a pathway to domestic energy security while improving 
GHG emissions from the transportation sector.   
 
The second finding is that co-gasifying a modest amount of biomass – 8% by weight – reduces the GHG 
emissions profile of the fuel to 20% below that of petroleum-derived diesel.  Co-gasification of 15% and 30% (by 
weight) biomass results in emissions reductions of 33% and 63%, respectively.24   Adding an ATR to the cases 
                                                 
24 The co-gasification of 30% (by weight) biomass is the largest biomass percentage which has been demonstrated for long 
operating times in a commercial-scale gasifier. 
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that co-convert coal and biomass will reduce emissions further but is not an economically preferred option, as will 
be shown in Chapter 4.  
 
3.3.2 Carbon Flows and GHG Emissions 
 
Figures 3-5 and 3-6 illustrate the carbon flows in two representative cases: CTL with CCS and 15wt% CBTL with 
CCS.  In each figure, the blue lines represent carbon flows into and out of the process.  The width of these lines 
represents the relative carbon flow rate, listed in short tons of carbon equivalents per day.  The red lines in the 
field are GHG emissions from other processes such as coal mining, biomass cultivation, and fuels transportation, 
and again, the line width represents the relative amount of emissions, listed in short tons of carbon equivalents per 
day.  
 
Figure 3-5 depicts the carbon flows and other net GHG emissions for Case 2: CTL with CCS.  Carbon – in the 
form of coal – is removed from the ground (shown as the horizontal dotted line near the bottom of the figure) and 
converted into liquid fuels via the FT Process.  The 13,522 tons/day of carbon supplied by coal is disposed of as 
follows:  a) 7,267 tons/day is captured at the plant and sequestered as CO2, b) 720 tons/day is vented from the 
plant as CO2, c) 135 tons/day is discharged from the plant in the form of char, d) 3,770 tons/day is transferred to 
the diesel fuel and released as CO2 during its use, and e) 1,630 tons/day is transferred to the naphtha co-product, 
which displaces petroleum-derived naphtha.25   
 
There are three sources of GHG emissions which are not directly associated with the carbon in the process: (1) 
coal mining and transportation: 495 tons/day; (2) transportation of the finished FT diesel fuel: 11 tons/day; and (3) 
a displacement credit taken for the upstream GHG emissions associated with the production of naphtha from 
petroleum: -358 tons/day.  These emissions contribute to the total life cycle GHG emissions of the FT diesel, or, 
in the case of the naphtha displacement credit, reduce the life cycle emissions based on emissions which do not 
occur elsewhere.   
 
The horizontal dotted line towards the top of Figure 3-5 can be considered to be the atmosphere, and by summing 
the carbon (or carbon equivalent) flows which are above that line, the net GHG emissions to the atmosphere can 
be calculated.  The net life cycle emissions for Case 2 are 4,638 tons of carbon per day.  Dividing this by the 
heating value of the finished FT diesel product (and converting from tons of carbon to tons of CO2) gives the 
WTW emissions of the fuel, which are found to be 90 kg CO2eq/mmBtu (LHV) of fuel.  The WTT emissions are 
calculated by subtracting the 3,770 tons/day of Combustion Emissions from the net emissions (4,638 tons/day), 
then dividing by the FT diesel fuel energy content, yielding WTT emissions of 17 kg CO2eq/ mmBtu (LHV) of 
fuel. 
 
Figure 3-6 is similar to Figure 3-5, but depicts a CBTL plant, fed with both coal and biomass.  In this case, 12,062 
tons/day of the carbon supplied to the process is coming from coal (and from under the ground), while 1,412 
tons/day of the carbon is coming from biomass.  This 1,412 tons/day was originally in the atmosphere in the form 
of CO2 before it was converted into carbon via photosynthesis, therefore this carbon is considered a negative 
carbon flow when summing the net emissions to the atmosphere.  The fate of the 13,474 tons/day of carbon 
entering the 15wt% CBTL plant is similar to that entering the CTL plant: a) 7,267 tons/day is captured at the plant 
and sequestered as CO2, b) 671 tons/day is vented from the plant as CO2, c) 135 tons/day is discharged from the 
plant in the form of char, d) 3,774 tons/day is transferred to the diesel fuel and released as CO2 during its use, and 
e) 1,627 tons/day is transferred to the naphtha co-product, which displaces petroleum-derived naphtha. 
 
 

                                                 
25 See Appendix B for more information on the disposition of carbon exiting the plant in the naphtha. 
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Figure 3-5: Carbon Flows and Life Cycle GHG Emissions from CTL with CCS 
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Note that while the liquid fuels output is the same in both cases, slightly less CO2 is vented to the atmosphere in 
the 15wt% CBTL case.  This is due to a slight increase in thermal plant efficiency for the 15wt% CBTL case, 
which results in greater levels of carbon conversion by the process.  This illustrates how future improvements or 
modifications to the CBTL plant can reduce GHG emissions from the plant, thereby improving the GHG 
emissions profile of the FT diesel produced.26 
 
The WTW and WTT emissions for Case 5 are calculated in a manner similar to that described above for Case 2, 
except that as noted, the carbon which originally came out of the atmosphere to become the biomass is counted as 
a negative carbon flow, resulting in total net GHG emissions to the atmosphere of 3,261 tons/day.  Thought of 
another way, the removal of this CO2 from the atmosphere serves to offset CO2 released into the atmosphere 
during the combustion of the FT diesel fuel, and is therefore a portion not counted toward the total carbon emitted 
and therefore reducing the emissions profile of the fuel.    
 
3.4  SUMMARY 
 
CTL/CBTL/BTL offers a near-term opportunity for reducing GHG emissions in the transportation sector by 
producing a low GHG intensity diesel fuel which is a drop-in replacement for petroleum-derived diesel.  In CTL 
plants, a fuel can be produced which has 5% and 12% less life cycle GHG emissions than petroleum-derived 
diesel, using carbon sequestration, and sequestration coupled with aggressive capture, respectively.  Therefore, 
CTL with CCS clearly meets the EISA 2007 criteria of producing a fuel with less life cycle GHG emissions than 
petroleum-derived diesel and federal agencies will be able to procure this fuel. 
 
Furthermore, by co-gasifying a modest amount of biomass – 8% by weight –the GHG emissions profile of the 
fuel is reduced to 20% below that of petroleum-derived diesel.  Co-gasification of 15% and 30% (by weight) 
biomass results in emissions reductions of 33% to 63%, respectively.  Additional reductions in GHG emissions 
can also be achieved through the use of aggressive CCS. 
 
Using only biomass as a feedstock will produce a fuel with an even lower GHG footprint – up to 358% below that 
of petroleum – but this option is not likely to be economically viable, as is discussed in Chapters 4 and 5. 

 

                                                 
26 Numerous opportunities exist for increasing the carbon conversion in the CTL/CBTL/BTL process, thereby reducing the 
fraction of carbon converted into CO2.  These include the use of green energy sources to power process equipment and the 
integration of natural or green processes which generate hydrogen or oxygen.  By integrating these processes into the CTL or 
CBTL plant, less coal is required to power process equipment, resulting in higher conversion percentages.  Furthermore, a 
majority of the research into improving Integrated Gasification Combined Cycle (IGCC) clean coal power plants is 
applicable to CTL/CBTL/BTL and can result in similar improvements in conversion rates, which would also reduce the GHG 
emissions profile of the fuel.   
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Figure 3-6: Carbon Flows and Life Cycle GHG Emissions from 15wt% CBTL with CCS 
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4  ECONOMIC FEASIBILITY OF CBTL PROCESSES 
 
As seen in Chapter 3, CTL/CBTL/BTL plant configurations exist which can produce diesel fuel with low or even 
net negative life cycle GHG emissions.  However, these plant configurations are not always the economically 
preferred CTL/CBTL/BTL plant configuration.   
 
This chapter details an analysis which derives the Required Selling Price (RSP) of the FT diesel fuels produced in 
order to determine the economic feasibility and relative competitiveness of the different plant options.  A 
sensitivity analysis was performed to determine how carbon control regulations such as an emissions trading 
scheme for transportation fuels would affect the price of both petroleum-derived diesel and FT diesel from the 
different plants. 
 
The key findings of these analyses were:  

 
(1) CTL plants equipped with CCS are competitive at crude oil prices as low as $86/bbl and have less life 

cycle GHG emissions than petroleum-derived diesel.  These plants become more economically 
competitive as carbon prices increase. 
 

(2) The incremental cost of adding simple CCS is very low (7 cents per gallon) because CO2 capture is an 
inherent part of the FT process.  This becomes the economically preferred option at carbon prices above 
$5/mtCO2eq.27 

 
(3) BTL systems are hindered by limited biomass availability which affects the maximum plant size, thereby 

limiting potential economies of scale.  This, combined with relatively high biomass costs results in FT 
diesel prices which are double that of other configurations:  $6.45 to $6.96/gal compared to $2.56 to 
$2.82/gal for CTL and 15wt% CBTL systems equipped with CCS. 

 
The conclusion reached based on these findings was that both the CTL with CCS and the 8wt% to 15wt% CBTL 
with CCS configurations may offer the most pragmatic solutions to the nation’s energy strategy dilemma:  GHG 
emission reductions which are significant (5% to 33% below the petroleum baseline) at diesel RSPs that are only 
half as much as the BTL options ($2.56 to $2.82/gal compared to $6.45 to $6.96/gal for BTL).  These options are 
economically feasible when crude oil prices are $86 to $95/bbl.  
 
4.1 A HYPOTHETICAL CARBON CONTROL REGULATION 
 
In addition to their positive impact on our nation’s energy security, a key motivation for the development of 
CBTL and BTL plants is the prospect of a carbon control regulation.  Accordingly, to assess the potential impact 
of such a regulation on the economic feasibility of CTL/CBTL/BTL plants, a hypothetical regulatory structure 
was assumed under which a certain cost ($/mtCO2eq) would be incurred for a transportation fuel’s life-cycle GHG 
(raw material extraction thru fuel use).  If a fuel achieves negative life-cycle GHG emissions, a credit would be 
applied at the same rate. 
 
For this analysis, it was assumed that the full cost (or credit) associated with the life-cycle GHG emissions of each 
diesel fuel product was embedded into its spot price.  This single adjustment accounts for all the life-cycle GHG 
emission costs, which are actually incrementally accumulated at different points along the production chain, both 
upstream and downstream. 
 

                                                 
27 This includes the cost of CO2 compression, transport, sequestration, and monitoring of the CO2 for 80 years. 
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4.2  ECONOMIC ASSESSMENT METHODOLOGY 
 
A key measure of the economic feasibility of a CTL/CBTL/BTL project is the RSP.28  This is the minimum price 
at which its FT diesel fuel product must be sold in order to:  a) offset its operating costs (including the cost of 
GHG emissions), b) service its debt, and c) provide the expected rate of return to its equity investors.  If the 
market price of diesel fuel is equal to or above the RSP, the CTL/CBTL/BTL project is considered economically 
feasible. 
 
Two key considerations must be taken into account when comparing the RSP to the market price of diesel, 
however, namely (1) the difference in energy content between petroleum-derived diesel (which the FT diesel is 
expected to complete with, in the market) and, (2) whether a GHG regulatory policy exists that pertains to 
transportation fuels.  The latter point is especially important given the cost premiums associated with producing 
biomass-derived fuels: the price of carbon emissions can be the deciding factor as to whether these low GHG 
intensity fuels are feasible.   
 
To address these considerations, the RSP of all FT diesel products were normalized to a $ per gallon petroleum-
diesel equivalent basis, as described below in Section 4.2.2 , and the economic viability of all CTL/CBTL/BTL 
plants was evaluated over a range of carbon prices, as described in Section 4.3.  In these scenarios, the petroleum-
derived diesel price was defined as a function of both crude oil price and carbon emissions price.  This has the 
secondary benefit of allowing CTL/CBTL/BTL plant feasibility to be evaluated in terms of a constant crude oil 
price (COP), a figure which is often more familiar to the public, while varying the carbon price, as is described 
below.   
 
The remainder of this section describes the methodology used for the: (1) calculation of the RSP, (2) 
normalization of FT diesel to petroleum-derived diesel equivalents, and (3) relationship of petroleum-derived 
diesel to COP and GHG emission value.   
 
4.2.1 Required Selling Price 
 
The RSP is the minimum price at which the FT diesel produced by a CTL/CBTL/BTL plant must be sold in order 
to:  a) offset its operating costs (including the cost of GHG emissions), b) service its debt, and c) provide the 
expected rate of return to its equity investors. 
 
A discounted cash flow analysis was conducted to calculate the diesel RSP for a variety of CTL/CBTL/BTL plant 
configurations.  In this study, it was assumed that CTL/CBTL/BTL projects must achieve a 20% Internal Rate of 
Return on Equity (IRROE) to be economically feasible.  The project finance structure was selected to reflect a 
hypothetical mid-term future in which regulatory risk has been eliminated by the passage of a carbon regulation, 
and technical risk has been partially mitigated by the demonstration of two or three commercial-scale 
CTL/CBTL/BTL plants.  In addition, the project finance structure is assumed to benefit from a moderate 
government incentive, such as a loan guarantee.  No other incentives are assumed for any of the CTL/CBTL/BTL 
cases.  For more details on the economic analysis methodology and its key assumptions, see Appendix A. 
 
4.2.2 Normalization of FT Diesel to Petroleum-Derived Diesel 
 
To properly compare the RSP of the diesel produced by a CTL/CBTL/BTL plant to the price of petroleum-
derived diesel produced by a refinery, the two prices must have an energy equivalent basis.   In this study, the 
LHV of FT diesel is 118,905 Btu/gal, which is 9% lower than the LHV assumed for petroleum-derived diesel 
(131,229 Btu/gal).  Therefore, to express the FT diesel RSP in terms of “dollars per gallon petroleum-diesel 
equivalent” the Equation 4-1 can be used. 
 

                                                 
28 The RSP is the product price at the plant gate and does not include transportation costs or taxes. 
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Equation 4-1: FT Diesel RSP, Normalized to Petroleum-Derived Diesel 
 

 
 
4.2.3 Crude Oil and Petroleum-Derived Diesel Price Correlation 
 
To assess whether a CTL/CBTL/BTL project will be economically feasible over its operating life, one must 
compare its diesel RSP to the expected future market price of ultra-low-sulfur diesel (ULSD) (on an energy 
equivalent basis).  This analysis assumes that the market price will be equal to the price obtained by U.S. 
refineries for their petroleum-derived, ULSD product.   
 
Accordingly, it is necessary to calculate the price of petroleum-derived, ULSD fuel as a function of two key 
variables that are of interest in this study:  the crude oil price (COP) and the GHG emission value.  Equation 4-2, 
below, is used for this calculation. 
 
Equation 4-2: Price of Petroleum-Derived Diesel as a Function of Crude Oil and GHG Emission Value 
 

 
 
To account for the “refiner’s margin”, the COP is multiplied by the historical ratio of the ULSD spot price (New 
York Harbor) to the crude oil spot price (West Texas Intermediate, Cushing, OK).  For the period January 2002 
through July 2008, this ratio was 1.25.  For a detailed explanation of how this ratio was derived, see Appendix A, 
Section A.5.2. 
 
To account for the cost of GHG emissions, the GHG Emission Value (GHGEV) is multiplied by the average life-
cycle GHG emissions of petroleum-derived diesel fuel sold or distributed in the U.S. in 2005.  This value is 0.524 
mtCO2eq per bbl.  For a detailed explanation of how this value was estimated, see Appendix B, Section B.3.  Note 
that this single adjustment accounts for all the life-cycle GHG emission costs, which in reality may be 
incrementally accumulated at different points along the production chain, both upstream and downstream.  The 
factor of 42 is applied to convert from barrels to gallons. 
 
Using Equation 4-2, the price of petroleum-derived diesel as a function of GHG emission value for several crude 
oil prices ranging from $60 to $110/bbl, as described in Figure 4-1.  The y-intercepts reflect the diesel price when 
there is not a carbon regulation (GHG emission value is zero).  As the GHG emission value increases (x-axis), the 
diesel price also increases because the cost of the associated life-cycle GHG emissions is embedded into it. 
 
Using the above equations, one can calculate combinations of GHG emission values and crude oil prices that will 
result in a petroleum-derived diesel price that is equivalent to the FT diesel RSP.  For example, the following 
equation can be used to calculate the “equivalent” crude oil price ($/bbl) that results in parity between the 
petroleum-derived diesel price and the FT diesel RSP. 
 
 
 

PDDP = [ 1.25 × (COP $/bbl) + (0.524 mtCO2eq/bbl) × (GHGEV $/mtCO2E) ] / (42 gal/bbl)  {4-2} 
 
where: 
 
PDDP = Petroleum-derived diesel price (ultra-low-sulfur), $/gal 
COP = West Texas Intermediate (Cushing, OK) crude oil spot price, $/bbl 
GHGEV = Greenhouse gas emission value, $/mtCO2E 

RSP ($/gal petroleum-diesel equivalent) =  [ 131,229 / 118,905 ] × RSP ($/gal FT diesel)  {4-1} 
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Figure 4-1:  Effect of GHG Emission Value and Crude Oil Price On Petroleum-Derived Diesel Price 
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These Equations, 4-1 through 4-3, were used throughout Sections 4.3 and 4.4 to evaluate and compare the 
economic feasibility of different CTL/CBTL/BTL configurations.   
 
Equation 4-3: Equivalent Crude Oil Price where Diesel RSP Matches Petroleum-Derived Diesel Price 
 

 
 

 
4.2  CBTL CAPITAL COSTS 
 
The RSP, and therefore the economic feasibility of a CTL/CBTL/BTL project is sensitive to its capital cost.  The 
methodology used to estimate capital cost is described in Appendix C, and detailed capital cost breakdowns for 
each CTL/CBTL/BTL case are provided in Appendix E.  Appendix E also tabulates the estimated operating costs 
for each case. 
 
Specific capital costs ($ per daily barrel (db) of fuel production capacity) are shown for selected cases in Figures 
4-2 and 4-3, below.  Figure 4-2 displays total overnight capital cost per daily barrel of production capacity.  This 
is the sum of all capital cost elements excluding interest during construction and escalation during construction, 
expressed in Jan-2008 dollars and normalized to production capacity basis. 29   Figure 4-3 displays total as-spent 
capital cost, which is the sum of all capital cost expenditures over the construction period including interest and 
escalation during construction, expressed in mixed-year dollars per daily barrel of production capacity. 
 

                                                 
29 The following costs are included in the total overnight capital cost:  bare erected cost, engineering and construction management fees, 
process and project contingencies, inventory capital, preproduction (startup) costs, and other miscellaneous owner’s costs.   

Equivalent COP = [ ( 42 gal/bbl) × (RSP $/gal) – (0.524 mtCO2eq/bbl) × (GHGEV $/mtCO2E)] / 1.25     {4-3} 
 
where RSP is expressed in $/gal petroleum-diesel equivalent 
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The following conclusions can be drawn from the capital costs shown in Figures 4-2 and 4-3: 

 
• Because CTL plants must capture ~91% of the CO2 they generate as an inherent part of the FT process, 

adding the ability to compress and sequester the CO2 is very inexpensive, increasing the as-spent capital 
cost by only $4,000 per daily barrel of capacity, or less than 4%.  This small investment reduces the GHG 
emissions dramatically, from 147% above the petroleum baseline to 5% below it.  Unfortunately, 
achieving further reductions is more costly.  For example, enhancing the capture rate to 96% reduces GHG 
emissions to a level that is 12% below the petroleum baseline but requires an incremental investment that 
is over twice as much:  $11,000 per daily barrel of capacity, or a 10% increase.   Adding the ability to 
handle, prepare and co-feed 8wt% or 15wt% biomass requires a similar increase in capital cost. 

 
• The specific capital cost (dollars per daily barrel of production capacity) increases as the plant size 

decreases due to a loss of significant economies of scale.  The specific capital costs of the BTL cases are 
twice as high primarily because comparable economies of scale cannot be attained.  As discussed in 
Sections 2.4.4 and 2.4.5, the assumption that the biomass supply rate is limited to 4,000 dry tons per day 
constrains the capacity of the 30wt% CBTL plant to 30,000 bpd and the capacities of the BTL plants to 
only 5,000 bpd (compared to 50,000 bpd for the other plants). 

 
 
   

Figure 4-2:  Total Overnight Capital Cost 
(excludes escalation & interest during construction) 
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Figure 4-3:  Total As-Spent Capital Cost 
(includes escalation & interest during construction) 
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Figure 4-4 shows a percentage breakdown of the various costs that comprise the total overnight capital cost for a 
CBTL plant.  The gasification island is the largest component, comprising around one-third of the total cost.  Note 
that the sum of all capital costs associated with CCS comprise only 6% of the total overnight capital cost, and 
much of this cost would be required by a CTL plant even when sequestration is not employed. 
 

Figure 4-4:  Distribution of Total Overnight Capital Costs for 15 wt% CBTL+CCS, 50k bpd 
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4.3 CBTL ECONOMIC FEASIBILITY 
 
4.3.1 Biomass-Only Cases 
 
In Figure 4-5, the RSP (y-axis) for the following three BTL cases (Cases 9 through 11) is graphed as a function of 
the GHG emission value (x-axis).  Case 1 (CTL without CCS) is also shown on Figure 4-5 for the purpose of 
comparison. 
   

Figure 4-5: BTL Cases - Effect of GHG Emission Value on Diesel RSP 
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The point at which each line crosses the y-axis in Figure 4-5 is the RSP when the GHG emission value is zero ($0 
/mtCO2eq), reflective of a scenario in which there is no GHG regulation in effect.  The following conclusions can 
be drawn from an examination of the y-intercepts on Figure 4-5: 
 

• When GHG emissions have no value, CTL without CCS is economically viable when the diesel price is 
2.49 dollars per gallon ($/gal) or higher. 

• When GHG emissions have no value, the BTL cases are not economically viable unless the diesel price is 
above $6.45/gal.   

 
Note that the slope of each line is proportional to the degree to which the plant’s GHG emissions are above 
(positive slope) or below (negative slope) zero.  A horizontal line would indicate the fuel has no net GHG 
emissions over its life cycle, and thus the RSP is completely insensitive to the GHG emission value.  The CTL 
without CCS case is the only case in Figure 4-5 for which the diesel RSP increases with the GHG emission value.  
This is because it is the only case that has life-cycle GHG emissions that exceed zero.  In contrast, the diesel RSP 
for each BTL case decreases as the value of GHG emissions increase, with the GHG emission value because they 
collect credits for having life-cycle GHG emissions below zero. 
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The intersections of the lines denote the GHG emission value at which two cases have the same diesel RSP.  The 
following conclusions can be drawn from the intersections on Figure 4-5: 
 

• If GHG emission values are above $14/mtCO2eq, adding CCS to a BTL plant results in a lower diesel 
RSP than the other BTL options. 

• If GHG emission values are above $73/mtCO2eq, adding an ATR to increase the degree of carbon capture 
results in a lower diesel RSP than the other BTL options. 

• Considering only the cases displayed on Figure 4-5, the CTL case is the economically preferred 
alternative based on diesel selling price when GHG emissions are valued below $96/mtCO2eq; above this 
value, the BTL+CCS+ATR case is economically preferred.  The other two BTL cases (BTL without CCS 
and BTL+CCS) are never economically preferred. 

 
As will be shown in the following sections, when BTL is competed against CBTL options that reduce GHG 
emissions below the petroleum baseline, a BTL configuration is not the economically preferred alternative unless 
the GHG emission value exceeds $138/mtCO2eq.  GHG emission values over $138/mtCO2eq are not expected to 
be economically or politically acceptable, since they would increase the cost of petroleum-derived diesel fuel by 
more than $1.70 per gallon.  Consequently, there is not a scenario foreseeable in which BTL would be 
economically feasible. 
 
4.3.2 Coal-Only Cases 
 
In Figure 4-6, lines are included for the CTL+CCS and CTL+CCS+ATR cases.  The BTL+CCS+ATR is retained 
from Figure 4-5 because it remains the economically preferred option at high GHG emission values (the other 
BTL cases drop out).  The scale of the y-axis has been decreased, compared to Figure 4-5, to magnify the range of 
interest. 
 

Figure 4-6: CTL Cases - Effect of GHG Emission Value on Diesel RSP 
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Adding CCS to the CTL case reduces the life cycle GHG emissions associated with the fuel, resulting in a line 
with a less steep slope than the CTL without CCS case.  Adding an ATR further reduces GHG emissions in all the 
CTL cases, further reducing the slope of the RSP line. 
 

The following conclusions can be drawn from an examination of the y-intercepts on Figure 4-6: 
 

• When the GHG emission value is zero, the CTL+CCS case is economically feasible when diesel prices 
are $2.56/gal or higher.  This is only $0.07/gal higher than the CTL without CCS case, indicating how 
inexpensive it is to compress and sequester the carbon captured in the CTL plant.30 

• When the GHG emission value is zero, the CTL+CCS+ATR case is economically feasible when diesel 
prices are $2.74/gal or higher.  This is only $0.25/gal higher than the CTL without CCS case. 

 
The following conclusions can be drawn from an examination of the line intersections on Figure 4-6: 
 

• CTL without CCS is the economically preferred option when GHG emission values are below 
$5/mtCO2eq. 

• CTL+CCS is the economically preferred option over a wide range of GHG emission values:  between $5 
and $135/mtCO2eq. 

• With the addition of the CTL+CCS alternative, the BTL+CCS+ATR case is economically preferred only 
when GHG emission values exceed $135/mtCO2eq.  Again, this is well above the range of GHG emission 
values that most regulatory forecasts contemplate. 

• The incremental cost of reducing CTL GHG emissions by adding an ATR is not justified unless the GHG 
emission value is extraordinarily high (greater than $285/mtCO2eq). 

 
4.3.3 Coal and Biomass Co-Conversion Cases 
 
Although the previous sections showed that using biomass alone is not an economically preferred option, using 
biomass in conjunction with coal is much more cost-effective.  Accordingly, two new cases that co-convert coal 
and biomass together are considered next:  15wt% CBTL+CCS and 30wt% CBTL+CCS.  These cases were also 
considered with the addition of an ATR, but the ATR was again found to be economically justified only when the 
GHG emission value was extraordinarily high ($212/mtCO2eq or higher).   
 
In Figure 4-7, lines are included for the 15wt% CBTL+CCS case and the 30wt% CBTL+CCS case.  Cases 1, 2, 
and 11 (CTL without CCS, CTL with CCS, and BTL with CCS and ATR) are retained on Figure 4-7 because they 
continue to be the economically preferred alternatives over certain ranges of GHG emission values.  
 
The following conclusions can be drawn from an examination of the y-intercepts on Figure 4-7: 
 

• When the GHG emission value is zero, the 15wt% and 30wt% CBTL+CCS cases are economically 
feasible when diesel prices are at or above $2.82/gal and $3.23/gal, respectively.  Note that increasing the 
percentage of biomass in the feed significantly increases the diesel RSP of the product when GHG 
emission values are relatively low.  This is because biomass (switchgrass in this case) is more expensive 
than coal on both an energy and mass basis, and adding the ability to handle, prepare and co-feed biomass 
increases the capital cost.  Furthermore, for the 30wt% CBTL case, limited biomass availability 
constrained the capacity of the plant to 30,000 bpd (as opposed to 50,000 bpd for the CTL plants and the 
15wt% CBTL plant).31  

Figure 4-7: CBTL Cases - Effect of GHG Emission Value on Diesel RSP 

                                                 
30 As mentioned in Chapter 2, CO2 is captured part of the CBTL process.  In the non-CCS cases, however, this captured CO2 
is vented. 
31 The capacity is limited to 30,000 bpd due to the 4,000 dry tons per day biomass feed rate limit detailed in Chapter 2. 
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The following conclusions can be drawn from an examination of the line intersections on Figure 4-7: 
 

• Increasing the biomass feed percentage from 15wt% to 30wt% is not economically justified until GHG 
emission values are at least $147/mtCO2eq. 

• At GHG emission values below $101/mtCO2eq, the CTL or CTL+CCS cases are the economically 
preferred options. 

• When the GHG emission value is between $101 and $138/mtCO2eq, the 15wt% CBTL+CCS case is the 
economically preferred option. 

• At GHG emission values above $138/mtCO2eq, the BTL+CCS+ATR case is the economically preferred 
option. 

 
Although the above analysis shows that co-converting biomass with coal is not economically preferable 
unless GHG emission values are very high, the value of CBTL becomes much more apparent if one 
considers the likelihood that low carbon fuel standards will be employed to force the attainment of 
specified GHG emission levels.  This is discussed in the next section. 
 
4.3.4 Reduced Alternatives Under a Low-Carbon Fuel Standard 
 
As shown in Table 4-1, several current and proposed regulations require certain classes of alternative 
transportation fuels to achieve a GHG emission profile that is a certain level below the petroleum baseline.  This 
study refers to such a regulation as a “low carbon fuel standard” (LCFS).  The requirements listed in Table 4-1 are 
described in more detail below and in Sections 4.4.6, 5.1 and 5.2. 
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Table 4-1: Current and Proposed Requirements for GHG Emission Reductions for Transportation Fuels 

Source Required Reduction below 
Petroleum Baseline

EISA 2007
Section 526 “below”

EISA 2007
Renewable Fuels Standard 20%

California Low Carbon
Fuel Standard a 10% by 2020 and “more thereafter”

National Low Carbon Fuel 
Standard (Proposed) b 5% by 2015 and 10% by 2020

Senator Obama’s Requirement
for Near-Term CTLc 20%

a Global Warming Solutions Act of 2006, California Assembly Bill 32. 
b First proposed in legislation introduced by Senators Obama and Harkin in 2007 and  reiterated in the 
“Obama-Biden New Energy Plan for America”.
c Statement issued from Senator Obama’s senate office on June 12, 2007.

 
 

In certain situations, the application of LCFSs would preclude the production and/or use of a non-qualifying fuel.  
This is in contrast to other regulatory approaches, which would allow the continued use of such fuels albeit with 
an economic penalty for emissions.  Since the objective of an LCFS is to force the attainment of specified GHG 
emission levels, they intentionally preclude the option of allowing non-qualifying fuels to comply by paying a tax 
or purchasing allowances. 
 
Accordingly, a LCFS could stimulate the creation of a market for fuels which meet or exceed the given standard.32   
 
The application of low carbon fuel standards is happening both at a federal and state level.  The standards are 
being used to:  

1. Reduce emissions from the transportation sector by reducing the carbon intensity of all transportation 
fuels (e.g. California’s Global Warming Solutions Act of 2006 (AB-32), and  legislation proposed by 
Senator Barack Obama in 2007),33, 34   

2. Explicitly limit which fuels qualify for federal subsidies (EISA 2007 Renewable Fuels Standard35), and 
3. Disqualify the production of other fuels based on environmental criteria.   

 

                                                 
32 Some standards may allow fuels that significantly exceed the GHG emission reduction standard to be blended with non-
qualifying fuels to yield a fuel mixture that does qualify. 
33 California’s LCFS requires fuels to achieve a reduction of at least 10% by 2020 and “more thereafter”.  This LCFS is 
contained in the Global Warming Solutions Act of 2006, California Assembly Bill 32 [18, 19].  
34 In May 2007, Senator Barack Obama and Senator Tom Harkin introduced legislation calling for a National Low Carbon 
Fuel Standard that would require fuel refiners to reduce life-cycle greenhouse gas emissions of the transportation fuels sold in 
the U.S. by five percent in 2015 and ten percent in 2020 [20].  During his presidential campaign, Senator Obama reiterated 
his call to establish a National LCFS in the “Obama-Biden New Energy Plan for America” [21]. 
35 The EISA 2007 Renewable Fuels Standard requires qualifying bio-fuels to have life-cycle GHG emissions that are 20% 
below the petroleum baseline. 
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Based on legislation currently enacted, a low-carbon fuel standard is likely to require up to a 10% or 20% 
reduction in limited lifecycle GHG emissions below the petroleum baseline.36  Of the coal-only cases, only the 
CTL+CCS+ATR case (12% below the petroleum baseline) would qualify under a 10% LCFS.  Moreover, unless 
fuel blending was allowed, a 20% LCFS would eliminate all of the coal-only alternatives discussed above. 
 
President-elect Obama has stated that he would not support a CTL plant unless its life-cycle GHG emissions 
would be 20% less than conventional fuels (see Section 5.2)  Figure 4-8 shows the economically preferred CBTL 
cases that could qualify under a 20% LCFS.  The CTL cases have been omitted due to not meeting this standard, 
and a new 8wt% CBTL+CCS case has been added that precisely meets the 20% GHG emission reduction 
standard. 
 

Figure 4-8: CBTL Plants that Produce Diesel Fuel with Life-Cycle GHG Emissions 
at Least 20% Below the Petroleum Baseline 
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The following conclusions can be drawn from an examination of the y-intercepts on Figure 4-8: 
 

• When the GHG emission value is zero, the 8wt% and 15wt% CBTL+CCS cases are economically 
feasible when diesel prices are at or above $2.75/gal and $2.82/gal, respectively. 

 
The following conclusions can be drawn from an examination of the line intersections on Figure 4-8: 
 

• At GHG emission values below $58/mtCO2eq, the 8wt% CBTL case is economically preferred. 
• At GHG emission values above $138/mtCO2eq, the BTL+CCS+ATR case is the economically preferred 

option. 
• The 15wt% CBTL+CCS case is the economically preferred option when the GHG emission value is 

between $58 and $138/mtCO2eq. 
                                                 
36 In the case of any legislation involving a LCFS, it is important to define what baseline is being used, including the base 
year and what methodology is to be used in defining that baseline.  As shown in Chapter 3, baselines vary widely and can 
influence the “Go” vs. “No Go” tipping point for a technology.  
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4.3.5 CTL/CBTL/BTL Economic Feasibility Relative to Crude Oil Price 
 
As discussed in Section 4.1, to assess whether a CTL/CBTL/BTL project will be economically feasible over its 
operating life, one must compare its diesel RSP to the expected future market price of ULSD (on an energy 
equivalent basis).  Since the petroleum-derived diesel price is a function of the crude oil price, one can determine 
the crude oil price that would result in a petroleum-derived diesel price that is equivalent to the FT diesel RSP 
. 

Figure 4-9: Conditions Required for Parity between the Prices of FT Diesel and Petroleum-Derived Diesel 
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This is illustrated in Figure 4-9, which is a combination of previous Figures 4-1 and 4-7.  It overlays FT diesel 
RSP curves for preferred CTL/CBTL/BTL configurations over bands that show the petroleum-derived diesel price 
as a function of the crude oil price.  Using Figure 4-9, one can estimate the crude oil price at which each 
CTL/CBTL/BTL configuration would be economically feasible, i.e., the crude oil price that would result in parity 
between the prices of FT diesel and petroleum-derived diesel.  For example, if the GHG emission value was zero 
(y-intercept), the CTL+CCS configuration would be economically feasible when crude oil prices are $86/bbl or 
higher.  Likewise, if the GHG emission value was $60/mtCO2eq, CTL+CCS would be feasible when crude oil 
prices are $79/bbl or higher.  This approach could be used to determine the minimum crude oil price required for 
each of the CBTL configurations to be economically feasible over the full range of GHG emission values, which 
is what is shown by the curves in Figure 4-10. 
 
The data shown graphically in Figure 4-10 is summarized in Table 4-2, which lists the crude oil prices required 
for CTL/CBTL/BTL economic feasibility when the GHG emission value is zero, along with how that value would 
change as the GHG emission value is increased.  Because the diesel fuel produced by any of the plants that 
employ CCS and/or utilize biomass has lower life-cycle GHG emissions than petroleum-derived diesel, the 
crude oil price required for these plants to be economically feasible actually decreases as the GHG emission 
value increases.  In other words, the CTL/CBTL/BTL plants become more competitive with petroleum-
derived diesel as the GHG emission value increases. 
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Figure 4-10: CTL/CBTL/BTL Economic Feasibility Relative to Crude Oil Price 
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Table 4-2: CTL/CBTL/BTL Economic Feasibility Relative to Crude Oil Price 

CBTL System

Minimum Crude Oil 
Price Required for 

Economic Feasibility 
(20% IRROE) when the 
GHG Emission Value is 

Zero, $/bbl

Change in 
Required Crude 

Oil Price for 
Every $10 

Increase in GHG 
Emission Value, 

$/bbl

100% Coal, no CCS, 50k bpd 83.57 3.47

100% Coal, CCS, 50k bpd 86.08 -1.25

100% Coal, CCS+ATR, 50k bpd 92.07 -1.46

8 wt% SG, CCS, 50k bpd 92.52 -1.71

15 wt% SG, CCS, 50k bpd 94.88 -2.11

100 wt% SG, CCS, 5k bpd 225.62 -11.07
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4.3.6 Summary of CTL/CBTL/BTL Economic Feasibility 
 
For discrete ranges of GHG emission values, Table 4-3 lists which configurations would be economically 
preferred without a low carbon fuel standard, along with the range of crude oil prices that would be necessary for 
economically feasibility, i.e. to attain an IRROE of 20%.  Without a low carbon fuel standard, the CTL and 
CTL+CCS configurations would be economically preferred over a very wide range of GHG emission values ($0 
to $101/mtCO2eq).   
 

Table 4-3: Preferred CBTL Alternatives for Various GHG Emission Values 
and Minimum Crude Oil Price Required for Economic Feasibility 

Without a Low Carbon Fuel Standard

GHG Emission 
Value, 

Jan-08 $/mtCO2eq

Preferred CBTL 
Alternative

(lowest  cost  producer)

Crude Oil Price Required 
for Parity Between CBTL 

Diesel and Petroleum-
Derived Diesel

0 to 5 100% Coal, no CCS,
50k bpd $84 to $85 per bbl 

5 to 101 100% Coal, CCS,
50k bpd $85 to $74 per bbl

101 to 138 15 wt% SG, CCS,
50k bpd $74 to $66 per bbl

138 and higher 100 wt% SG, CCS+ATR,
5k bpd $66 and lower

 
 
President-Elect Obama has called for a National Low Carbon Fuel Standard that would require fuels suppliers to 
reduce the carbon of their fuel by ten percent by 2020.  Table 4-4 lists which CBTL configuration would be 
economically preferred under a scenario in which a low-carbon fuel standard requires diesel fuel to have life-cycle 
GHG emissions that are 10% lower than the petroleum baseline.  Under a 10% LCFS, the CTL+CCS+ATR would 
be economically preferred when the GHG emission value is less than $18/mtCO2eq.  CBTL+CCS configurations 
fed with 8 to 15 wt% biomass would be economically preferred for a very wide range of GHG emission values, 
between $18 and $138/mtCO2eq.  GHG emission values over $138/mtCO2eq are not expected to be economically 
or politically acceptable, since they would increase the cost of petroleum-derived diesel fuel by more than $1.70 
per gallon. 
 

Table 4-4: Preferred CTL/CBTL/BTL Alternatives for Various GHG Emission Values 
and Minimum Crude Oil Price Required for Economic Feasibility:  Under a 10% LCFS 

Under a 10% Low Carbon Fuel Standard

GHG Emission 
Value, 

Jan-08 $/mtCO2eq

Preferred CBTL 
Alternative

(lowest  cost  producer)

Crude Oil Price Required 
for Parity Between CBTL 

Diesel and Petroleum-
Derived Diesel

0 to 18 100% Coal, CCS+ATR,
50k bpd $92 to $89 per bbl 

18 to 58 8 wt% SG, CCS,
50k bpd $89 to $83 per bbl

58 to 138 15 wt% SG, CCS,
50k bpd $83 to $66 per bbl

138 and higher 100 wt% SG, CCS+ATR,
5k bpd $66 and lower
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President-elect Obama has stated that he would not support a CTL plant unless its life-cycle GHG emissions 
would be 20% less than conventional fuels (see Section 5.2)   Table 4-5 lists which configurations would be 
economically preferred under a scenario in which a low-carbon fuel standard requires diesel fuel to have life-cycle 
GHG emissions that are 20% lower than the petroleum baseline.  Under a 20% LCFS, the CBTL+CCS 
configurations fed with 8 to 15 wt% biomass would be economically preferred over the full range of generally 
anticipated GHG emission values ($0 to $138/mtCO2E). 

 
Table 4-5: Preferred CTL/CBTL/BTL Alternatives for Various GHG Emission Values 

and Minimum Crude Oil Price Required for Economic Feasibility:  Under a 20% LCFS 

Under a 20% Low Carbon Fuel Standard

GHG Emission 
Value,

Jan-08 $/mtCO2eq

Preferred CBTL 
Alternative 

(lowest cost  producer)

Crude Oil Price Required 
for Parity Between CBTL 

Diesel and Petroleum-
Derived Diesel

0 to 58 8 wt% SG, CCS,
50k bpd $93 to $83 per bbl

58 to 138 15 wt% SG, CCS,
50k bpd $83 to $66 per bbl

138 and higher 100 wt% SG, CCS+ATR,
5k bpd $66 and lower

 
 
As discussed in Section 3.3.1, CTL/CBTL/BTL plants can produce FT diesel fuel that has life-cycle GHG 
emissions that are significantly reduced from the life-cycle GHG emissions of petroleum-derived diesel fuel.  
Greater reductions are achieved as the percentage of biomass in the feedstock is increased and/or carbon capture 
is enhanced by the addition of an ATR.  Unfortunately, over a wide range of GHG emission values ($0 to 
~$100/mtCO2E), both of these configuration changes increase the RSP of the diesel fuel produced. 
 
This is illustrated in Figure 4-11, which shows how CTL/CBTL/BTL configurations that achieve greater life-
cycle GHG emission reductions have higher RSPs for the FT diesel fuel they produce.  RSP values are plotted for 
GHG emission values of $0 and $60/mtCO2eq.  Note that although the BTL configurations [those fueled with 
100% switchgrass (SG)] achieve extremely high GHG emission reductions (109 to 358% below the petroleum 
baseline), their diesel RSPs are so high ($5.49 to $6.96/gal) that they would only be economically feasible when 
crude oil prices are at least $159/bbl and higher [and even then they would only be economically preferred if the 
GHG emission value was also very high (greater than $138/mtCO2E).] 
 
The CTL+CCS and CBTL+CCS configurations offer what might be the most pragmatic solution:  a) GHG 
emission reductions that are still significant (5 to 75% below the petroleum baseline), b) diesel RSPs that 
are only half as much ($2.56 to $3.43/gal) as the BTL cases, and c) economic feasibility when oil prices are 
$86 to $90/bbl. 
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Figure 4-11: Supply Cost Curve for Low-Carbon Diesel Fuels from CTL/CBTL/BTL 
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Figure 4-12 presents the same information as Figure 4-11, but at a scale that more clearly shows the data for 
CTL+CCS and CBTL+CCS systems. 
 
 

Figure 4-12: Supply Cost Curve for Low-Carbon Diesel Fuels from CTL/CBTL/BTL 
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The findings of this section can be summarized as follows: 
 

• CTL without CCS is the economically preferred alternative when GHG emission values are less than $5/ 
mtCO2eq.  CTL is economically feasible over this range of GHG emission values when the market price 
for ULSD fuel is $2.60/gal (i.e., when crude oil prices are $85/bbl or higher). 

 
• Adding CCS to CTL is economically justified when the GHG emission value exceeds $5/mtCO2eq and 

produces diesel fuel with life-cycle GHG emissions that are 5% below the petroleum baseline. 
 

• Adding CCS to CTL is very inexpensive, increasing the diesel RSP by only $0.07/gal.  CTL+CCS is 
economically feasible when crude oil prices are $86/bbl or higher when the GHG emission value is zero.  
At higher GHG emission values, CTL+CCS is economically feasible at even lower crude oil prices (e.g., 
$79/bbl when the GHG emission value is $60/ mtCO2eq). 

 
• Absent a low-carbon fuel standard, the CTL+CCS+ATR case is not an economically preferred option.  

However, it is the only CTL case that could meet a 10% LCFS, having life-cycle GHG emissions that are 
12% below the petroleum baseline. 
 

• Absent a low-carbon fuel standard, adding biomass to the coal feed is not an economically preferred 
option unless GHG emission values exceed $101/ mtCO2eq. 
 

• Under a 10% LCFS, the CTL+CCS+ATR would be economically preferred when the GHG emission 
value is less than $18/mtCO2eq.  CBTL+CCS configurations fed with 8 to 15 wt% biomass would be 
economically preferred for a very wide range of GHG emission values, between $18 and $138/mtCO2eq. 

 
• Under a 20% LCFS, configurations that co-convert coal and biomass would be economically preferred 

when GHG emission values range between $0 and $138/mtCO2eq. 
 

• The 15wt% CBTL+CCS plant has life-cycle GHG emissions that are 33% below the petroleum baseline 
and is economically feasible when crude oil prices are $95/bbl or higher when the GHG emission value is 
zero.  At higher GHG emission values, the 15wt% CBTL+CCS plant is economically feasible at even 
lower crude oil prices (e.g., $82/bbl when the GHG emission value is $60/ mtCO2eq). 

  
• Adding an ATR to enhance carbon capture in CBTL plants is not economically justified unless the GHG 

emission value is extraordinarily high (above $212/ mtCO2eq). 
 

• With or without a 20% LCFS, BTL plants are not economically preferred unless GHG emission values 
are extraordinarily high (above $138/ mtCO2eq). 
 

• In the range of GHG emission values in which BTL plants are economically preferred (above $138/ 
mtCO2eq), the addition of an ATR to enhance carbon capture is economically justified.  However, GHG 
emission values over $138/mtCO2eq are not expected to be economically or politically acceptable, since 
they would increase the cost of petroleum-derived diesel fuel by more than $1.70 per gallon.  
Consequently, there is not an expected scenario in which BTL would be economically feasible. 
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5  COAL AND BIOMASS SYNERGIES & PERFORMANCE UNDER FUEL STANDARDS 
 
Given a fixed amount of coal and a fixed amount of biomass, is it better to use these resources separately, in 
stand-alone CTL and BTL plants, or together, in CBTL plants?  Which approach improves our national energy 
security the most?  Which approach achieves the greatest reduction in GHG emissions?  Which approach can 
produce affordable diesel fuel and still be economically feasible? 
 
These questions are considered below under two regulatory requirements for GHG emission reductions:  1) a 
“Section 526” requirement (GHG emissions below the petroleum baseline), and 2) a “Renewable Fuels” 
requirement (GHG emissions 20% below the petroleum baseline). 
 
The findings show that under either regulatory requirement, the synergistic use of coal and biomass in CBTL 
plants is economically preferable to, and achieves greater GHG emission reductions than, using these resources 
separately in stand-alone CTL and BTL plants.  Under the Renewable Fuels emission requirement, the synergistic 
CBTL approach has a much greater impact on energy security, enabling the economic production of twenty times 
more diesel fuel from secure, domestic energy resources.  When used together in CBTL plants, coal benefits by 
the environmental synergy afforded by co-gasifying biomass, and biomass benefits by the economic synergy 
afforded by co-gasifying coal.  Without these synergies, neither of these domestic fuels could be utilized in a 
manner that was both economically feasible and environmentally acceptable under the Renewable Fuels 
requirement. 
 
5.1  SECTION 526 REQUIREMENT 
 
Section 526 of the Energy Independence and Security Act of 2007 (EISA 2007) prohibits federal agencies from 
procuring a fuel unless its life-cycle GHG emissions are equal to or less than those for conventional petroleum 
sources (the “petroleum baseline”).37  Table 5-1 describes two scenarios: one in which coal and biomass are used 
in separate CBTL plants (CTL and BTL plants) to produce FT diesel fuel, and a second scenario where coal and 
biomass are co-gasified for the synergistic production of FT diesel fuel.   

 
In each scenario, the economically preferred plant configuration within the respective CTL, BTL and CBTL 

“families” was chosen based on the ability to meet the Section 526 criteria (reduced GHG emissions compared to 
the petroleum baseline) and a GHG emission value between $30 and $60 per metric ton CO2-equivalent.38 The 

following plant configurations were thereby selected: 
 

Case 2 (CTL+CCS):    5% below the petroleum baseline 
Case 4 (8 wt% CBTL+CCS):  20% below the petroleum baseline 
Case 10 (BTL+CCS):    322% below the petroleum baseline 

                                                 
37 Section 526 states “No Federal agency shall enter into a contract for procurement of an alternative or synthetic fuel, 
including a fuel produced from nonconventional petroleum sources, for any mobility-related use, other than for research or 
testing, unless the contract specifies that the lifecycle greenhouse gas emissions associated with the production and 
combustion of the fuel supplied under the contract must, on an ongoing basis, be less than or equal to such emissions from 
the equivalent conventional fuel produced from conventional petroleum sources.” 
38 See Figures 4-6 and 4-7 above for more information. 
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Table 5-1:  CBTL Pathways with Life-Cycle GHG Emissions 
Lower than Petroleum Derived Diesel Fuel (Section 526 Requirement) 
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Reduction of 
Life-Cycle GHG 

Emissions 
Below the 
Petroleum 
Baseline

Investment NPV* 
(Billions Jan-2008$)     

when Crude Oil Price 
is $100/bbl and GHG 
Emission Reduction 
Credit is Below Value

%
million 

mtCO2eq 
per year

$30 per 
mtCO2eq

$60 per 
mtCO2eq

Separate
Use of Coal 

and Biomass

CTL w/CCS 0.0 118.5 17 191 5 4.5 10.5 12.8

BTL w/CCS 9.2 0.0 8 9 322 13.0 -2.9 -1.6

TOTAL / 
Weighted Avg 9.2 118.5 200 19 17.5 7.6 11.1

Synergistic
Use of Coal 

and Biomass

8 wt% CBTL 
w/CCS 8.8 118.0 18 203 20 19.1 7.9 11.2

*Net Present Value at a discount rate of 20%, assuming the following project finance structure:  60% debt at an 
annual nominal interest rate of 4.56% and a term of 30 years.

 

  
5.1.1 Separate Use of Coal and Biomass 
 
If 118 million short-tons/year of coal and 9 million short-tons/year of biomass were separately consumed in 17 
CTL+CCS plants and 8 BTL+CCS plants, a total of 200 million bbl/year of diesel fuel would be produced and 
GHG emissions would be reduced below the petroleum baseline by 17.5 million mtCO2eq/year. 
 
Both the CTL+CCS diesel fuel and the BTL+CCS diesel fuel would meet the Section 526 requirement by having 
life-cycle GHG emissions less than the petroleum baseline (5% below and 322% below, respectively).  If the 
decision was made to blend the products of both plants together, the resulting fuel mixture would have life-cycle 
GHG emissions that are 19% below the petroleum baseline, just short of the Renewable Fuels requirement.) 
 
The total NPV for the two projects would range from $7.6 to $11.2 billion when the credit for GHG emission 
reductions ranges from $30 to $60 per metric ton CO2-equivalent (even though the NPV for BTL plants would be 
negative). 
 
5.1.2 Synergistic Use of Coal and Biomass 
  
Alternatively, if the same amounts of coal and biomass (118 and 9 million short-tons/year) were consumed 
together in 8 wt% CBTL plants, about the plant outputs and revenue would be about the same as if these resources 
were used separately: a similar amount diesel fuel would be produced, about the same GHG emission reductions 
would be achieved and the NPV would remain roughly the same.   

Under the Section 526 Requirement, the synergistic use of coal and biomass together 
in CBTL plants results in slightly higher GHG emission reductions. 
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5.1.3 Summary   
 
Under a “Section 526” regulation that requires FT fuels to have life-cycle GHG emission levels at or below the 
petroleum baseline, the synergistic use of coal and biomass resources in CBTL plants would result in somewhat 
lower GHG emissions compared to the separate use of coal and biomass in CTL and BTL plants.  Furthermore, 
the CBTL option provides a way to use biomass and still achieve a strongly positive NPV, unlike BTL projects, 
which are not economically feasible (negative NPV). 
 
Under a “Section 526” regulation, the use of biomass for diesel production in BTL plants is not economic in 
this analysis.  However, the environmental benefits of biomass can still be captured if the economic synergy of 
co-gasifying biomass with coal in a CBTL plant is employed. 
 
5.2  RENEWABLE FUELS REQUIREMENT 
 
Fuels produced from new biorefineries must have life-cycle GHG emissions twenty percent lower than the life-
cycle emissions from petroleum-derived diesel in order to qualify as a renewable fuel under Title II, Subtitle 
A of EISA 2007.39  One might think of this as a 20% low carbon fuel standard. 
 
A similar requirement has been proposed for coal-derived fuels.  A statement issued from his senate office on 
June 12, 2007 stated that “Senator Obama supports research into all technologies to help solve our climate change 
and energy dependence problems, including shifting our energy use to renewable fuels and investing in 
technology that could make coal a clean-burning source of energy.  However, unless and until this technology is 
perfected, Senator Obama will not support the development of any CTL fuels unless they emit at least 20% 
less life-cycle carbon than conventional fuels [22].”  
 
By combining coal with 8 wt% biomass in a CBTL+CCS plant, a 20% low carbon fuel standard could be 
achieved.  However, no CTL configuration can meet this emission requirement -- even if an ATR were 
added to enhance carbon capture, a CTL+CCS+ATR system would only reduce life-cycle GHG emissions to 
twelve percent below the petroleum baseline.  
 
5.2.1 Separate Use of Coal and Biomass   
 
As shown in Table 5-2, if 9 million short-tons/year of biomass were consumed in 8 BTL+CCS plants, 9 million 
barrels per year (bpy) of diesel fuel would be produced and GHG emissions would be reduced below the 
petroleum baseline by 13 million mtCO2eq/year.  The reduced output – 9 million bpy compared to the 200 million 
bpy shown in Table 5-1 is due to the fact that coal cannot be used to produce diesel fuel under this “separate use” 
approach, as no CTL plant can meet the 20% reduction in GHG emissions criteria.  This also impacts the total 
GHG reduction, as the CTL+CCS plants in Table 5-1 contributed to the total emissions reductions.40   
 
The total NPV is always negative in this “separate use” approach, and would range from -$2.9 to -$1.6 billion 
when the credit for GHG emission reductions ranges from $30 to $60 per metric ton CO2-equivalent. 
 

                                                 
39 The Renewable Fuels Standard under EISA 2007 uses a 2005 petroleum baseline for the basis of comparison, identical to 
that used in this study.  
40 The significant contribution in GHG emissions reductions from CTL+CCS in the Section 526 Requirement scenario are the 
result of both the 5% emissions reduction compared to the petroleum baseline and the large amount of FT fuel produced  
(191 million bpy).  Even though the emissions reduction is higher in the BTL+CCS case (322% below petroleum), only 9 
million bpy of diesel fuel is produced, limiting the total emissions reductions from BTL.  
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Table 5-2:  CBTL Pathways with Life-Cycle GHG Emissions 
at Least Twenty Percent Lower than Petroleum Derived Diesel Fuel (Renewable Fuels Requirement) 
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Life-Cycle GHG 

Emissions Below 
the Petroleum 
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Investment NPV* 
(Billions Jan-2008$)      

when Crude Oil Price 
is $100/bbl and GHG 
Emission Reduction 
Credit is Below Value

%
million 

mtCO2eq 
per year

$30 per 
mtCO2eq

$60 per 
mtCO2eq

Separate 
Use of Coal 

and Biomass

CTL w/CCS -- CANNOT MEET REQUIREMENT --

BTL w/CCS 9.2 0.0 8 9 322 13.0 -2.9 -1.6

Synergistic
Use of Coal 

and Biomass

8 wt% CBTL 
w/CCS 8.8 118.0 18 203 20 19.1 7.9 11.2

*Net Present Value at a discount rate of 20%, assuming the following project finance structure:  60% debt at an 
annual nominal interest rate of 4.56% and a term of 30 years.

 

 
 
5.2.2 Synergistic Use of Coal and Biomass   
 
If the same amount of biomass were consumed together with 118 million short-tons/year of coal in an 8 wt% 
CBTL+CCS plant, the level of diesel fuel production would be 20 times higher and nearly 50% more GHG 
emission reductions would be achieved.  Moreover, the total NPV would be strongly positive, indicating that the 
economics of CBTL plants would remain very attractive in this scenario. 
 
5.2.3 Summary   
 
Under a standard that requires FT fuels to have life-cycle GHG emission levels that are 20% below the petroleum 
baseline, the synergistic use of coal and biomass resources in CBTL plants would enable biomass to be used in an 
economically feasible manner and would result in much lower GHG emissions compared to an approach that 
attempted to convert coal and biomass in separate plants.  Moreover, the CBTL approach has a much greater 
impact on energy security, enabling the economic production of 20 times more diesel fuel from secure, 
domestic energy resources. 
 
If one assumes that BTL plants with negative NPVs would not be built, the advantages of using coal and biomass 
together in CBTL plants are even greater.  If alternative fuels are required to have GHG emissions 20% below the 
petroleum baseline, CTL plants would be prohibited by the emission requirement and BTL plants would be 
economically infeasible, leaving CBTL as the remaining option for producing diesel fuel from these secure, 
domestic resources. 
 

Under a 20% low carbon fuel standard, the synergistic use of coal and biomass together in CBTL plants 
achieves far greater reductions in GHG emissions while producing twenty times more diesel fuel and 

garnering positive (rather than negative) economic returns.  
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Under a 20% low carbon fuel standard, coal cannot be used without the environmental synergy afforded by co-
gasifying biomass, and biomass cannot be used without the economic synergy afforded by co-gasifying with coal. 
 
Under a 20% low carbon fuel standard, coal benefits by the environmental synergy afforded by co-gasifying 
biomass, and biomass benefits by the economic synergy afforded by co-gasifying coal.  Without these synergies, 
neither of these domestic fuels could be utilized in a manner that was both environmentally acceptable and 
economically feasible. 
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6  POTENTIAL ECONOMIC BENEFITS OF A LARGE CBTL INDUSTRY 
 
This chapter delineates the potential economic benefits that would accrue to the United States should it develop a 
large scale CTL/CBTL industry to both substantially improve energy security while reducing CO2 emissions.  
Analysis has shown that CTL/CBTL can be competitive at oil prices far exceeded by recent levels, and at levels 
projected in the recently issued IEA World Energy Outlook 2008 [23].  This publication forecast 2030 oil prices 
to be double the forecast in WEO 2006, (in 2030, $120/bbl versus $55/bbl, with 10 million barrels of day (mmb/d)  
less consumed, globally (106 mmb/d versus 116 mmb/d) [23, 24].   Under this oil price projection the NPV, in 
2008, of a 3mmb/d – 5 mmb/d CBTL industry would be in the range of $200 billion - $700 billion. 
 
6.1  OIL PRICE PROJECTIONS  
 
The reason for the new perspective on oil prices is the dearth of “cheap oil,” and, despite the financial collapse of 
2008, the realization that rekindled economic growth will soon lead to oil prices that meet or exceed the 
commonly accepted 2008 cost of incremental oil, $70-$80/bbl.  The IEA projects that continued consumption 
growth in Asia and the Middle East will more than offset any consumption decline in the West, and projects 2010 
oil prices of $100/bbl.  (See Figure 6-1, which shows projections adjusted to 2008 price levels).  Of course, in late 
2008 oil prices collapsed to the $40- $50/bbl range, far off their July 2008 peak exceeding $140/bbl.  However, 
for prices to languish in this range for more than a few years would be indicative of deep Western economic 
malaise and anemic Asian economic growth.   
 
 

Figure 6-1: Current Oil Price Projections, $ per barrel, year 2008 prices 
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Table 6-1: RSP, Crude Oil Equivalence 

CO2 charges 
CTL w/o 

CCS CTL+CCS 
CTL+CCS+ 

ATR 
8wt% 

CBTL+CCS
15wt% 

CBTL+CCS BTL w/o CCS 
BTL+CCS+ 

ATR 

CO2 = $0/t $84.50  $86.58  $92.52  $93.09  $95.44  $218.43  $234.94  

CO2= $45/t $100.09 $80.98 $85.97 $85.41 $85.95 $198.29 $180.11 

CO2 = $90/t $115.69 $75.37 $79.43 $77.74 $76.43 $178.14 $125.27 
 
The fundamental difference between the energy crisis of the 1973-1985 and that of 2003-2008 is that the latter 
was caused primarily by a large increase in demand paired with resource difficulty, worsened by financial 
speculation in 2008, rather than by supply disruptions caused by the voluntary withholding or by revolutionary 
upheaval [25].  Thus, once the business cycle turns, the forces of growth will increase oil demand and with it 
prices. In the meantime, a period of low oil prices due to economic stagnation provides a window of opportunity 
to develop new energy alternatives that could be deployed for future sustained periods of high prices, a more 
prudent option than waiting for the next crisis.41 
 
The micro-level systems engineering analysis of this report demonstrates that the RSPs of coal/biomass diesel to 
be well below the level projected by IEA, in terms of crude oil equivalence (Table 6-1, first row).  The analysis in 
Chapter 4 further demonstrates that CTL is preferred to coal-biomass blends at moderate carbon prices.  That said, 
under a potential low carbon fuel standard, CBTL options are preferred to biomass-only alternatives under any 
reasonable carbon price scenario. 
 
6.2  ECONOMIC PROFITS 
 
It is important to note that the RSP indicates the level at which all expected returns to labor and capital have been 
met; that is, investors have achieved profits commensurate with their expectation (in this study, a 20% IRROE).  
In economics jargon, the project pays a “normal” rate of return or an accounting profit.  An economic profit is 
defined as a return to capital above the normal rate.  Therefore, at a price equal to the RSP, economic profit is 
zero.  When economic profits are positive, an economic “rent” has been earned, in this case because the world oil 
price is above the RSP. At or above such levels the economic case for the competitive domestic alternative 
becomes compelling, based on otherwise forgone economic profit, obtainable increases in net surplus, 
amelioration of the trade deficit, and job creation.42  At prices below the RSP, the economic profit is negative and 
the CTL/CBTL industry would be in need of some type of subsidy for the country to achieve the energy security 
and trade balance benefits associated with this industry.    However, a long period of low oil prices, indicative of 
economic stagnation, would see as well a decline in the capital costs from the January 2008 levels embedded in 
the current RSPs, bringing down the RSPs associated with the different CTL/CBTL plants and improving 
economic competitiveness. 
 
The economic benefits of CTL/CBTL may even be greater than those that would be obtained under the IEA price 
projection.  There is a risk that the IEA projection is low, based on the difficulty with which remaining oil 
resources are extracted or the reluctance of oil-producing nations to adequately invest.  In this case, the lack of 
supply growth would result in even higher prices, further limiting consumption growth.  This is borne out with the 
following: a theoretical projection of oil prices of $150/bbl by 2030 would increase prices by less than 25% 
(relative to the “IEA Reference” case).43  Note that between the IEA WEO2006 and WEO2008 projections, a 
100% increase in price elicits less than a 10% decline in consumption. With this level of demand responsiveness, 

                                                 
41 An anonymous reviewer provided this insight. 
42 “Net surplus” is the difference between the change in consumer surplus less the change in producer surplus.  A decline in 
world oil prices benefits consumers and hurts domestic oil producers, but on balance this effect is positive for the country. 
43 Unlike the EIA, the IEA does not present a “high oil price case.” 
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the further increase in price of 25% (i.e. $150/bbl by 2030) would only limit world oil consumption to about 103 
mmb/d.  Therefore, the high oil price sensitivity of an admittedly speculative projection to $150/bbl highlights the 
insurance value of CTL/CBTL under very high oil prices, since large demand for CTL/CTBL diesel fuel would 
still exist. 
 
In Figure 6-2, the area shaded under the IEA Reference price projection indicates the economic profits attained by 
CTL/CBTL.  The area above that curve and below the NETL high oil price projection is additional economic 
profit under higher oil prices.   The economic profits retained under these assumptions are assumed to accrue to 
domestic owners, representing economic rent not transferred overseas due to the displacement of imports.  
However, these levels should be reduced by the “propensity to import”, that is, the portion of consumption spent 
on imports.  This ratio is 0.16, that is, for every $1 of economic profit, 84 cents is retained, to be shared by capital 
owners and governments. 
 

Figure 6-2: Economic Profits under Oil Price Projections 
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Figure 6-3: CTL/CBTL Ramp-Up Scenarios versus EIA and IEA Projections 
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To calculate those areas under the curve, a ramp up of the CTL/CBTL industry must be assumed.   Compared to 
levels of production projected by Energy Information Administration (EIA) or International Energy Agency 
(IEA), a large scale ramp-up would require significant incentives, at least for the first few plants, until oil price 
uncertainty is reduced and technical risk assuaged.  While multiple scenarios could be envisioned, Figure 6-3 
illustrates those used for purposes of these calculations.44  These ramp-ups are for comparison purposes only; they 
are not based on any particular readiness or impact study.  The comparisons in the chart are to EIA’s AEO2008 
high oil price case and to the IEA reference case [26]. 
 
6.3  EFFECT ON WORLD OIL PRICES 
 
Standing up an industry of this scale will likely have an effect on the world price of oil.  The RAND Corporation, 
in a new report,  develops a plausible world oil market model: RAND concludes that, for each million bpd of 
alternative fuels, in this case CTL/CBTL, world oil prices will decline from 0.6% to 1.6% [27].  The higher 
percentage figure is adopted here, for, as RAND points out, the larger price effect will occur in a scenario of high 

                                                 
44 The number of plants can be deduced by dividing the production rate by the notional plant size of 50,000 b/d. Thus over 
the five year period between 2015 and 2020, sixteen, twenty-four, and forty 50,000 b/d plants would have to be added under 
the 2mm, 3mm, and 5mmb/d ramp-ups, respectively. 
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world oil prices, which the IEA reference case certainly is.  Table 6-2 shows these percentage effects under the 
IEA projection and under the high oil price sensitivity. 
 
Further, RAND argues that the decline of world oil prices per se will generate a net surplus to the United States of 
$6/b to $30/b, with the latter figure obtaining when the world oil price is high [27].  The word net is important, 
because the figure accounts for lost revenue by domestic oil producers.  This effect is not technology-specific, but 
would benefit the US if, for any reason, oil imports were reduced by the magnitudes contemplated here. The 
economic benefits shown here thus use the upper bound, yielding an annual benefit exceeding $30 billion in 2030, 
for a 3 mmb/d industry, and over $90 billion for a 5 mmb/d industry.  In a low world oil price world, with prices 
below the RSP, the required subsidy would still be offset by a figure equivalent to 20% of the benefits calculated 
here.  
 

Table 6-2: Effect of Ramp-up on World Oil Prices 

World Oil Prices 2020 2030 
IEA reference $111.56 $123.73 

2 mmb/d ramp $109.95 $120.76 

3 mmb/d ramp $108.88 $118.78 

5 mmb/d ramp $106.74 $114.82 

High Oil Price Scenario $122.08 $150.00 

2 mmb/d ramp $120.32 $146.40 

3 mmb/d ramp $119.15 $144.00 

5 mmb/d ramp $116.80 $139.20 

 
 

6.4  TRADE DEFICIT ISSUES 
 
The effect on the trade deficit is an issue that excites much debate.  Some assert nearly a one to one relationship; 
that is, for every dollar not spent on imports, Gross Domestic Product (GDP) increases by that dollar, whereas 
others disclaim any positive effect, which is akin to asserting the trade balance is always net zero. 45  Projecting 
trade deficit effect is quite uncertain, since the nation’s terms of trade and appetite for imports are factors difficult 
to establish for future periods.  Nonetheless since net exports are a component of GDP, we observe that for every 
dollar not sent overseas, foreign purchases of US exports will be reduced by some fraction.  Between 1969 and 
2007, exports averaged 85% of imports; between 1999-2008, 70%; between 2002-2007 for the Middle East, 60%.  
A range of benefit determined by the excess of imports could thus be quite wide.  Here, the 70% offset figure is 
used; that is, for every $1 reduction in imports, GDP grows by 30 cents. 
 
6.5  JOB CREATION 
 
Finally, the topic of job creation should be addressed.  In a 2006 report for NETL, the authors employ an 
economic input-output model to determine that, approximately, 150,000 jobs would be created for every million 
bpd of production.  Whether these jobs are net additions to employment levels or represents shifts between sectors 
continues to be debated.46   
                                                 
45 See Southern States Energy Board’s American Energy Security, and RAND, 2008, for a discussion of the issues [27, 28]. 
46 Economic Impacts of U.S. Liquid Fuel Mitigation Options, p. 45, estimates 350,000 jobs for production of 2 million bpd 
and 500,000 jobs at 5 million bpd [29].  Similarly, in an analogous report, RAND Corporation estimates 200,000-300,000 
jobs in a 3 million bpd shale oil industry (Oil Shale Development in the United States, pp. 27-28) [30]. This stands in 
contradistinction to the “no net effect” in RAND’s 2008 CTL report [27]. Finally, the American Energy Security, p. 151, 
estimates over 900,000 jobs from 8.4 million bpd of alternative fuels, inclusive of coal to liquids, shale oil, and biomass to 
liquids [28].   
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In the near-term, however, the United States is of course not in a full-employment economy.  Over the longer 
term, since CTL and CBTL would necessarily involve a large construction effort and employ many highly 
technical workers, a large ramp up would probably create a premium for labor that might reorient the income 
distribution in favor of labor, similar to the experience in the Canadian oil sands.  This might bump the RSP 
upwards by increasing the cost of CTL/CBTL plant builds.  This assertion and other labor market issues are 
beyond the scope of this report, except to simply note that the growth of a high value-added manufacturing 
industry in the United States would be a positive development. 
 

6.6  SUMMARY 
 
The potential benefits to the United States of CTL/CBTL under a regime of high oil prices could be vast.  For a 3 
mmb/d industry, economic benefits could exceed $100 billion dollars on an annual basis by 2030. On a NPV 
basis for the period 2010-2030, the value of the industry in 2008 dollars approaches $400 billion.  Table 6-3 
shows both the annual benefit in 2030 and the NPV of the stream of benefits from 2010 to 2030.  Figures of this 
magnitude- and indeed any component thereof- indicate the massive public benefit potentially available to the 
United States. With the possible exception of oil shale, it is difficult to see any other domestic supply alternative 
or supplement to conventional oil at such scale.  Moreover, although CBTL is not conventional oil, it is 
compatible with both the current liquids fuel infrastructure and also with leading demand side alternatives, such as 
plug-in, diesel-electric hybrid automobiles.  In a carbon constrained world, the added cost of CCS to the CTL 
plant is merely $5/ton CO2eq, or equivalently an incremental $2/bbl, clearly identifying CTL+CCS as a leading 
candidate for CCS demonstrations under an aggressive climate policy.  Further, if paired with prospective EOR, 
CTL+CCS would replace imports with two thrusts and reduce lifecycle GHG emissions, dramatically so in CBTL 
applications. 
 

Table 6-3:  Summary:  Potential economic benefits of CTL Options, by 2030. (Million $2008) 
 

3  mmb/d, 2030 5 mmb/d, 2030 
NPV,* 

3 mmb/d 
NPV, 

5 mmb/d 
Retained Economic Profit,  Annual Annual 2008-2030 2008-2030 
Reference Case     

CTL+CCS $29,698 $43,411 $88,331 $132,448 
15wt% CBTL+CCS $21,527 $29,792 $55,601 $77,899 

Additional economic  profit,  
high oil price projection   $23,257 $37,470 $52,849 $85,925 

Reduced world oil prices $32,850 $91,250 $84,980 $236,056 
Trade deficit amelioration     
IEA Reference $39,228 $47,556 $146,164 $238,318 
High Oil Price case, incremental $23,973 $29,062 $18,925 $30,770 

Sums 
CTL+CCS, Reference $101,776 $182,217 $319,474 $606,822 
CTL+CCS, HOP $149,005 $248,749 $391,249 $723,516 
15wt% CBTL+CCS, Reference $93,605 $168,598 $286,744 $552,272 
15wt% CBTL+CCS, HOP $140,834 $235,130 $358,519 $668,966 
Job creation (cumulative)   300,000-400,000 500,000 

* NPV = Net Present Value, calculated at a 7% discount rate. This rate exceeds the commonly accepted value of 6% for long-
term returns on common stock in the 20th century; a lower rate of , say, 4% implies public good benefits not displayed.  A 
positive value indicates a benefit to the United States. 
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7  RESEARCH & DEVELOPMENT NEEDS  
 
Significant research, development and demonstrations have been conducted on the gasification of pure coals and 
of pure biomass.  Coal and biomass mixtures have also been researched, but there is a minimal amount of data 
available on gasification of different coal ranks with different biomass mixtures at different ratios. Additionally, 
FT synthesis for the production of liquid transportation fuels has been demonstrated on large scales historically 
for reasons including market instability, national vulnerability and limited national resources. However, several 
uncertainties and questions need to be addressed, and these can be grouped into three key research areas: (1) 
bench and engineering-level development and demonstration, (2) systems analyses, and (3) site specific design 
studies.47  In response to Congressional direction in the FY2008 budget appropriations language, the United States 
DOE’s Office of Fossil Energy and National Energy Technology Laboratory are aggressively pursuing R&D in 
areas (1) and (2), with the aim of reducing the economic and technical challenges associated with large-scale 
deployment of CBTL projects and promoting the widespread acceptance of this method of fuels production.  Area 
(3) is identified as an activity that could help guide future R&D and systems analysis efforts because there is a 
lack of detailed engineering design for CTL and CBTL plants. 
 
7.1  BENCH AND ENGINEERING DEVELOPMENT & DEMONSTRATION 
 
The first component of a strategy consists of a research and development activity to identify and address the 
technical challenges associated with co-feeding different types of coal and biomass at varying feed mixture 
percentages.   
 
The bench and engineering-level research is needed to:  
 
(a) demonstrate methods to successfully introduce a coal-biomass feedstock into the high pressure - high 
temperature gasifier regime;  
(b) perform a complete bench-scale characterization of the effluent gas products resulting from the gasification of 
several coal/biomass combinations, and 48 
(c) determine the amounts of trace contaminant species expected from coal/biomass mixtures that the FT and 
WGS processes can tolerate to ensure effective and economical operation.   
 
Subsequent research and development in all of these areas will be necessary to provide final proof-of-concept for 
control of contaminants, successful feeding systems, optimal, integrated and sustained operation in pilot facilities. 
 
Specific areas for R&D include, but are not limited to: 
 

1. What is the influence of co-feeding various ranks of coal and types of biomass at different ratios on the 
kinetics of gasification related reactions?   
Specific information related to the influence of co-feeding different coal and biomass ratios, as well as 
different species, must be generated.  While systems analysis studies have predicted that co-feeding 
biomass at 8-15wt% provides unique carbon emissions and economic advantages, the presence and the 
nature of the biomass is sure to have an effect on the gasification process and reactions, most likely due 
to differences in heating value; oxygen, carbon and hydrogen content; and the presence of metals 
associated with the biomass to catalyze the gasification reactions. 

                                                 
47 Financial incentives such as tax incentives, loan guarantees, and other mechanisms may also play a role in addressing the 
economic and market challenges of CBTL, but these are beyond the scope of this paper. 
48  Gasification using high-temperature and high-pressure entrained flow gasifiers should help to eliminate tar and methane 
formation from the biomass component of the feedstock. Also, the CBTL plants would be simpler and less costly if the same 
gasifier could be used to process both the coal and the biomass. 
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2. What is the influence of co-feeding various ranks of coal and types of biomass at different ratios on the 

solid, liquid and gaseous products resulting from gasification?    
The presence of biomass will affect the gasification conditions and may result in different types of species 
being contained in the solid, liquid, and gaseous products resulting from gasification.  Temperature 
differences caused by the presence of biomass may alter the amounts of residues produced relative to 
those from pure coal gasification.  Moreover, biomass will introduce a unique contaminant stream, which 
may alter the composition of the solids, liquids, and gases produced.   

 
3. What are the optimum gasifier operating conditions for the conversion of coal and biomass to 

transportation fuels?  
Historically, pure coal and pure biomass gasification research has been conducted at different 
temperatures; biomass typically being conducted at lower temperatures as compared to coal. In a co-
gasification configuration, the different heating value, moisture content and elemental species associated 
with biomass may require non-traditional operating conditions in order to maximize gasifier and process 
efficiency.  

 
4. How does the variability of biomass species and feed ratios influence the reliability of sustained 

operation?  
It is possible that the presence of biomass will alter the reliability of long term operation, primarily due to 
the variability in biomass content and species, and the influence of co-derived syngas on the gasifer and 
down-stream processes.  

 
5. What is the optimum pretreatment of biomass required for feeding into a high-pressure gasifier?  

The gasification characteristics of biomass are different than those of coal, and it follows that it may be 
desirable to pre-treat the biomass in order to more closely match the characteristics of coal.  Pre-
treatment processes including drying, sieving, pelletizing, torrefaction or grinding, may be beneficial in 
maintaining consistent operation of the gasifier under a variety of co-feeding scenarios as well as 
increasing the energy density of the biomass, harvest and distribution area, and storage properties. 

 
6. What is the optimum feed arrangement for coal and biomass in the co-gasification process?  

Although large scale gasification has been practiced on pure coal and pure biomass, it is unclear what 
feed configuration would result in the optimum operation of a CBTL process: (1) pre-mixing the coal and 
biomass and feeding at one point, or (2) two distinct trains (one for biomass and one for coal) feed at two 
different locations within the gasifier, etc. 

 
7. What is the optimum configuration of the gasifier(s)?  

Due to the potential difference in reaction rates of coal and biomass as well as the variability of biomass 
supply and species, various gasifier configurations can be explored and optimized; a single gasifier for 
both coal and biomass or separate gasifiers for coal and biomass arranged in series or parallel. 

 
8. What is the influence of co-gasification products on the materials associated with the gasifier?   

The difference in elemental content of biomass as compared to coal may impact the service life of gasifier 
materials as well as down-stream processes. For example, will the high alkali content of the biomass 
impact the slag-refractory interactions within the gasifier? 

 
9. What is the influence of co-gasification products on syngas processing equipment?   

The primary and trace constituents resulting from gasification of biomass and coal may affect syngas 
processing equipment and chemistry (e.g. FT and WGS catalysts). For example, biomass will introduce 
alkali species and it is not known at what levels these species will begin to affect processes and 
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processing equipment.  It will also be important to determine any synergistic effects, both positive and 
negative, that multiple contaminant species have on the overall process. 

 
10. Do current commercial cleaning processes remove the trace syngas species associated with co-

gasification?  
It is unclear which contaminants will be present and at what levels they will be introduced by various 
species of biomass.  To some degree, this will be specific to the particular species of biomass and the feed 
rate.  However, certain syngas cleaning processes will be more likely to also remove trace contaminants 
than others.  This will affect removal capacity, rate of absorption of target contaminants versus 
competitive uptake of co-contaminants, and also any regeneration processes.   

 
7.2  SYSTEMS ANALYSIS 
 
The second research area would incorporate systems analyses to evaluate technologies and R&D progress and 
provide guidance for the research activities. Five key areas of systems analyses for CBTL plants are: 
 

• Techno-economic analyses to assess and define the state of technology and RD&D progress and needs; 
• Risk analyses to identify, characterize, and evaluate the technical, economic and environmental hurdles 

associated with deploying CBTL technologies and the strategies required to overcome them; 
• Resource and infrastructure analyses to identify, define and offer strategies to address the critical 

“readiness” issues – availability of engineering and design firms, skilled labor, railroad and other 
transportation capacity, mining capability, biomass availability and its impacts on plant capacity and 
operations, materials and equipment availability and other potential critical needs; 

• Benefits analyses to determine the advantages of introducing CBTL technologies as one element in the 
suite of alternative fuel options; and 

• Market analyses to evaluate commercial application of technologies. 
 
This study is the first major CBTL systems study performed by NETL and will be followed on with other work 
which evaluates the other key issues listed above. 
 
7.3  SITE-SPECIFIC DESIGN STUDIES 
 
The third research area could support site-specific designs of first-of-a-kind CBTL plants, including front-end 
engineering designs, to prove the feasibility of achieving near-zero GHG emissions. The purpose of this technical 
area is to collect detailed engineering design information, which is currently lacking, to guide future R&D and 
systems analysis efforts and to provide industry with experience and confidence in the technology. 
 
Advanced coal gasification and FT conversion technologies have been developed to reduce product cost, but have 
not been demonstrated in an integrated system at sufficient scale to confirm the potential economics and 
efficiencies of production. Recently, baseline systems designs and associated construction cost analyses have been 
updated for CTL plants and initial analyses have recently been published and others are forthcoming for CBTL 
plants. 
 
Although these analyses represent best engineering judgment, an overwhelming amount of risk will continue to 
exist until plants that integrate the technologies to produce liquid fuels from coal and coal/biomass mixtures are 
designed, built, and operated in the United States. Several CTL projects have been announced in the United States 
and worldwide which, if developed, could form a database of information on the technology and reduce the 
technical and financial risk. The only CBTL project announced to date is by Baard Energy LLC. They plan to 
design and construct a 50,000 BPD CBTL plant in Wellsville (Columbiana County), Ohio and have recently 
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announced that they are starting the Front End Engineering Design (FEED) phase for the plant [31].  It is 
anticipated that DOE will closely follow the progress being made on this activity and other planned first-of-a-kind 
commercial CTL and CBTL plants. 
 
To facilitate the deployment of CBTL plants, several site-specific CBTL FEED studies could be performed on 
representative coals of different rank (bituminous, sub-bituminous or lignite), and different types of biomass 
(switchgrass, corn stover, poplars, forest residues, and mixed prairie grasses). Various feed concentrations of coal 
and biomass having diverse characteristics would be evaluated in these studies to provide a basis for commercial 
validation, decisions to proceed, and financing. The completed designs at different site locations would provide 
industry with the knowledge and experience to consider further commercial deployment. 
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8  CONCLUSIONS 
 
This study evaluates the use of the United States’ abundant domestic resources to address the often competing 
priorities of energy security, climate change mitigation, and economic sustainability.  A comprehensive 
assessment was performed to evaluate the economic feasibility and climate change impact of coal and/or biomass 
conversion to diesel fuel using a process known as indirect liquefaction, and more specifically the Fischer-
Tropsch catalytic synthesis process combined with carbon capture and sequestration.    
 
The key findings of this study were that: 

• By coupling two existing technologies, indirect liquefaction and carbon sequestration, coal and biomass 
can be economically converted into ultra-low sulfur diesel fuel which has significantly less life cycle 
GHG emissions (5 to 75% less) than petroleum-derived diesel fuel.  For example, conversion of 8% 
(by weight, 5% by energy) biomass with coal can result in a 20% reduction in life cycle GHG emissions 
when CCS is employed. 

• Despite a fairly costly financial structure (20% IRR on equity), CTL/CBTL diesel fuel is competitive 
with petroleum-derived diesel when oil prices are as low as $86/bbl; should carbon constraints 
become the norm, these fuels would become more competitive as carbon prices increase (because they 
have lower life-cycle GHG emissions). 

• When coal and biomass are used together in CBTL plants, the coal feedstock benefits by the 
environmental synergy afforded by co-gasifying biomass, and the biomass feedstock benefits by the 
economic synergy afforded by co-gasifying coal.  Without these synergies, neither of these domestic fuels 
could be utilized in a manner that was both economically feasible and environmentally acceptable if such 
fuels are required to achieve life-cycle GHG emissions that are substantially lower (>12%) than the 
petroleum baseline.  

• CTL/CBTL plants offer the least-cost option to demonstrate the geologic sequestration of carbon dioxide, 
which is critically needed to enable our nation to continue using its valuable coal resources in a carbon-
constrained world.  Capturing and compressing over 90% of the carbon dioxide emissions from a coal-to-
liquids plant is inexpensive (adding only seven cents per gallon to the product cost) and the resulting 
carbon dioxide can be pumped into our nation's older oil wells to recover large volumes of leftover, 
difficult-to-extract oil, while simultaneously locking the carbon dioxide underground.   

 
Furthermore, a national commitment to promote the use of CTL and CBTL would have a tremendously positive 
impact on the economy, creating skilled jobs and reducing the amount of money sent overseas for oil imports, 
valued at $326 billion in 2007 and between $400 and $500 billion in 2008.  The production of domestic diesel 
would also improve the economic competitiveness of domestic industries by easing supply constraints associated 
with diesel fuel, thereby reducing overhead costs associated with high fuel costs. Should oil prices resume their 
upward trend, the economic and security benefits of CBTL to the nation could be enormous. 

 
Based on these findings, CTL and CBTL represent a well balanced and pragmatic solution to the United 
State's energy strategy dilemma of achieving energy security and addressing climate change in an 
economically sustainable manner.  Biomass to Liquids (BTL) - only becomes economically competitive when 
the GHG emission value exceeds $138/mtCO2E and does not result in greater reductions in net GHG emissions 
than if the same amount of biomass were used in a CBTL plant 
 
Of the plant configuration options evaluated, the CTL with CCS configuration and CBTL with CCS 
configuration (featuring 8 to 15 wt% biomass) will likely represent the optimal solutions, considering 
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trade-offs between GHG mitigation and economic advantage.  These plant configurations produce a 
diesel fuel which has 5% to 33% less life cycle GHG emissions than petroleum-derived diesel and can 
be economically competitive at diesel prices of $2.56/gallon of petroleum-diesel equivalent.49  
Inherent in these prices is a relatively stringent return on equity of 20%.  Since these prices also assume 
transportation fuel emissions are not taxed (a GHG emissions value of zero), higher GHG emissions 
values consequently lead to economical competitiveness at even lower petroleum-diesel equivalent 
prices.  Given that future oil prices are predicted to reach $130/bbl by 203050, these CTL/CBTL fuels 
would be very profitable in the future [23]. 
 
Technology Readiness and the Development Opportunities 
 
The CTL/CBTL pathway has the technical credibility in that it is a commercially proven technology with large-
scale operating experience: existing CTL plants produce 150,000 bpd of liquid fuels products, and the co-
gasification of up to 30% (by weight) biomass with coal has been demonstrated in a large scale, commercially 
available gasifier.  Nevertheless, significant R&D opportunities exist to improve the economic competitiveness 
and climate change benefits of this technology.  These range from co-gasification research in probabilistic 
methods of determining the kinetics for different biomass types and mixtures, optimization of biomass processing 
and feeding technologies, and investigation into catalytic synthesis and hydrocarbon product processing, using 
Fischer-Tropsch catalysis or other methods, in order to improve product slate flexibility and process efficiency.   
 
CTL/CBTL is therefore a near-term (3 to 5 years, based on permitting and plant construction) technology 
pathway, but also a pathway which can result in a new, high-tech industry.  A national commitment to 
CTL/CBTL would result in high-tech jobs associated with not only the construction of plants, but also the plant 
operation and further development and optimization of CTL/CBTL component technologies, including overall 
plant research.   
 
The Path Forward 
 
The CCS technology intended to be applied to the CTL/CBTL process is critical to the future use of coal not only 
in this process but also in the electric utility industry.  Because the use of coal is important in maintaining the 
competitiveness of the U.S. energy mix, this technology combination offers a unique advantage to the nation.  
CTL/CBTL with CCS represents the lowest-cost option to demonstrate carbon capture and storage at significant 
scale while adding only $2/bbl to the required selling price of the product. 
 
CTL/CBTL w/CCS has numerous benefits, including but not limited to: (1) production of fuels with significant 
reductions in GHG emissions, (2) creation of a large scale domestic industry with numerous new skilled job 
opportunities created, (3) opportunities for R&D – leading to an important new high-tech industry, and (4) 
competitiveness in a key transportation fuel, using an abundant domestic energy resource, with an improving 
economic advantage as GHG emission values increase. 
 
While the decline in world oil price, at the end of 2008, may temporarily preclude the economic competitiveness 
of CTL/CBTL fuels, long-term oil price projections show that these fuels are likely to be competitive by the time 
a plant can be built and extremely profitable in the long therm.  As described in Chapter 6, a 3 million barrel per 
day industry could have domestic economic benefits which exceed $100 billion dollars on an annual basis by 
2030. On a net present value basis for the period 2010-2030, the value of the industry in 2008 dollars 
                                                 
49 The CTL with CCS plant configuration produces fuel which has 5% less life cycle GHG emissions than petroleum-derived 
diesel, whereas 15wt% CBTL with CCS produces fuel with emissions that are 33% less than petroleum-derived diesel. 
50 EIA, Annual Energy Outlook 2009 (early release), December 2008, reference case 
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approaches $400 billion.  This economic potential could be enhanced under a number of scenarios, including 
reduced engineering, procurement, and construction (EPC) costs and commodity and equipment costs, associated 
with the current global recession; technological improvements to the CTL/CBTL process, or the commercial sale 
of the CO2 as a byproduct, for Enhanced Oil Recovery (EOR) or other purposes. 
 
CTL/CBTL with CCS is therefore a technology pathway that can uniquely and simultaneously provide a solution 
to the divergent energy objectives of our nation. 
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A  ECONOMIC ANALYSIS METHODOLOGY 
 
The economic analyses presented in this report were performed using the NETL Power Systems Financial Model 
(a discounted cash flow analysis tool) using the following assumptions (except where noted) regarding:  project 
finance structure, construction schedule, plant capacity factor, feedstock acquisition costs, product prices, 
escalation, taxes and depreciation. 
 
A.1  SELECTION OF A FINANCING STRUCTURE FOR CBTL PROJECTS 
 
Described in Table A-1 are four scenarios for financing CBTL projects.  Scenarios 1 and 1A reflect today’s 
situation in which CBTL plants face a high regulatory risk because of uncertainty about a future carbon regulation 
and a high technical risk because no commercial-scale plants have been demonstrated yet in the United States.  
Scenario 1 is assumed to have no government incentives while extensive government incentives are assumed to 
be available under Scenario 1A. 
 

Table A-1:  Project Financing Scenarios 

Scenario 1 1A 2 2A 
(basis of this study) 

Timeframe TODAY MID-TERM 

Regulatory Risk HIGH                           
(no carbon regulation) 

LOW                                
(carbon regulation in place) 

Technical Risk 
HIGH 

(no commercial-scale 
CBTL plants in U.S.) 

MEDIUM 
(2 or 3 commercial-scale CBTL plants 

demonstrated previously in U.S.) 

Market Risk HIGH HIGH 

Government 
Incentives NONE 

EXTENSIVE 
(e.g., cost-sharing, 
price guarantees) 

NONE MODERATE 
(e.g., loan guarantees) 

Debt/Equity Ratio 0/100 ? 50/50 60/40 

Debt Interest 
Rate, % n/a ? 8.15 

(LIBOR+6) 
4.56 

(CMT+0.22) 

Debt Term, years n/a ? 15 30 

Required IRROE 
(over 30 years), % 20 ? 20 20 

• All rates are expressed in nominal terms.  The average annual inflation rate is assumed to 2%. 
• Internal Rate of Return on Equity (IRROE) over 30-year economic life of plant. 
• On 11/13/2008, the 12-month London Interbank Offered Rate (LIBOR) was 2.15% and the 30-year 

constant-maturity Treasury (CMT) rate was 4.34%. 
 
Scenarios 2 and 2A reflect a hypothetical mid-term future in which regulatory risk has been eliminated by the 
passage of a carbon regulation and technical risk has been partially mitigated by the demonstration of two or three 
commercial-scale CBTL plants.  Scenario 2 is assumed to have no government incentives while moderate 
government incentives are assumed to be available under Scenario 2A. 
 
All scenarios face a high degree of market risk because of the volatile nature of energy prices, especially the 
world oil price. 
 
All the finance structures listed in Table A-1 are based on “project” financing, i.e., non-recourse financing in 
which debt and equity returns are paid back from the cash flow generated by the project.  In project financing, 
non-recourse debt is secured by a pledge of collateral – typically the real assets of the project – and liability is 
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limited to that project collateral.  This is in contrast to “corporate financing” in which the corporation would hold 
a general liability for the amount of the loan. 
 
The financial structures listed for Scenarios 1 and 2 are taken directly from a 2008 NETL study that recommends 
financial structures for analysts to use when performing economic assessments of fossil-based energy projects. [1]   
The recommendations were developed by Nexant, an energy sector consulting firm, based on interviews with 
project developers/owners, financial organizations and law firms. 
 
Since there is currently no carbon regulation, it is highly unlikely that any CTL or CBTL plant could obtain bank 
(debt) financing, meaning that 100% of project capital must come from equity sources absent any government 
incentives (Scenario 1).  Of course, with extensive government intervention (Scenario 1A), the finance structure 
could change in any number of ways. 
 
After a carbon regulation is enacted, it is assumed that debt financing will become available for CBTL projects 
even without government incentives (Scenario 2).  The 2008 NETL study estimated that up to 50% of the project 
capital could be debt-financed at an interest rate that is six points higher than the twelve-month London Interbank 
Offered Rate (LIBOR), with the balance of capital finance through equity that requires an internal rate of return of 
20%. 
 
If government incentives were available, a more favorable finance structure could be obtained.  The finance 
structure assumed for Scenario 2A assumes that a government loan guarantee is secured under the program 
authorized by Title XVII of the Energy Policy Act of 2005.  Although the terms of loans issued under that 
program will vary, this analysis assumes that 100% of the debt portion of the project financing is guaranteed, with 
a loan term of 30 years (the maximum allowed) and an interest rate that is 22 basis points above the 30-year 
constant-maturities Treasury (CMT) rate. 
 
The debt service coverage ratio (DSCR) is the ratio of the operating profit to the cost of debt service (principal 
plus interest).  According to the 2008 NETL study, a DSCR above 1.75 or 2.0 will likely be required to secure 
debt financing for fossil-based energy projects.  Accordingly, this analysis limited the percentage of capital 
financed with debt to 60% such that the DSCR remained above 2.0 when averaged over the first five years of 
plant operation. [1] 
 
The effect of project finance structure on the diesel required selling price for various CBTL configurations is 
shown in Figure A-1.  As shown, financing options can have a significant effect on RSP, and therefore plant 
viability.  Of particular note is that government incentives, such as loan guarantees, can make the use of CCS of 
co-gasification of biomass the economically preferred option even when co2 emissions do not have a value: 
CBTL options with CCS and up to 15wt% biomass are can all produce diesel fuel for under $3/gallon of 
petroleum-diesel equivalent when loan guarantees are available for these options, which is less than the 
$3.10/gallon of diesel for CTL without CCS (assuming loan guarantees are not available for this option). 
 
A.2  CONSTRUCTION SCHEDULE 
 
Construction is assumed to be completed over a period of three years (2009, 2010 and 2011), during which the 
annual capital cost distribution is spread evenly in real terms.  Loan draws are made annually to cover 
construction costs, with interest accruing only on the amount drawn. 
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Figure A-1:  Effect of Project Finance Structure on Diesel RSP 
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A.3  PLANT CAPACITY FACTOR 
 
The capacity factors assumed for this study are listed in Table A-3. 
 

Table A-3:  Capacity Factor Assumptions 

Plant Type Year 1 Year 2 Years 3+ 

CTL and CBTL 69% 79% 90% 

BTL 65% 75% 85% 

 
Since the CTL/CBTL plants considered in this study include a spare gasifier, and since they are assumed to be 
third- or fourth-of-a-kind, a design capacity factor of 90% is assumed to be achieved in the third year of operation.   
This value was adjusted from a recent EPRI projection [2] of the availability that will be achieved by the next 
generation of Integrated Gasification Combined Cycle (IGCC) plants when no spare gasifier is included.  (Since 
CBTL plants are assumed to be dispatched whenever they are available, the capacity factor is assumed to equal 
the availability.) 
  
BTL plants are assumed to achieve a design capacity factor of 85% in the third year of operation.  Although the 
BTL plants also feature a spare gasifier, a lower capacity factor was assumed because the supply of biomass 
feedstock is expected to be less reliable than the supply of coal.  Seasonal weather variations can affect the 
magnitude, timing and quality of available biomass feedstocks.  It is assumed that CBTL plants will be able to 
cope with such variations by using coal to compensate for shortfalls in biomass availability, but BTL plants will 
not have this option. 
 
For all the CBTL plants, it was assumed that the capacity factor was below the design value in years one and two.  
The assumed capacity factor ramp-up rate was adjusted from the availability ramp-up rate projected by EPRI [3] 
for the next generation of IGCC plants.  The first- and second-year capacity factors for CTL/CBTL plants are 
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assumed to be 69% and 79%.  The first- and second-year capacity factors for BTL plants are assumed to be 65% 
and 75%. 
 
A.4  FEEDSTOCK ACQUISITION COSTS 
 
A.4.1 Coal Cost 
 
The coal type assumed for this study is Illinois #6, a high-sulfur bituminous coal. 
 
Reference case data [4] for the DOE Energy Information Administration’s (EIA) “Annual Energy Outlook 2008” 
projects that the minemouth (underground) cost of high sulfur coal in the East Interior Supply Region (which 
includes Illinois) will be $1.34/MMBtu (year 2006 dollars) in 2012, the assumed first year of operation for plants 
in this study.  The average transportation cost of this coal to plants within the East North Central Demand Region 
(which also includes Illinois) is $0.44/MMBtu.  Thus the total delivered cost of the coal is projected to be 
$1.78/MMBtu in 2012 (year 2006 dollars). 
 
Applying a nominal annual escalation rate of 2%, the delivered cost equates to $1.85/MMBtu in Jan-2008 dollars.  
For Illinois #6 coal (11,666 Btu/lb), this translates to $43.16 per short ton (Jan-2008 dollars). 
 
A.4.2 Switchgrass Cost 
 
NETL sponsored RAND to characterize a variety of potential biomass feedstocks, including the development of 
models to estimate their costs [3].  Switchgrass costs are plotted in Figure A-2 as a function of the required feed 
rate.  The costs are for delivery to the plant gate and include costs associated with crop establishment, cultivation, 
harvesting and storage, and transportation. 
 

Figure A-1:  Delivered Switchgrass Cost as a Function of Feed Rate 
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The reported switchgrass costs assume that only marginal lands are employed for switchgrass cultivation.  It is 
assumed that the switchgrass is field dried and stored in the field until it is needed.  Final switchgrass processing 
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is assumed to occur at the CBTL/BTL facility and is not included in the delivered cost estimates.  Convention 
dictates that the delivered switchgrass cost be expressed in $/dry- ton (January 2008$) although the biomass is 
still “wet” when delivered to the plant.51   
 
A.5  PRODUCT PRICES 
 
A.5.1 Diesel-Naphtha Price Ratio 
 
Since CBTL plants produce naphtha as a byproduct, it is necessary to assume a price ratio for these products to 
perform the economic analysis.  For this study the diesel-naphtha price ratio was assumed to be 1.3, based on 
communications with individuals involved in the development of a potential commercial-scale CTL project in the 
United States [5]. 
 
A.5.2 Diesel-Crude Oil Price Ratio 
 
As discussed in Section 4.2, this study assumes that the ratio of the ultra-low-sulfur diesel spot price (New York 
Harbor) to the crude oil spot price (West Texas Intermediate, Cushing, OK) is 1.25 (before any GHG emission 
costs are taken into account).  This assumption was based upon an analysis of DOE/EIA data on diesel fuel and 
crude oil for the period January 2002 through July 2008.   
 
Diesel fuel consumed for on-road transportation is composed of ultra-low-sulfur diesel (ULSD) (<15ppm sulfur) 
and low-sulfur diesel (LSD) (15-500ppm sulfur).  Monthly U.S. consumption rates for ULSD and LSD were 
estimated using EIA data on U.S. diesel production and U.S. diesel exports/imports.  Based on these consumption 
rates, the ULSD percentage of the total on-road diesel consumption was calculated for each month.  An average of 
EIA retail price data showed that, on average, the monthly retail price for ULSD was 7.5 cents higher than the 
retail price for LSD during the period February 2007 to July 2008, and it was assumed that this difference also 
applied to their spot prices52.  Using the monthly ULSD percentages and the 7.5 cent price difference, monthly 
ULSD spot prices were estimated from EIA’s monthly spot prices for on-road diesel fuel (which aggregated 
ULSD with LSD).  The ULSD/WTI price ratio was then calculated for each month during this period, and the 
average of the monthly ratios was 1.25. 
 
A.5.3 Electric Power Price 
 
If excess power is generated, it is assumed that the excess power is sold at a price of $50/MWh (Jan-2008 $).  
Note that this price did not factor heavily in this study.  Only one case generated excess power:  the CTL without 
CCS case generated 38 MW-net, which equates to about 1% of the total product slate energy value.  
 
A.6  ESCALATION 
 
All costs (e.g., fuel costs, O&M costs) and product prices (e.g., diesel, naphtha, and power prices) are assumed to 
escalate at an annual nominal rate of 2%.  Capital costs are assumed to escalate at the same rate during the 
construction period.  Credits or debits for CO2 emissions are also assumed to escalate at the same rate. 
 
The escalation rate was based on the GDP Chain-type Price Index reported in Table A19 of the EIA's Annual 
Energy Outlook 2008, which was projected to grow at an annual nominal rate of 2.0% between 2006 and 2030.  

                                                 
51 As-received switchgrass is assumed to have a moisture content of 10% by weight, so the as-received cost can be calculated by 
multiplying the dry cost by a factor of 0.9. 
52 This is an approximation.  Diesel retail prices, and to a lesser extent the differences in ULSD and LSD retail prices, vary because of state 
taxes. 
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A.7  DEPRECIATION, TAXES AND INSURANCE 
 
Depreciable financing and capital costs were depreciated over twenty years using the 150% declining-balance 
method. 
 
An effective total income tax rate of 38% was assumed. 
 
Annual property taxes and insurance costs were assumed to be equal to 2% of the total “overnight” capital cost 
(all capital costs excluding escalation and interest during construction). 
 
A.8  REFERENCES 
 

1. Worhach, P. and J. Haslbeck, “Recommended Project Finance Structures for the Economic 
Analysis of Fossil-Based Energy Projects,” DOE/NETL-401/090808, National Energy 
Technology Laboratory, September 2008, http://www.netl.doe.gov/energy-
analyses/pubs/Project%20Finance%20Parameters%20-%20Final%20Report%20-
%20Sept%202008_1.pdf. 

2. Higman, C., “Integrated Gasification Combined Cycle (IGCC) Design Considerations for High 
Availability – Volume 1:  Lessons from Existing Operations,” EPRI 1012226, March 2007, 
http://mydocs.epri.com/docs/public/000000000001012226.pdf. 

3. Ortiz, D.S. et al, “Characterization of Biomass Feedstocks,” RAND Corporation PM-216-NETL, 
May 2007. 

4. Keamey, D., Energy Information Administration, Personal Communication, Unpublished 
reference case data from Annual Energy Outlook 2008 National Energy Modeling System runs 
AEO2008.D030208F and HP2008.D031808A, August 2008. 

5. Gray, D., Personal Communication, January 2008. 



74 
 

 B  GREENHOUSE GAS ACCOUNTING METHODOLOGY 
 
The greenhouse gas (GHG) accounting methodology used in this study is based on a life cycle assessment (LCA) 
approach.  The general approach and allocation procedures are consistent with the guidelines for performing 
LCA’s developed by the International Standards Organization (ISO). (ISO 2006, ISO 2006a)  
 
The scope of this study is based on the production, delivery, and use of low-sulfur diesel fuel produced in coal-to-
liquids (CTL), coal/biomass-to-liquids (CBTL), and biomass-to-liquids (BTL) energy conversion facilities in the 
United States.  Illinois No. 6 bituminous coal is used as the fossil energy feedstock and switchgrass is used as the 
biomass feedstock.  The energy conversion facilities are modeled to represent conceptual, third- or fourth-of-a-
kind, plant designs integrating coal and biomass gasification with Fischer-Tropsch liquids production, and carbon 
dioxide capture and storage (CCS).  The time-period represented by the energy conversion facilities is considered 
a near-term technology based on the integration of commercially-available technology. 
 
Comparative analysis of the life cycle greenhouse gas emissions to petroleum-derived diesel fuel is based on an 
industry size representing one million barrels per day (or more) production of FTD.  No future energy efficiency 
or learning curves estimates are accounted for in the comparative assessment modeling approach.  The petroleum-
derived diesel fuel GHG estimate is based on year 2005 national average for conventional internal combustion 
engine passenger vehicle based on the NETL Life Cycle GHG Petroleum-based Fuels Model.  Year 2005 
petroleum baseline was selected as the comparative baseline year in conformance with the Energy Independence 
and Security Act of 2007 (EISA 2007). 
 
The GHG accounting methodology was developed using industry standards to match the scope of this study and 
provide a comparative GHG methodology.  The following describes the modeling approach and comparative 
petroleum-based diesel fuel baseline.    
 
 
B.1  STUDY BOUNDARY AND MODELING APPROACH  
 
The study boundary for the analysis is from the extraction and harvesting of raw materials from the earth to the 
consumption of the diesel fuel to move a passenger vehicle.  The boundary applied is commonly referred to as a 
“cradle-to-grave” life cycle assessment.  The “cradle” refers to extraction of raw materials from the earth and the 
“grave” is represented as the consumption of the fuel in the vehicle.  Figure B-1 graphically represents the 
boundary of the life cycle operations included within this study.  Within transportation studies (GM 2001) the 
boundary is also referred to as a “well-to-wheels (WTW)” analysis.  The term “well” originates from studies 
analyzing conventional crude oil extracted from on-shore and off-shore wells for the production of transportation 
fuels.  The term “wheel” refers to the use of the fuel to turn the wheels on the vehicle.  The definition of “wells-
to-wheels” is expanded within this study to encompass any energy material extracted or harvested (e.g., coal, 
biomass and crude oil) from the earth for the purposes of producing transportation related fuels.   
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Figure B-1.  Life Cycle Stages Included in the Study Boundary 
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Contributions of GHG emissions are accounted for within each of the following life cycle stages: 

• Raw Material Acquisition (e.g., coal mining and growing and harvesting of biomass). 
• Raw Material Transport (e.g., rail transport of coal from the coal preparation plant to the coal-to-liquids 

plant, truck transport of biomass from the field collection point to the coal/biomass-to-liquids plant). 
• Liquids Fuels Production (e.g., coal-to-liquids plant, coal/biomass-to-liquids plant, petroleum refinery).  

Carbon capture and storage (CCS) operations are included within this life cycle stage. 
• Product Transport & Distribution (e.g., transport of the diesel fuel from the energy conversion plant to the 

refueling station, on-site storage, and dispensing of the fuel into a vehicle). 
• Vehicle Operation (e.g., combustion of the fuel in a passenger vehicle). 
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B.1.1 Scope of the Environmental Life Cycle Analysis 
 
The environmental LCA approach utilizes the International Standards Organization (ISO) 14040 “Environmental 
Management – Life Cycle Assessment – Principles and Framework.” (ISO 2006)  This study includes all four 
phases of a life cycle assessment: Goal and Scope Definition, Inventory Analysis, Impact Assessment, and 
Interpretation.  The scope of the life cycle inventory (LCI) is limited to greenhouse gas emissions, as a result, the 
life cycle impact assessment (LCIA) only determines the global warming potential (GWP) of the GHG emissions 
based on their relative contribution.   
 
The scope of the GHG emissions accounted for within the study is limited to carbon dioxide (CO2), methane 
(CH4), and nitrous oxide (N2O).  The total contributions of all other GHGs are deemed to contribute less than one 
percent to the total environmental impact.  The effects of each GHG emission are normalized and reported in 
terms of their global warming potential (GWP).  Normalized values are expressed in terms of CO2 equivalents 
(CO2E).   
 
The Intergovernmental Panel on Climate Change (IPCC) publishes the international standard for calculating GWP 
based on the weighted contribution of various emissions (IPCC 2001, IPCC 2007).  The IPCC publishes values 
for three time-frames: 20, 100, and 500 years.  The U.S. standard is based on 100-year time-frame.  GWP were 
standardized in 1990, 1996, 2001, and in 2007 by the IPCC.  Within this study the 2007 IPCC values are used.  
Table B-1 lists the primary GHGs and their corresponding global warming potentials (GWP) reported in mass of 
CO2 equivalents.     
 

Table B-1. GHG Emissions Included in Study Boundary and their 100-year GWP 
Emissions to Air Abbreviation 2001 IPCC 

(GWP, CO2E) 
2007 IPCC 

(GWP, CO2E) 
This Study 

(GWP, CO2E) 
Carbon Dioxide CO2 1 1 1 
Methane CH4 23 25 25 
Nitrous Oxide N2O 296 298 298 

 
Nitrogen oxides (NOx) and their impact to global warming are currently being reviewed by climatologists around 
the world.  As a result, there is a lack of agreement about the impact of NOx in relation to global warming.  The 
2007 Intergovernmental Panel on Climate Change (IPCC) report entitled “Climate Change 2007:  The Physical 
Science Basis” notes that nitrogen oxides have short lifetimes and complex nonlinear chemistry with opposing 
indirect effects through ozone enhancements and methane reduction (IPCC, 2007).  Most current research 
suggests that the GWP for surface/industrial NOx emission may be negative. Wild et al. (2001) report a GWP for 
industrial NOx emissions of -12. Since there is a lack of agreement on NOx effects, the IPCC has opted to omit 
them from consideration. 
 
B.1.2 Cut-off Criteria for the System Boundary 
 
Cut-off criteria define the selection of materials and processes to be included in the system boundary.  Following 
the requirements of ISO14040 (ISO 2006), the criteria of mass, cost, and environmental relevance was used for 
material and energy inputs.  
 
A significant material input is defined as a material that has a mass greater than 0.01 lb per lb of the principal 
product that is produced by a unit process. A significant material is also one that has a relatively high cost (for 
instance, compared to the cost of the largest, by mass, material input), or has an important environmental 
relevance (for instance, a high global warming potential). 
 



77 
 

A significant energy input is defined as one that contributes more than 1% of the total energy used by the unit 
process. As with materials, a significant energy input is also one that has a relatively high cost or has an important 
environmental relevance. 
 
B.1.3 Exclusion of Data from the System Boundary 
 
All physical operations are considered pre-existing.  Therefore, no construction related emissions are accounted 
for within the study. The production and delivery of electricity and other fossil-fuels to support each life cycle 
stage are accounted for within the study.  For example, the GHG emissions for petroleum-derived diesel fuel used 
to transport biomass from the field collection point to the energy conversion facility are inclusive of the emissions 
associated with the extraction, refining, and transport of the fuel to the end-user (i.e., the truck used to transport 
the biomass).  Contributions and/or credits of GHG emissions from land use change are not included within the 
study because all operations are considered pre-existing; therefore no changes in land use occur.  With regards to 
biomass production, only so-called “marginal” lands are used, such that switchgrass production will not result in 
land-use change or crop displacement.  Storage of carbon in select biomass root structures has also been excluded 
from the analysis.  However, carbon reductions from soil root carbon storage may occur for select biomass types 
and could be accounted for in similar studies. 
 
Humans involved in the system boundary have a burden on the environment, such as driving to and from work 
and production of food they eat, that is part of the overall life cycle.  However, this complicates the life cycle 
tremendously due to the data collection required to quantify the human-related inflows and outflows on the 
environment and how to allocate them to fuel production.  Furthermore, it is assumed that the workforce will be 
unaffected by the choice of fuel.  Issues related to humans, such as the societal impacts of humans in the 
workforce that need to be addressed through policy and value-based decisions, are outside the scope of a life cycle 
study. 
 
Low frequency, high magnitude environmental events (e.g., routine/fugitive/accidental releases) were not 
included in the system boundaries, since such circumstances are difficult to associate with a particular product. 
 
More frequent, but perhaps lower magnitude events, such as material loss during transport, are included in the 
system boundary. 
 
B.1.4 Data Resources and Analysis Tools 
 
Secondary data sources were used to model each life cycle.  A range of industry reported emissions data, 
publically-available literature data, and industry emission factors were used to characterize each life cycle stage.  
Raw material acquisition of coal and biomass was modeled by RAND Corporation (RAND) under contract to 
NETL. (Ortiz 2007)  A detailed process model was developed by NETL and Noblis to model each energy 
conversion facility (CTL, CBTL, and BTL).  Product transport and distribution of the fuel was modeled using the 
GREET Model, Version 1.8b and the EPA MOVES model was used to determine the carbon content of the fuel.  
Table B-2 summarizes the types of data used to characterize each life cycle stage, the primary analysis tool, and 
the scope of the life cycle stage. 
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Table B-2. Data Resources and Analysis Tools 

Life Cycle Stage Data Type Analysis Tool Scope of Analysis 
Raw Material Acquisition Industry Reported 

Emissions & Operating 
Data by Raw Material Type 

RAND Coal & Biomass 
Model, Developed for NETL 
(2008) 
 

Illinois No. 6 Bituminous 
Coal, Switchgrass, and  
Crude Oil 

Raw Material Transport Industry Reported 
Emissions & Operating 
Data by Raw Material Type 

RAND Coal & Biomass 
Model, Developed for NETL 
(2008) 

Coal – 200 miles by rail, 
Biomass -  40 – 70 miles 
(based on biomass feed 
rate) by heavy duty truck 

Liquid Fuels Production Industry Data Aspen Process Models 5,000 to 50,000 barrels per 
day FTL plant size, 
including carbon 
sequestration where 
applicable 

Product Transport & 
Distribution 

GREET Emission Profiles GREET v1.8b GREET Model Year 2005, 
Default Value for FT Diesel 

Vehicle Operation (Use) EPA, Office of 
Transportation and Air 
Quality Modeling Estimates 

U.S. EPA, MOVES Model Diesel Powered, 
Conventional Compression 
Ignition Engine, Passenger 
Vehicle 

 
 
B.1.5 Data Reduction and Allocation Procedures 
 
In order to generate the life cycle inventory, collected secondary data was reduced using numerous calculations 
and equations.  These reductions manipulated the secondary data to the goal and scope of this study (e.g., relating 
data to the functional unit, data aggregation, allocation of flows/releases, etc.).  ISO 14044 Section 4.3.3 
(calculating data) and 4.3.4 (allocation) standards, where appropriate, are used as guidelines in performing data 
reductions and allocation procedures (ISO 2006a). 
 
System expansion is one of the two methods recommended within ISO 14044 for avoiding allocation wherever 
possible (i.e., avoiding allocation is preferred) and is used within this study.  The displacement method, a type of 
system expansion, is recommended by the U.S. Environmental Protection Agency (EPA) for allocating co-
products from energy conversion facilities producing transportation fuels. (EPA 2007)  When avoiding allocation 
is determined not to be feasible, energy carriers or any material produced for its energy value was allocated based 
on energy content.  All other materials and co-products are allocated based on mass when applicable.      
 
Specifically, the displacement method is used in this study to determine the GHG emissions for the naphtha and 
electricity co-products produced by the CTL/CBTL facilities.53  The displacement method expands the system 
boundary to include the production of co-products by other means that would theoretically be avoided as a result 
of secondary production by the primary process being modeled.  For example, electricity is produced by various 
means within the U.S. and delivered to the electricity grid for distribution to end-users.  Electricity produced as a 
co-product from a CTL or CBTL facility will also be delivered to the electricity grid for distribution to end-users.  
Therefore, an equivalent quantity of electricity would theoretically be displaced (not needed or off-set new 
generation) from the average U.S. electricity generation base.  Using the displacement method, the U.S. average 
GHG profile for the generation and distribution of electricity (mass of CO2E per unit of energy delivered) is 
determined to be equivalent to the co-product credit (or offset) for the electricity produced from the CTL or CBTL 
facility.   This methodology is applied consistently throughout the study. 

                                                 
53  ISO 14040 LCA standard recommends “system expansion” as a preferred method to avoid allocation of emission to co-
products.  The displacement (or substation) method is a form of system expansion.     



79 
 

B.1.6  Basis of Comparison 
 
The change in life cycle GHG emissions from FT diesel was determined within this study by comparison to a 
2005 national average petroleum-derived diesel fuel baseline.  Results are reported per million British Thermal 
Units (MMBtu) of net energy (fuel) consumed (i.e., on a lower heating value [LHV] basis).  Comparing 
alternative sources of transportation fuel on a “per mmBtu LHV of fuel consumed” basis ensures equivalent 
vehicle efficiency profiles are used and improves comparability of upstream (well-to-tank) life cycle emissions. 
 
B.2  LIFE CYCLE GHG ACCOUNTING PROCEDURE 
 
The following equation summarizes the calculation procedure for determining the GHG emissions for FT diesel 
produced from a CTL or CBTL facility with co-products. 
 

 Total Cradle-to-Gate GHG Emissions for Producing Diesel, Naphtha, and Electricity (Raw Material 
Acquisition thru the exit gate of the energy conversion facility) 

(−) Carbon Content (converted to CO2) of the Biomass Feedstock Utilized by the Energy Conversion 
Facility (applicable to CBTL facilities only) 

(−) Naphtha Cradle-to-Gate GHG Co-product Displacement Value per Million Btu of Naphtha Produced 

(−) Electricity Cradle-to-Gate GHG Co-product Displacement Value per Million Btu of Electricity 
Produced 

(+) GHG Emissions from Transportation & Distribution of Diesel Fuel to the End User 

(+) GHG Emissions from Combustion of the Diesel Fuel in the End Users Vehicle 

 Total Life Cycle GHG Emissions for FT diesel Produced from a CTL or CBTL Facility 

 
The methodology applied for determining the biomass carbon credit, naphtha co-product displacement value, and 
electricity co-product displacement value are summarized below.  The life cycle stage results are reported with 
study results for each case analyzed. 
 
B.2.1 GHG Emissions from Coal Mining and Transportation 
 
The mining and transportation of coal results in two primary GHG emissions: (1) the release of methane adsorbed 
within the coal seam, and (2) the operation of fossil fuel powered from mining/transportation equipment.  
Methane emissions have the potential to represent a significant portion of the overall life cycle GHG emissions 
for coal based processes and are therefore dealt with here in some detail.  The non-methane emissions were 
calculated using the GREET model (version 1.8a) using the heating value of Illinois #6 coal and assuming a 
transport distance of 200 miles by rail.   
The formation of coal occurs by a process called coalification, in which biomass is converted to coal over the 
course of millions of years under high pressures and temperatures.  Methane gas is formed as part of this process 
and a portion of this methane remains in the coal seam and surrounding rock strata as coalification continues.54   

                                                 
54The amount of methane that remains in the coal is primarily a function of the amount of pressure the coal seam is under, 
and hence the depth of that seam.  The deeper the coal seam, the greater the pressure and the more methane that remains 
physically absorbed to the coal.  In shallow seams, the methane naturally migrates out of the coal seam and eventually into 
the atmosphere.   Migration occurs in deeper seams, but the rate is limited such that migration is limited to the surrounding 
rock strata, and methane content remains high in the coal. 
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The methane content of different coals varies widely, across coal types, basins, and even within the same basin.  
During mining operations, this coal mine methane (CMM) is released, resulting in a GHG emission, but the exact 
emissions are dependent on the type of mining, methane content of the coal, and end use of the coal.  
 
While these issues make the estimation of CMM emissions rates difficult, the EPA has identified 50 mines which 
result in 95% of emissions from underground coal mining operations. [ REF: ”Identifying Opportunities for 
Methane Recovery at U.S. Coal Mines: Profiles of Selected Gassy Underground Coal Mines 1999-2003”, EPA 
Publication: EPA 430-K-04-003]   This study uses the average emission rates from six of the seven gassy Illinois 
basin mines on this list as a conservative estimate of CMM emissions for Illinois #6 coal.  One Illinois basin mine 
– the Baker mine which produces W. Kentucky #13 coal – was omitted from the list as it is an outlier in the 
emissions rates (well over three times the average emissions from the other six mines), making it by far the 
gassiest of mines in that basin. 
 
Keeping with premise that carbon legislation has been passed (a key premise of this CBTL study), gassy mines 
are assumed to have implemented “best practice” CMM recovery methods to avoid GHG emissions and to 
supplement existing mine safety requirements.55  The amount of recoverable methane was determined using the 
average emission rates from the gassy mines in the Illinois basin, the maximum recoverable CMM using selected 
methods, and the average in-situ methane contents for Illinois basin coal. [EPA 1999, EPA 2005, EPA 1995] This 
methane is assumed to have been combusted on-site, either flared or for use in mining equipment, such as 
ventilation air heaters.  However, no GHG displacement credit is taken as the end use of the methane is unknown.  
Similarly, an economic benefit or detriment is no assessed in association with methane recovery, as this is beyond 
the scope of the study.  Instead, it is assumed that recovered methane pays for itself, if not in sales revenues, then 
in reduced operating costs as it is used as a fuel. 
 

Table B-3. Upstream GHG Emissions from Coal Mining and Transportation 
Emission Type Emissions 

Rate Units 

Non-Methane Emissions from Mining 1.941 lb CO2E/mmBtu Coal (LHV) 
CO2 Emissions from Rail Transportation 0.077 lb CO2E/short ton coal/mile 
Methane Emissions after CMM Recovery 96 lb CO2E /short ton coal 
   
Total Upstream Emissions with CMM Recovery 171 lb CO2E /short ton coal 

 
 
B.2.2  GHG Emissions from Biomass Cultivation, Harvesting, Processing, and Transportation  
 
For agriculture, it is assumed that greenhouse gas emissions are predominantly the result of energy consumption 
and fertilizer use.  The total primary farm-to-plant-gate greenhouse gas emissions are a sum of the carbon dioxide 
from cultivation and harvesting, transporting, and processing of biomass.   
 
Cultivation and harvesting includes the steps of planting, fertilizing, cutting, and harvesting crops in the fields.  
Transportation captures emissions associated with moving crops from the field to the gasification facility.  
Processing accounts for emissions associated with any cutting, drying, grinding, densification or other steps 
necessary to transform crops so that they meet the volume, size, and moisture constraints for transportation, 
storage, and gasification processes used. 
 
Estimates for biomass life cycle GHG emissions used in this study were based on a Coal and Biomass Model 
developed for NETL by RAND (RAND 2008).  The emissions for each life cycle stage of switchgrass cultivation 

                                                 
55 Best practice CMM recovery methods include the drilling of gob wells (used by more than 21 mines in the U.S.) and 
longhole horizontal boreholes (used by over 10 U.S. mines) [EPA 1999] 
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are summarized in Table B-4 and are based on an average feed rate of 4,000 short tons of switchgrass per day, or 
1.3 million short tons per year delivered the plant gate. 
 

Table B-4. Upstream GHG Emissions from Switchgrass Production Equivalent to 4,000 dry tons per day 
Emission Category Emissions 

Rate Units 

Planting and Harvesting 13,940 tons carbon/year 
Agrichemicals Production 36,930 tons carbon/year 

Transport of Agrichemicals 280 tons carbon/year 
Production Sub-Total 51,150 tons carbon/year 
Processing (Cutting, Sizing, Drying) 3,800 tons carbon/year 
Transportation 3,240 tons carbon/year 
Total Upstream Emissions with CMM Recovery 58,190 tons carbon/year 

 
B.2.3 Biomass Carbon Credit 
 
Carbon dioxide is extracted from the atmosphere by green plants and combined with sunlight and water to 
produce organic compound and oxygen; a process called photosynthesis.  The carbon removed from the 
atmosphere by the plant is stored within the biomass structure of the plant.  When the plant, in this case 
switchgrass, is harvested and gasified in a CBTL or BTL plant the carbon content of the biomass source is 
partially retained in the fuel, captured and sequestered, and released to the atmosphere through the CBTL/BTL 
stack.  When the biomass carbon contained in the fuel is combusted in the vehicle it is released back into the 
atmosphere.  For the purposes of this study, a conservative assumption that 100% of the carbon content of the 
diesel fuel combusted in the vehicle is converted to CO2.  A plant designed without carbon capture results in 
100% of the carbon contained in the biomass feedstock eventually being returned back to the atmosphere; creating 
a net zero GHG effect.  When CO2 is captured and sequestered from a CBTL or CTL plant a portion of the 
carbon from the original biomass feedstock is captured and sequestered.  This creates a biomass carbon credit 
because less CO2 is returned to the atmosphere then was extracted by the green plant during photosynthesis. 
 
A carbon credit is applied to the CBTL and BTL plants with CCS in this study based on the percent CO2 captured 
and permanently sequestered.   
 
B.2.4 Naphtha Co-product Displacement Value 
 
The naphtha co-product displacement value presented in Table B-5 is based on the GHG profile for production of 
petroleum-based kerosene-type jet fuel at U.S. refineries in 2005 (Skone 2008).  The profile is well-to-gate (raw 
material acquisition through exit of the liquid fuel production facility) and is presented on a per-barrel-refined 
basis.  While kerosene has a higher boiling point range than naphtha, it is best suited to represent the displacement 
emissions profile for FT naphtha as both are primarily paraffinic (straight chain hydrocarbons).  The modeled 
kerosene production process includes minimal upgrading and hydrotreating to reduce sulfur content.  Gasoline 
and naphtha used as a petrochemical feedstock were not considered appropriate surrogates for FT naphtha 
because, while they have a similar boiling point range, both have additional upgrading requirements (and 
corresponding energy input and GHG emissions) to meet product specifications. 
 

Table B-5. Naphtha Co-product Displacement Value 
Co-product Co-product Displacement 

Value (well-to-gate) Units 

Naphtha, as Fuel 
(petroleum-derived) 75.8 kg CO2E/bbl refined product 
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B.2.5 Electricity Co-product Displacement Value 
 
Certain emissions from electricity generating facilities are tracked by the U.S. Environmental Protection Agency 
(EPA 2007) and are publically available in the Emissions & Generation Resource Integrated Database (eGRID).  
While this database includes comprehensive coverage of CO2 emissions from these generating facilities, it does 
not address other GHG constituents such as N2O and CH4 in its inventory. 
   
The emissions data within eGRID only includes that attributable to operations and does not represent construction 
or upstream emissions.  Therefore, U.S. average life cycle inventory profiles for upstream GHG emissions (raw 
material acquisition and transport) were added to the eGRID national data.  Upstream life cycle inventory data 
sets were obtained from the GaBi 4.0 Life Cycle Assessment Software – Professional Database – developed by 
PE International. (GaBi 4 2007). 
 
A U.S. electric grid mix is representative of the year 2004 eGRID electricity mix (current update as of August 
2008).  Figure B-2 shows the source mix as a percentage of total U.S. electricity generation. 
 

Figure B-2.  Year 2004 Electricity Sources for the Average U.S. Grid Mix (EPA 2007) 
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Table B-6 summarizes the GHG profile used to determine the amount of GHG emissions subtracted for each unit 
of electricity co-product produced by the CTL and CBTL facilities.   
 

Table B-6. Electricity Co-product Displacement Value 

Co-product Cradle-to-End 
User (CTEU) 

Transportation & 
Distribution (T&D) 

Co-product 
Displacement Value 
(CTEU minus T&D) 

Units 

Electricity 
(U.S avg. electricity 
grid mix, Yr. 2004) 

223.7 8% Loss 
(15.7) 208.0 kg CO2E/mmBtu 

 
B.3  CONVENTIONAL PETROLEUM-DERIVED DIESEL FUEL BASELINE 
 
The petroleum-derived diesel fuel baseline used in this study was obtained from the DOE, NETL report entitled 
“Development of Baseline Data and Analysis of Life Cycle Greenhouse Gas Emissions of Petroleum-Based 
Fuels” dated November 2008. (Skone 2008)  The baseline represents diesel fuel sold or distributed in the United 
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States in the year 2005.  The study goals and scope were aligned to meet the definition of “baseline lifecycle 
greenhouse gas emissions” as defined in the Energy Independence and Security Act of 2007 (EISA 2007), Title II, 
Subtitle A, Sec. 201.   
 
The physical boundaries of the life cycle include operations that have a significant contribution to the total life 
cycle GHG emissions.  Specifically, the average life cycle GHG profile for transportation fuels sold or distributed 
in the United States in 2005 is determined based on the weighted average of fuels produced in the U.S. plus fuels 
imported into the U.S. minus fuels produced in the U.S. but exported to other countries for use. 
 
GHG life cycle results are reported in terms of kg CO2E/MMBtu LHV of fuel consumed.  This metric is 
dependent on the energy content of the fuel and vehicle efficiency and could alternatively be reported in terms of 
kg CO2E/mile traveled.  Table B-7 summarizes the life cycle GHG analysis study design parameters for 
conventional diesel fuel.  Figure B-3 summarizes the life cycle GHG baseline emissions for petroleum-derived 
diesel fuel.  The petroleum baseline for conventional diesel fuel sold or distributed in the United States in 2005, 
on a national average basis, is 95.0 kg CO2E per million Btu, LHV, of fuel consumed.  
 

Table B-7. Life Cycle Greenhouse Gas Study Design 

Life Cycle Boundary Well-to-Wheels/Wake 
(Raw Material Extraction thru Fuel Use) 

Temporal Representation Year 2005 

Technological Representation Industry Average 

Geographical Representation Transportation Fuel Sold or Distributed in the United States 

Impact Assessment Methodology Global Warming Potential, IPCC 2007, 100-year time-frame 

Reporting Metric kg CO2E/MMBtu LHV of Fuel Consumed 

Data Quality Objectives 

100% Publically Available Data 
Full Transparency of Modeling Approach and Data Sources 

Accounting for 99% of Mass and Energy 

Accounting for 99% of Environmental Relevance 
Process-based (“Bottoms-up”) Modeling Approach 
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Figure B-3. Life Cycle GHG 2005 Baseline Emissions for Petroleum-derived Diesel Fuel 
(kg CO2E/mmBtu LHV of Fuel Consumed)  
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C  SWITCHGRASS AND COAL CHARACTERIZATION 
 
Feedstock flexibility of gasification-based systems offers the opportunity to take advantage of the benefits of 
domestically available and renewable biomass resources.  The co-gasification of biomass with coal allows for the 
utilization of a wide range of biomass feedstocks, including residues from current agricultural activities (e.g., corn 
stover, forest residues) as well as energy crops that can be grown on marginal lands (e.g., mixed prairie grass, 
switchgrass, and short rotation woody crops).   
 
A focus is placed on the use of a dedicated energy crop (e.g. switchgrass) cultivated on marginal lands as a 
feedstock for gasification or co-gasification.  This focus means that no significant land use changes were 
anticipated based on the demand for biomass for a FT fuels industry.  The use of other biomass feedstocks (e.g. 
mixed prairie grasses, corn stover, or woody biomass) was not anticipated to significantly change the results of 
the study with regards to the performance or economics of the CBTL plant configurations evaluated. 
 
C.1  BIOMASS CHARACTERISITCS 
 
A study was performed to characterize potential biomass feedstocks for co-gasification in a CBTL facility.56   The 
study characterized potential biomass feedstocks in respect to their chemical characteristics, regional resource 
quantities, delivered feedstock costs, and emissions of greenhouse gases during cultivation, harvest, and 
transportation to the plant gate.  This study focused on the availability of marginal lands for dedicated energy 
crops (e.g., switchgrass, mixed prairie grass, SWRC) and existing land use practices for residues (e.g., corn 
stover, forest residues).  This focus means that no significant land use changes were anticipated based on the 
demand for biomass for a FT fuels industry.  
 
The report focuses on one of the five types of biomass resources were characterized in detail, switchgrass. 
Switchgrass is a perennial grass native to the United States.  While some strains are better suited to different 
regions, switchgrass stands are drought resistant and prevent soil erosion.  Switchgrass stands may also fix carbon 
in depleted soils.  
 
C.1.1 Chemical Characteristics 
 
Chemical composition and concentration of trace elements of various biomass feedstocks can vary based on a 
variety of ambient and local conditions.  Information obtained from the open literature provided a range of values 
for switchgrass and these ranges are presented in Tables C-1 and C-2.  Because the actual composition of the 
biomass types can vary over a wide range, these values represent an average composition.   
 
Presence of trace elements and potentially toxic compounds (e.g., chromium and lead) can vary significantly due 
to proximity to industrial emissions sources.  One source reviewed during the study provided trace element 
samples from red oak and loblolly pine residues that were harvested a mile from an abandoned smelter.  The 
presence of trace elements of concern will be site specific and should be considered in the design process of the 
CBTL facility, including the emissions profile.  It should be noted that the process considered for a CBTL 
application provides multiple opportunities to capture and remove trace elements from coal (e.g., activated carbon 
for mercury removal).  The capture and removal of trace elements other than mercury, including cadmium and 
lead, could potentially be accommodated at a reasonable cost, and the co-firing of biomass in a CBTL system 
could provide an opportunity to reclaim contaminated soil.  NETL is currently funding research directed at 
developing low-cost methods of capturing and removing trace elements from syngas.  

                                                 
56  Ortiz, D. S.; Willis, H. H.; Pathak, A.; Sama, P.; Bartis, J.T.; Characterization of Biomass Feedstocks, DRR-4440-
NETL, RAND Corporation, 2008  
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Table C-1:  Switchgrass Analysis 

 Switchgrass 
Dry Basis % 

C 46.96 

H 5.72 

O 40.18 

N 0.86 

S 0.09 

Cℓ 0.00 

Ash 6.19 

Moisture 0.00 

Total 100.00 

HHV (MMBtu/dry ton) 16.12 

HHV (Btu/dry lb) 8,060 

Na2O (% composition of ash) 0.55 

K2O (% composition of ash) 13.88 

Ash Fusion Temperature 1016 °C 

 
Table C-2:  Biomass Moisture Contents 

Moisture Content, % (by weight) Switchgrass 

At Harvest 15% 

After Passive Field Drying 15% 

After Processing, Sizing, and Drying at CBTL Plant 10% 

 
 
C.2  DELIVERED BIOMASS COSTS 
 
The study provided cost estimates for delivered biomass to the plant gate.  Figure C-1 provides estimated costs 
(January 2008$) of switchgrass as a function of biomass feed rate.  These are the costs associated with crop 
establishment, cultivation, harvesting and storage, and transportation.  Biomass is assumed to be field dried, then 
actively dried and baled, and stored in the field until such time when it is needed. Final feedstock processing is 
assumed to occur at the CBTL facility and is not included in the delivered cost estimates.  Delivered feedstock 
costs in Figure C-1 were developed on a $/dry ton basis (January 2008$) (even though the biomass is still “wet” 
when delivered to the plant).  These costs are directly influenced by crop yield.  Individual biomass feedstocks 
were characterized in respect to gross and net crop yields to account for losses resulting from harvest losses and 
storage and handling losses.   
 
It should be reiterated that these costs are based on the use of marginal lands for energy crops and current land use 
practices for residues.  Therefore, regional crop density and cultivation proximity to the CBTL facility is not 
optimized (i.e., the CBTL facility is not considered to be in the center of a high crop density operation located to 
serve the CBTL facility).  These costs were developed to estimate the likely delivered costs for biomass at an 
“early deployment” facility located in an existing region with suitable existing resources to support the delivery of 
sufficient biomass feedstocks.  A combined industrial-agricultural facility optimized for biomass production could 
potentially result in delivered costs lower than those presented in Figure C-1. 
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Figure C-1: Switchgrass Cost as a Function of Feed Rate 
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C.2.1  Biomass Cost Components 
 
A brief overview of major contributions to each cost component is included below. 
 

• Establishment - Establishment of new plantings of switchgrass and mixed prairie grasses as 
dedicated energy crops are estimated to result in harvesting in the third year.  Costs associated 
with the new plantings include farm related capital, variable and fixed operating cost, and land 
rent.  Switchgrass plantings are assumed viable for ten years, after which a new planting would 
be established.   

• Cultivation – Cultivation costs for switchgrass includes continued land rent as well as operating 
costs (fertilizer, weed and insect control, maintenance and labor).   

• Harvesting and Storage – Costs associated with harvesting and storage include appropriate 
activities (e.g., mowing or cutting and chipping, raking and baling or stacking and piling), and 
farm-site storage prior to transportation to the CBTL facility. 

• Transportation – Costs associated with transportation from the collection site to the plant gate 
include capital for dedicated equipment (e.g., truck tractor, flatbed trailer, chip van, bale 
handler), operating, and maintenance costs.  Transportation costs are influenced significantly by 
mean travel distance to supply a given biomass feedstock delivery rate (e.g., 4,000 dry tons per 
day).  Mean travel distance is dependent on biomass yield as well as area being harvested.  
Because this study focused on marginal land availability for dedicated energy crops (e.g., 
switchgrass), the area being harvested, including regional crop density (i.e., fraction of land 
cultivated) was estimated based on results of the regional resource availability of each feedstock 
characterized. 
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D  COST AND PERFORMANCE TABLES 
 
This appendix summarizes the technical, environmental and economic performance of the eleven CBTL plants 
evaluated.   
 
D.1 TECHNICAL AND ENVIRONMENTAL PLANT PERFORMANCE 
 
The key metrics in comparing the cases are Required Selling Price (economic), Plant Efficiency (technical) and 
Life Cycle GHG Emissions Profile of the Fuel (environmental).  These metrics provide insights into plant capital 
and operating costs, as well as how the fuels produced compare both environmentally and cost-wise to petroleum-
derived fuels.57  Note that all of the Required Selling Prices listed in this appendix do not include the effects of a 
carbon price on the fuels, an analysis of which was provided in Chapter 4. 
 
D.1.1 Technical and Environmental Plant Performance Results 
 
The performance of select plants are summarized in Table D-1.  “Coal Feed” lists the feed rate of Illinois #6 coal 
in as-received short tons per day (tpd) at 100% capacity factor.  “Biomass Feed” lists the feed rate of switchgrass 
in as-received tpd and 100% capacity factor.   
 
“Biomass Mass %” and “Biomass Energy % (HHV)” connote the percentage of the feedstock which is biomass, 
on a mass and energy basis, respectively.   
 
 “Total Fuel (BPD)” connotes the amount of product fuels produced in terms of barrels of fuel produced per day 
(bpd).  This product is split into 70% diesel fuel and 30% naphtha on a volumetric basis.  A 50,000 bpd plant size 
was the basis for this analysis, although in the BTL and 30wt% CBTL cases, biomass availability limits plant size 
to 5,000 bpd and 30,000 bpd, respectively.  
 
“Gasifier Trains” details the number of gasifier trains needed to produce the required amount of syngas to meet 
the specified fuels production capacity.  All cases include a spare gasifier train in order to ensure plant 
availability, as this can have a significant effect on the economic viability of the process.  As described in Chapter 
1, the gasifiers utilized in the BTL cases are circulating fluidized bed (CFB) gasifiers, whereas the remaining 
cases utilize dry-feed, entrained flow gasifiers.  
 
“FT Reactors” details the number of FT reactors required for each case.  The FT reactors are identical for all cases 
and are sized at 2,500 bpd. 
 
“Internal Power (MW)” and “Export Power (MW)” describe the amount of electricity generated by the plant.  
Internal Power is used to power equipment in the plant, such as the Air Separation Unit (ASU). Export Power is 
the power generated in excess of that required for the plant’s needs and is sold as a product.  The plants were 
configured for maximum fuels production and any Export Power generated is the result of recycle loop 
limitations.58  This only applies to the Case 1, CTL without CCS. 
 

                                                 
57 As will be seen, the Variable Operating Costs are dominated by fuel costs, and Variable O&M dominates the total O&M 
costs.  Hence efficiency can have a significant effect on operating costs.   
58 A portion of the gas exiting the FT reactor is combusted to create power for the plant and the remainder is recycled back to 
the FT reactor for conversion of the carbon into liquid transportation fuels. However, a maximum of 76% of the tail gas 
exiting the reactor can be recycled back to the reactor.  Any tail gas in excess of this is combusted to prevent the build-up of 
gases in the process. 
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Table D-1:  Overall Performance for CBTL Plants  
 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 

Plant Description 
CTL w/o 

CCS 
CTL w/ 

CCS 
CTL w/ 

CCS + ATR 
7.7 wt% 
CBTL w/ 

CCS 

15wt% 
CBTL 

w/CCS 

15wt% 
CBTL w/ 

CCS + ATR 

30wt% 
CBTL w/ 

CCS 

30wt% 
CBTL w/ 

CCS + ATR 

BTL w/o 
CCS 

BTL w/ CCS BTL w/ CCS 
+ ATR 

Coal Feed (as-received 
TPD, 100% CF) 21,719 21,214 23,035 19,948 18,923 20,667 9,893 10,843 0 0 0 

Biomass Feed (as-
received TPD, 100% CF) 0 0 0 1,657 3,339 3,647 4,240 4,647 4,084 4,136 4,350 

Biomass Mass % 0.0% 0.0% 0.0% 7.7% 15.0% 15.0% 30.0% 30.0% 100.0% 100.0% 100.0% 
Biomass Energy % 
(HHV) 0.0% 0.0% 0.0% 4.9% 9.9% 9.9% 21.0% 21.0% 100.0% 100.0% 100.0% 

Total Liquids (BPD) 50,000 50,000 50,000 50,000 50,000 50,000 30,000 30,000 5,000 5,000 5,000 
Diesel (BPD) 34,253 34,270 34,296 34,292 34,292 34,295 20,575 20,575 3,425 3,434 3,431 
Naphtha (BPD) 15,747 15,730 15,704 15,708 15,708 15,705 9,425 9,425 1,575 1,566 1,569 

Gasifier 11 train, 
entrained 

11 train, 
entrained 

11 train, 
entrained 

11 train, 
entrained 

11 train, 
entrained 

12 train, 
entrained 

8 train, 
entrained 

8 train, 
entrained 6 train, CFB 6 train, CFB 6 train, CFB 

FT Reactor 10 trains 10 trains 10 trains 10 trains 10 trains 10 trains 6 trains 6 trains 2 trains 2 trains 2 trains 
Internal Power (MW) 415.6 450.7 544.8 447.8 451.8 550.3 272.2 333.4 60.2 69.0 78.7 
Export Power (MW) 35.2 0.0 0.0 0 0 0 0 0 0.0 0.0 0.0 
HHV Efficiency (%) 52.4 53.0 48.8 53.6 53.6 49.0 53.9 49.1 44.3 43.7 41.6 
CO2 Capture (%) n/a 91.0% 96.6% 91.6% 91.3% 96.5% 91.5% 96.7% n/a 87.5% 95.6% 
Carbon Sequestered 
(tpd CO2eq, 100% CF) n/a 26,646 32,248 26,470 26,646 32,402 15,983 19,576 n/a 3,821 4,503 

LCA Effective Carbon 
(gCO2E/MMBtu LHV) 235,000 90,200 83,700 76,000 63,400 55,300 35,100 23,800 -8,760 -210,430 -244,800 

LCA Carbon – 
Comparison to 
Petroleum Diesel 

+147% -5% -12% -20% -33% -42% -63% -75% -109% -322% -358% 

1 The coal used in all cases is a bituminous, high-sulfur coal from the Illinois Basin: Illinois #6.  
2 The biomass used in all cases is Switchgrass. 
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“HHV Efficiency (%)” describes the overall thermal efficiency of the plant.  This is the metric to be used in 
comparing the performance of the different plant configurations, regardless of plant output.59   The efficiency also 
has a direct bearing on the relative plant size and fuel costs of the plant, and the latter constitutes the significant 
portion of Variable Operating Costs and totally O&M costs, as mentioned above.   
 
“CO2 Capture %” is the percentage of the CO2 produced by the plant which is captured for sequestration (instead 
of being emitted).  “LCA Effective Carbon (gCO2e/MMBtu)” describes the limited-life cycle carbon content of 
the diesel fuel product in terms of grams of CO2 equivalents per MMBtu of product (LHV basis).  “LCA Carbon – 
Comparison to Petroleum-Derived Diesel” describes how the LCA Effective Carbon compares to that of 
petroleum-derived diesel.  This is the percentage increase or decrease in the life cycle emissions of the fuel 
compared to petroleum-derived diesel.  
 
D.2  ECONOMIC RESULTS 
 
Table D-2 provides an economic summary of the select plants described above in the plant performance section.   
 
D.2.1 Capital Cost 
 
The required capital investment for plants is commonly reported in terms of dollars per daily barrel produced 
($/DB), and is listed under “Capital Requirement ($/DB)” in Table D-2.  This is the overnight installed cost of the 
plant.  Required capital investment is strongly dependent on the plant size, plant efficiency (less efficient plants 
require more fuel through them, and therefore larger equipment), whether the plant is equipped for CCS, and 
whether biomass is used as a feedstock or not.     
 
D.2.1.1 Capital Cost Methodology 
 
Equipment costs were estimated for all of the unit operations in the plants.  These were then aggregated into 
subtotals for each major plant section: 
 
• Coal and biomass handling, preparation and feeding - includes all equipment associated with the storage, 

reclaiming, conveying, crushing, preparation, drying, and sampling of coal and biomass feeds. 
• Water systems -  includes the cooling water systems, boiler feedwater systems, waste water treatment and 

other plant water treatment systems. 
• Gasification - includes coal and biomass feed systems, the gasifiers, quench system, and slag removal. 
• Air separation -  includes a standard cryogenic system for separation of oxygen and nitrogen. 
• Syngas cleaning and shift - includes several components that remove hydrogen sulfide, carbonyl sulfide, 

cyanide, ammonia, particulates, mercury, and carbon dioxide.  It also includes acid gas treatment to remove 
hydrogen sulfide and bulk removal of carbon dioxide, sulfur recovery, hydrogen recovery and water gas shift. 

• Carbon dioxide removal and compression - includes the amine system for removal of the carbon dioxide in 
the FT recycle loop, dehydration, and compression of the carbon dioxide to 2,200 psi. 

• Carbon dioxide transport storage and monitoring - includes the transportation of CO2 via pipeline, injection 
and storage into a saline geologic formation and monitoring for 80 years. 

• FT synthesis - includes the FT slurry phase synthesis reactors, catalyst activation, FT product upgrading that 
includes wax hydrocracking, hydrotreating and product distillation, and hydrocarbon recovery. 

• Power block - includes a boiler for production of high pressure steam and a steam turbine. 
• Balance of plant - includes product tankage, ash handling, the accessory electrical plant, instrumentation and 

controls, site improvements, and buildings and structures. 
                                                 
59 Process efficiency is not related to plant scale at the plant scales considered. 
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Table D-2:  CBTL Plant Economic Summary  

 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 

Plant 
Description 

CTL w/o 
CCS 

CTL w/CCS CTL w/CCS 
+ ATR 

7.7wt% CBTL 
w/ CCS 

15wt% 
CBTL w/ 

CCS 

15wt% 
CBTL w/ 

CCS + ATR 

30wt% 
CBTL w/ 

CCS 

30wt% CBTL 
w/ CCS + 

ATR 

BTL w/o 
CCS 

BTL w/CCS BTL w/CCS + 
ATR 

Total 
Overnight 
Required 
Capital ($/DB) 

102,500 106,200 113,100 114,000 114,700 124,800 129,300 138,800 217,200 229,600 237,000 

Fixed O&M 
($MM/yr) 256 263 280 282 283 306 194 206 58 61 62 

Non-Fuel 
Variable O&M 
($MM/yr) 

54 53 58 56 56 59 34 36 7 7 7 

Biomass 
($MM/yr) 0 0 0 44 92 102 119 132 108 110 116 

Coal ($MM/yr) 308 301 327 283 268 293 140 154 0 140 268 
Power Credit 
($MM/yr) 29 0 0 0 0 0 0 0 0 0 0 

Capacity 
Factor 90% 90% 90% 85% 90% 90% 90% 90% 85% 85% 85% 

RSP Diesel 
($/gal pet-diesel 
equiv.) 

$2.49 $2.56 $2.74 $2.75 $2.82 $3.07 $3.23 $3.46 $6.44 $6.71 $6.95 

RSP Crude Oil 
Equivalent 
($/bbl) 

$84 $86 $92 $92 $95 $117 $109 $132 $216 $225 $234 
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The sum of the major plant section costs equals the Bare Erected Cost (BEC) for the plant.  The following costs 
are added to the BEC to yield the total overnight capital requirement. 
 
• Home office cost - Estimated as 9% of BEC.  Includes costs for detailed design (including the Front-End 

Engineering Design study), construction permitting (but not environmental permitting), construction 
management and architect-engineer support during startup. 

• Process contingencies - Added to compensate for uncertainty in cost estimates caused by performance 
uncertainties associated with the development status of a technology.  Process contingencies were 
assigned to each major plant section based on engineering judgment and consideration of how much 
engineering data was used to develop the models for that section).  

• Project contingency – Equal to 15% of the sum of BEC and process contingencies.  Added to compensate 
for uncertainty in cost estimates caused by incomplete technical definition for these non-site specific 
feasibility analyses. 

• Inventory cost (non-depreciable) – Includes the cost of spare parts, stored feedstocks (fuels and other 
consumables stored on-site), and first fills of chemicals and catalysts within process plant vessels.  Estimated 
to be the sum of:  a) one month of fuel costs at 100% capacity factor, b) one month of non-fuel variable 
operating and maintenance costs at 100% capacity factor, b) the cost of first fills of chemicals and catalysts, 
and c) the cost of spare parts, estimated at 0.5% of the sum of BEC and home office costs. 

• Preproduction cost (non-depreciable) – Includes operator training, equipment checkout and startup costs.  
Estimated to be the sum of:  a) one year of operating labor, b) one month of fuel costs at 100% capacity 
factor, and c) one month of non-fuel operating and maintenance costs at 100% capacity factor. 

• Owner’s cost (non-depreciable) -  Includes:  a) land cost ($3,000/acre), b) transmission interconnection cost, 
assumed to be $50 million for all cases, c) financing fees, estimated at 2% of total overnight required capital, 
and d) legal and environmental permitting costs, assumed to be $10 million for all cases. 

• CO2 monitoring (non-depreciable) – Includes:  a) the initial capital cost for monitoring at the 
sequestration field, and b) O&M costs for monitoring the sequestration field over a period of eighty 
years (a thirty-year injection period followed by fifty years of post-injection monitoring).  Estimated 
at $0.176 per metric ton of CO2 stored (cumulative) over the project’s economic life (30 years).   

 
 
D.2.2 Operating Costs and Methodology 
 
“Variable O&M ($MM/yr)” and “Fixed O&M ($MM/yr)” represents the annual operating expenses while 
“Biomass ($MM/yr)” and “Coal ($MM/yr)” represent the costs of the coal and biomass feedstocks.  The “Power 
Credit ($MM/yr)” is the revenue stream generated from power sales.  These values are all reported in millions of 
dollars per year and based on the plant operating at a 90% capacity factor (cases where coal is used) or 85% 
capacity factor (biomass only cases).   
 
Fixed operating costs include pipeline and CO2 storage maintenance, royalties, labor costs, overhead costs, 
administrative costs, local taxes, insurance, and maintenance materials.  Non-Fuel Variable operating costs 
include the costs of:  catalysts and chemicals, water and solids disposal.  The small quantities of natural gas 
required for startup are not included. 
 
D.2.3 Economic Results and Methodology 
 
The required selling price (RSP) for the diesel fuel is calculated using the methodology in Chapter 4, yielding the 
“RSP Diesel ($/gal pet-diesel equiv)”.  “RSP Crude Oil Equivalent ($/bbl)” is the crude oil price that would yield 
a petroleum-derived diesel price that is equivalent to the “RSP Diesel”. 
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D.3  PROCESS FLOW DIAGRAMS AND STREAM TABLES 
 
The following section contains simplified process flow diagrams (PFDs) of five select cases in this report: 
 
 

• CTL without CCS (Case 1) 
 

• CTL with CCS (Case 2) 
 

• CTL with CCS+ATR (Case 3) 
 

• 15wt% CBTL with CCS (Case 5) 
 

• BTL without CCS (Case 9) 
 

• BTL with CCS (Case 10) 
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Figure D-1: CTL without CCS (Case 1) 
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Table D-3:  Case 1 Stream Table 
Stream # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Temperature F             281.5 57.4 90.0 201.0 140.0 2662.1 100.0 260.0 412.2 382.9 100.0 99.7 100.0 100.0 110.0 320.0 292.7 110.3 247.0
Pressure    psi           190.3 16.4 56.4 665.0 14.7 614.7 14.7 600.0 598.0 557.0 515.0 505.0 495.0 27.0 549.5 25.0 515.0 75.0 35.0
Mole Flow   lbmol/hr      223,954 118,408 59,429 44,996 0 150,128 0 152,063 3,022 299,169 174,655 174,655 137,041 2,392 949 176 127,234 1,786 128,923
Mass Flow   lb/hr         6,443,880 3,310,690 1,666,706 1,430,870 1,693,330 3,190,520 187,042 2,739,450 54,448 5,875,520 3,628,540 3,628,540 2,113,190 75,158 36,486 45,275 2,295,990 32,179 2,325,340
Volume Flow cuft/hr       9,387,880 40,013,600 6,210,000 476,937 0 8,235,290 0 56,219 1,252 4,524,100 2,008,360 2,047,490 1,671,950 527,881 9,118 142 48,169 615 172,139
Enthalpy    MMBtu/hr      162.8 -172.0 5.0 34.1 -985.3 -2,626.0 -4.3 -18,250.6 -352.9 -21,220.8 -8,761.9 -8,761.9 -3,298.1 -89.3 -126.3 2.5 -15,169.8 -219.6 -15,489.4

Mole Frac                                   
  H2O                     0.007 0.012 0.000 0.000 0.000 0.031 0.000 1.000 0.999 0.417 0.002 0.002 0.000 0.011 0.003 0.000 0.998 1.000 0.999
  CO2                     0.000 0.000 0.000 0.000 0.000 0.021 0.000 0.000 0.000 0.108 0.184 0.184 0.008 0.141 0.780 0.000 0.000 0.000 0.000
  O2                      0.207 0.018 0.008 0.950 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N2                      0.786 0.970 0.992 0.050 0.000 0.020 0.000 0.000 0.000 0.010 0.018 0.018 0.023 0.003 0.077 0.000 0.000 0.000 0.000
  CH4                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  CO                      0.000 0.000 0.000 0.000 0.000 0.653 0.000 0.000 0.000 0.231 0.395 0.395 0.480 0.150 0.000 0.000 0.000 0.000 0.000
  COS                     0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
  H2                      0.000 0.000 0.000 0.000 0.000 0.264 0.000 0.000 0.000 0.229 0.393 0.393 0.489 0.092 0.089 0.000 0.000 0.000 0.000
  H2S                     0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.005 0.008 0.008 0.000 0.602 0.049 0.000 0.000 0.000 0.000
  HCL                     0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000
  C2H4                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H8                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C7-C11                  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C12-C18                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C19-C24                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Solids Mass Flow   lb/hr       6,443,880 3,310,690 1,666,706 1,430,870 1,693,330 3,190,520 187,042 2,739,450 54,448 5,875,520 3,628,540 3,628,540 2,113,190 75,158 36,486 45,275 2,295,990 32,179 2,325,340
Enthalpy    MMBtu/hr      162.8 -172.0 5.0 34.1 -985.3 -2626.0 -4.3 -18250.6 -352.9 -21220.8 -8761.9 -8761.9 -3298.1 -89.3 -126.3 2.5 -15169.8 -219.6 -15489.4
Pressure    psi           190.3 16.4 56.4 665.0 14.7 614.7 14.7 600.0 598.0 557.0 515.0 505.0 495.0 27.0 549.5 25.0 515.0 75.0 35.0
Temperature F                140  100             
Pressure    psi           190.3 16.4 56.4 665.0 14.7 614.7 14.7 600.0 598.0 557.0 515.0 505.0 495.0 27.0 549.5 25.0 515.0 75.0 35.0
Mass Flow   lb/hr         0 0 0 0 1,693,330 0 187,042 0 0 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr         -985.3  -4.3              
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Table D-3:  Case 1 Stream Table (con’t) 

Stream # 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Temperature F             500.0 214.1 406.4 100.0 100.0 100.0 453.4 323.5 100.0 77.0 77.0 100.0 100.0 91.3 39.1 250.0 100.0 270.0
Pressure    psi           490.0 490.0 490.0 475.0 490.0 490.0 490.0 490.0 465.0 14.7 14.7 490.0 490.0 465.0 20.0 15.6 490.0 14.7
Mole Flow   lbmol/hr      132,905 173,929 93,678 3,312 75,741 16,434 1,023 3,352 666 1,532 1,634 1,968 856 8,098 53,430 39,397 480 82,400
Mass Flow   lb/hr         2,104,740 2,829,080 2,829,080 6,678 1,981,940 298,794 486,245 492,923 23,555 160,235 371,239 34,741 15,115 154,782 2,294,850 1,133,590 62,106 2,313,790
Volume Flow cuft/hr       2,826,710 2,589,770 1,737,490 42,353 893,047 5,753 13,114 158,252 5,312 3,684 8,013 24,073 10,474 101,620 14,172,000 19,303,700 1,426 43,889,400
Enthalpy    MMBtu/hr      -2,918.4 -3,802.0 -6,820.8 0.5 -4,953.0 -2,025.9 -396.5 -366.2 -28.3 -146.5 -324.1 -31.1 -13.5 -145.6 -8,739.7 20.6 -49.5 -1,272.5

 
Mole Frac                                   
  H2O                     0.000 0.000 0.175 0.000 0.000 0.995 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.007 0.000 0.082
  CO2                     0.008 0.015 0.282 0.000 0.349 0.000 0.000 0.000 0.000 0.000 0.000 0.039 0.039 0.035 0.956 0.000 0.000 0.049
  O2                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.207 0.000 0.026
  N2                      0.023 0.089 0.165 0.000 0.204 0.000 0.000 0.000 0.000 0.000 0.000 0.301 0.301 0.276 0.000 0.789 0.000 0.843
  CH4                     0.000 0.006 0.014 0.000 0.017 0.000 0.000 0.062 0.310 0.000 0.000 0.025 0.025 0.048 0.000 0.000 0.000 0.000
  CO                      0.495 0.420 0.098 0.000 0.121 0.000 0.000 0.000 0.000 0.000 0.000 0.179 0.179 0.164 0.029 0.000 0.000 0.000
  COS                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  H2                      0.473 0.462 0.233 1.000 0.289 0.000 0.000 0.000 0.000 0.000 0.000 0.426 0.426 0.391 0.013 0.000 0.000 0.000
  H2S                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  HCL                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H4                    0.000 0.002 0.005 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.009 0.008 0.000 0.000 0.000 0.000
  C2H6                    0.000 0.001 0.002 0.000 0.002 0.000 0.000 0.046 0.230 0.000 0.000 0.003 0.003 0.021 0.000 0.000 0.000 0.000
  C3H6                    0.000 0.002 0.004 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.008 0.007 0.000 0.000 0.000 0.000
  C3H8                    0.000 0.001 0.001 0.000 0.002 0.000 0.000 0.046 0.230 0.000 0.000 0.002 0.002 0.021 0.000 0.000 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.115 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.000
  N-BUT-01                0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.023 0.115 0.000 0.000 0.002 0.002 0.011 0.000 0.000 0.000 0.000
  1-BUT-01                0.000 0.002 0.004 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.007 0.006 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.000 0.000 0.000 0.000 0.145 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.046 0.000 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000
  1-HEX-01                0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.039 0.000 0.000 0.000 0.000 0.000 0.000 0.125 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.046 0.000 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.000
  C7-C11                  0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.255 0.000 0.706 0.000 0.000 0.000 0.000 0.000 0.000 0.473 0.000
  C12-C18                 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.344 0.000 0.000 0.772 0.000 0.000 0.000 0.000 0.000 0.228 0.000
  C19-C24                 0.000 0.000 0.001 0.000 0.000 0.000 0.066 0.111 0.000 0.000 0.228 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.000 0.010 0.000 0.000 0.000 0.934 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.001 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Solids Mass Flow   lb/hr       2,104,740 2,829,080 2,829,080 6,678 1,981,940 298,794 486,245 492,923 23,555 160,235 371,239 34,741 15,115 154,782 2,294,850 1,133,590 62,106 2,313,790
Enthalpy    MMBtu/hr      -2918.4 -3802.0 -6820.8 0.5 -4953.0 -2025.9 -396.5 -366.2 -28.3 -146.5 -324.1 -31.1 -13.5 -145.6 -8739.7 20.6 -49.5 -1272.5
Pressure    psi           490.0 490.0 490.0 475.0 490.0 490.0 490.0 490.0 465.0 14.7 14.7  490.0 465.0 20.0 15.6 490.0 14.7
Temperature F                              
Pressure    psi           490.0 490.0 490.0 475.0 490.0 490.0 490.0 490.0 465.0 14.7 14.7  490.0 465.0 20.0 15.6 490.0 14.7
Mass Flow   lb/hr         0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr                         
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Figure D-2: CTL with CCS (Case 2) 
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Table D-4: CTL with CCS (Case 2) 

Visio Stream # 1 2 3 4 5 6 8 7 9 10 11 12 13 14 15 16 17 18 19 20

Temperature F             281.5 57.4 90.0 201.0 140.0 2662.1 260.0 100.0 412.3 382.7 100.0 99.7 100.0 100.0 175.6 110.0 320.0 291.9 110.3 247.0
Pressure    psi           190.3 16.4 56.1 665.0 14.7 614.7 600.0 14.7 598.0 557.0 515.0 505.0 495.0 27.0 2214.7 549.5 25.0 515.0 75.0 35.0
Mole Flow   lbmol/hr      218,740 115,652 58,045 43,949 0 146,627 148,522 0 2,951 292,197 170,838 170,838 133,850 2,339 26,245 928 172 124,016 1,745 125,667
Mass Flow   lb/hr         6,293,860 3,233,610 1,627,907 1,397,580 1,653,910 3,116,260 2,675,660 182,688 53,179 5,738,750 3,548,680 3,548,680 2,057,710 73,495 1,155,030 35,690 44,221 2,237,930 31,444 2,266,620
Volume Flow cuft/hr       9,169,330 39,082,100 6,070,000 465,839 0 8,043,280 54,910 0 1,223 4,416,450 1,964,240 2,002,520 1,633,070 516,125 44,201 8,914 138 46,925 601 168,081
Enthalpy    MMBtu/hr      159.0 -168.0 5.0 33.3 -962.4 -2,565.7 -17,825.6 -4.2 -344.7 -20,734.0 -8,589.9 -8,589.9 -3,210.7 -87.6 -4,489.1 -123.5 2.4 -14,788.3 -214.6 -15,098.2
Mole Frac                                    
  H2O                     0.007 0.012 0.000 0.000 0.000 0.031 1.000 0.000 0.999 0.416 0.002 0.002 0.000 0.011 0.000 0.003 0.000 0.998 1.000 0.999
  CO2                     0.000 0.000 0.000 0.000 0.000 0.021 0.000 0.000 0.000 0.109 0.185 0.185 0.008 0.142 1.000 0.781 0.000 0.000 0.000 0.000
  O2                      0.207 0.018 0.008 0.950 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N2                      0.786 0.970 0.992 0.050 0.000 0.020 0.000 0.000 0.000 0.010 0.018 0.018 0.023 0.003 0.000 0.077 0.000 0.000 0.000 0.000
  CH4                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  CO                      0.000 0.000 0.000 0.000 0.000 0.653 0.000 0.000 0.000 0.230 0.393 0.393 0.478 0.150 0.000 0.000 0.000 0.000 0.000 0.000
  COS                     0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
  H2                      0.000 0.000 0.000 0.000 0.000 0.264 0.000 0.000 0.000 0.230 0.394 0.394 0.491 0.093 0.000 0.089 0.000 0.000 0.000 0.000
  H2S                     0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.005 0.008 0.008 0.000 0.602 0.000 0.049 0.000 0.000 0.000 0.000
  HCL                     0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000
  C2H4                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H8                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C7-C11                  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C12-C18                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C19-C24                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Solids Mass Flow   lb/hr       6,293,860 3,233,610 1,630,000 1,397,580 1,653,910 3,116,260 2,675,660 182,688 53,179 5,738,750 3,548,680 3,548,680 2,057,710 73,495 1,155,030 35,690 44,221 2,237,930 31,444 2,266,620
Enthalpy    MMBtu/hr      159.0 -168.0 4.6 33.3 -962.4 -2565.7 -17825.6 -4.2 -344.7 -20734.0 -8589.9 -8589.9 -3210.7 -87.6 -4489.1 -123.5 2.4 -14788.3 -214.6 -15098.2
Pressure    psi           190.3 16.4 56.4 665.0 14.7 614.7 600.0 14.7 598.0 557.0 515.0 505.0 495.0 27.0 2214.7 549.5 25.0 515.0 75.0 35.0
Temperature F                140.0   100.0             
Pressure    psi           190.3 16.4 56.4 665.0 14.7 614.7 600.0 14.7 598.0 557.0 515.0 505.0 495.0 27.0 2214.7 549.5 25.0 515.0 75.0 35.0
Mass Flow   lb/hr         0 0 0 0 1,653,910 0 0 182,688 0 0 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr         -962.4   -4.2              

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



100 
 

 
 

Table D-4: CTL with CCS (Case 2) (con’t) 
Stream # 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Temperature F             500.0 211.1 406.7 100.0 100.0 100.0 453.4 100.0 323.5 100.0 77.0 77.0 100.0 100.0 91.4 105.0 141.4 82.9 250.0 270.0
Pressure    psi           490.0 490.0 490.0 475.0 490.0 490.0 490.0 490.0 490.0 465.0 14.7 14.7 490.0 490.0 465.0 2214.7 2214.7 20.0 15.6 14.7
Mole Flow   lbmol/hr      129,714 173,412 93,957 3,312 75,739 16,717 1,023 480 3,351 665 1,530 1,635 1,870 827 8,084 24,182 50,427 46 41,639 83,807
Mass Flow   lb/hr         2,049,250 2,825,180 2,825,180 6,678 1,973,540 303,877 485,716 62,039 492,394 23,530 160,063 370,840 32,977 14,590 154,396 1,064,170 2,219,200 823 1,198,080 2,354,030
Volume Flow cuft/hr       2,758,810 2,570,300 1,742,870 42,353 893,091 5,850 13,114 1,425 158,322 5,306 3,680 8,017 22,865 10,116 101,413 22,800 63,202 16 20,402,000 44,639,300
Enthalpy    MMBtu/hr      -2,840.1 -3,787.5 -6,793.0 0.5 -4,897.2 -2,060.7 -396.5 -49.5 -366.2 -28.2 -146.3 -324.3 -29.1 -12.9 -143.5 -4,190.0 -8,679.2 -5.6 21.8 -1,288.9
Mole Frac                                    
  H2O                     0.000 0.000 0.177 0.000 0.000 0.995 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.007 0.082
  CO2                     0.008 0.015 0.278 0.000 0.345 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.038 0.038 0.035 1.000 1.000 0.000 0.000 0.049
  O2                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.207 0.029
  N2                      0.023 0.089 0.165 0.000 0.204 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.300 0.300 0.276 0.000 0.000 0.000 0.786 0.840
  CH4                     0.000 0.007 0.015 0.000 0.019 0.000 0.000 0.000 0.062 0.310 0.000 0.000 0.027 0.027 0.051 0.000 0.000 0.000 0.000 0.000
  CO                      0.493 0.419 0.095 0.000 0.118 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.174 0.174 0.160 0.000 0.000 0.000 0.000 0.000
  COS                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  H2                      0.475 0.461 0.234 1.000 0.291 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.427 0.427 0.392 0.000 0.000 0.000 0.000 0.000
  H2S                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  HCL                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H4                    0.000 0.002 0.005 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.010 0.009 0.000 0.000 0.000 0.000 0.000
  C2H6                    0.000 0.001 0.002 0.000 0.002 0.000 0.000 0.000 0.046 0.230 0.000 0.000 0.003 0.003 0.022 0.000 0.000 0.000 0.000 0.000
  C3H6                    0.000 0.002 0.005 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.008 0.008 0.000 0.000 0.000 0.000 0.000
  C3H8                    0.000 0.001 0.001 0.000 0.002 0.000 0.000 0.000 0.046 0.230 0.000 0.000 0.003 0.003 0.021 0.000 0.000 0.000 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.115 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000
  N-BUT-01                0.000 0.001 0.001 0.000 0.002 0.000 0.000 0.000 0.023 0.115 0.000 0.000 0.002 0.002 0.012 0.000 0.000 0.000 0.000 0.000
  1-BUT-01                0.000 0.002 0.004 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.007 0.007 0.000 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.145 0.000 0.000 0.045 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.046 0.000 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-HEX-01                0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.124 0.000 0.000 0.039 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.046 0.000 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C7-C11                  0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.473 0.255 0.000 0.706 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C12-C18                 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.228 0.344 0.000 0.000 0.772 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C19-C24                 0.000 0.000 0.001 0.000 0.000 0.000 0.066 0.000 0.111 0.000 0.000 0.228 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.000 0.010 0.000 0.000 0.000 0.934 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.001 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Solids Mass Flow   lb/hr       2,049,250 2,825,180 2,825,180 6,678 1,973,540 303,877 485,716 62,039 492,394 23,530 160,063 370,840 32,977 14,590 154,396 1,060,000 2,219,200 823 1,198,080 2,354,030
Enthalpy    MMBtu/hr      -2840.1 -3787.5 -6793.0 0.5 -4897.2 -2060.7 -396.5 -49.5 -366.2 -28.2 -146.3 -324.3 -29.1 -12.9 -143.5 -4190.1 -8679.2 -5.6 21.8 -1288.9
Pressure    psi           490.0 490.0 490.0 475.0 490.0 490.0 490.0 490.0 490.0 465.0 14.7 14.7  490.0 465.0 2214.7 2214.7 20.0 15.6 14.7
Temperature F                               
Pressure    psi           490.0 490.0 490.0 475.0 490.0 490.0 490.0 490.0 490.0 465.0 14.7 14.7  490.0 465.0 2214.7 2214.7 20.0 15.6 14.7
Mass Flow   lb/hr         0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr                          
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Figure D-3: CTL with CCS+ATR (Case 3) 
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Table D-5: CTL with CCS+ATR (Case 3) 
Stream # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Temperature F             281.5 57.4 90.0 201.0 140.0 2661.9 100.0 260.0 413.5 377.1 100.0 99.7 100.0 100.0 175.6 110.0
Pressure    psi           190.3 16.4 56.4 665.0 14.7 614.7 14.7 614.7 612.7 571.7 529.7 519.7 509.7 27.0 2214.7 549.5
Mole Flow   lbmol/hr      270,644 145,631 69,282 46,728 0 158,891 0 160,085 3,190 315,787 193,381 193,381 160,932 2,746 42,904 1,173
Mass Flow   lb/hr         7,787,300 4,072,030 1,943,043 1,485,930 1,795,910 3,352,180 198,373 2,883,990 57,472 6,178,690 3,969,400 3,969,400 2,384,180 87,115 1,888,180 46,120
Volume Flow cuft/hr       11,345,100 49,221,200 7,240,000 495,289 0 8,715,410 0 59,183 1,323 4,600,780 2,156,280 2,197,130 1,907,810 606,178 72,257 11,188
Enthalpy    MMBtu/hr      196.7 -207.7 5.4 35.4 -853.4 -2,618.3 -4.6 -19,213.4 -372.4 -22,376.5 -10,119.9 -10,119.9 -3,615.0 -122.0 -7,338.5 -162.0
Mole Frac                                
  H2O                     0.007 0.012 0.000 0.000 0.000 0.025 0.000 1.000 0.999 0.388 0.002 0.002 0.000 0.011 0.000 0.003
  CO2                     0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.130 0.212 0.212 0.011 0.188 1.000 0.811
  O2                      0.207 0.018 0.008 0.950 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N2                      0.786 0.970 0.992 0.050 0.000 0.020 0.000 0.000 0.000 0.010 0.017 0.017 0.038 0.004 0.000 0.072
  CH4                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
  CO                      0.000 0.000 0.000 0.000 0.000 0.657 0.000 0.000 0.000 0.210 0.343 0.343 0.437 0.140 0.000 0.000
  COS                     0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
  H2                      0.000 0.000 0.000 0.000 0.000 0.270 0.000 0.000 0.000 0.257 0.419 0.419 0.514 0.099 0.000 0.073
  H2S                     0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.005 0.008 0.008 0.000 0.556 0.000 0.041
  HCL                     0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H4                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H8                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C7-C11                  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C12-C18                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C19-C24                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Solids Mass Flow   lb/hr       7,787,300 4,072,030 1,940,000 1,485,930 1,795,910 3,352,180 198,373 2,883,990 57,472 6,178,690 3,969,400 3,969,400 2,384,180 87,115 1,888,180 46,120
Enthalpy    MMBtu/hr      196.7 -207.7 5.4 35.4 -853.4 -2618.3 -4.6 -19213.4 -372.4 -22376.5 -10119.9 -10119.9 -3615.0 -122.0 -7338.5 -162.0
Pressure    psi           190.3 16.4 56.4 665.0 14.7 614.7 14.7 614.7 612.7 571.7 529.7 519.7 509.7 27.0 2214.7 549.5
Temperature F                140.0  100.0          
Pressure    psi           190.3 16.4 56.4 665.0 14.7 614.7 14.7 614.7 612.7 571.7 529.7 519.7 509.7 27.0 2214.7 549.5
Mass Flow   lb/hr         0 0 0 0 1,795,910 0 198,373 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr       -853.4 -4.6  
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Table D-5: CTL with CCS+ATR (Case 3) (con’t) 

Stream # 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Temperature F             320.0 289.2 110.3 247.0 500.0 242.5 398.1 100.0 100.0 452.3 100.0 321.6 100.0 77.0 77.0
Pressure    psi           25.0 529.7 75.0 35.0 504.7 504.7 504.7 489.7 504.7 504.7 504.7 504.7 479.7 14.7 14.7
Mole Flow   lbmol/hr      187 125,277 1,930 127,103 156,795 160,049 80,971 3,312 16,610 1,023 479 3,349 664 1,528 1,636
Mass Flow   lb/hr         48,021 2,261,020 34,769 2,292,720 2,375,680 2,437,890 2,437,890 6,678 301,956 484,896 61,934 491,575 23,491 159,795 370,222
Volume Flow cuft/hr       150 47,335 665 180,666 3,238,400 2,415,560 1,431,560 41,097 5,813 13,108 1,424 159,189 4,976 3,674 8,023
Enthalpy    MMBtu/hr      2.6 -14,944.6 -237.3 -15,269.1 -3,166.7 -3,551.2 -6,620.3 0.5 -2,047.6 -396.6 -49.5 -366.4 -28.2 -146.1 -324.5
Mole Frac                                
  H2O                     0.000 0.998 1.000 0.999 0.000 0.000 0.204 0.000 0.995 0.000 0.000 0.000 0.000 0.000 0.000
  CO2                     0.000 0.000 0.000 0.000 0.011 0.011 0.311 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  O2                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N2                      0.000 0.000 0.000 0.000 0.039 0.038 0.076 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  CH4                     0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.061 0.310 0.000 0.000
  CO                      0.000 0.000 0.000 0.000 0.449 0.453 0.108 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  COS                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  H2                      0.000 0.000 0.000 0.000 0.501 0.498 0.274 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  H2S                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  HCL                     0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  S8                      1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H4                    0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.046 0.230 0.000 0.000
  C3H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H8                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.046 0.230 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.115 0.000 0.000
  N-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.115 0.000 0.000
  1-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.145 0.000 0.000 0.045 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.046 0.000 0.105 0.000
  1-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.124 0.000 0.000 0.039 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013 0.046 0.000 0.105 0.000
  C7-C11                  0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.473 0.254 0.000 0.706 0.000
  C12-C18                 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.229 0.345 0.000 0.000 0.772
  C19-C24                 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.066 0.000 0.111 0.000 0.000 0.228
  C25PL                   0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.934 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000
Solids Mass Flow   lb/hr       48,021 2,261,020 34,769 2,292,720 2,375,680 2,437,890 2,437,890 6,678 301,956 484,896 61,934 491,575 23,491 159,795 370,222
Enthalpy    MMBtu/hr      2.6 -14944.6 -237.3 -15269.1 -3166.7 -3551.2 -6620.3 0.5 -2047.6 -396.6 -49.5 -366.4 -28.2 -146.1 -324.5
Pressure    psi           25.0 529.7 75.0 35.0 504.7 504.7 504.7 489.7 504.7 504.7 504.7 504.7 479.7 14.7 14.7
Temperature F                            
Pressure    psi           25.0 529.7 75.0 35.0 504.7 504.7 504.7 489.7 504.7 504.7 504.7 504.7 479.7 14.7 14.7
Mass Flow   lb/hr         0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr       
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Table D-5: CTL with CCS+ATR (Case 3) (con’t) 
Stream # 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46

Temperature F             97.9 177.8 571.1 490.0 309.6 105.0 105.0 105.0 105.0 105.0 105.0 153.6 83.6 250.0 270.0
Pressure    psi           479.7 480.0 474.7 550.0 469.2 469.2 469.2 469.2 469.2 469.2 2214.7 2214.7 20.0 15.6 14.7
Mole Flow   lbmol/hr      63,523 7,796 69,187 5,808 44,373 6,887 37,487 2,699 1,102 15,522 18,164 61,067 54 36,278 91,148
Mass Flow   lb/hr         1,612,600 247,900 1,860,480 104,624 1,141,680 124,107 1,017,580 30,622 12,506 176,128 798,320 2,686,500 968 1,043,850 2,482,890
Volume Flow cuft/hr       760,257 110,314 1,602,260 92,986 759,488 2,367 458,899 34,972 14,283 201,153 17,019 85,349 18 17,775,600 48,545,500
Enthalpy    MMBtu/hr      -4,720.0 4.8 -5,690.6 -588.5 -4,005.7 -847.5 -3,367.0 -41.0 -16.8 -236.0 -3,145.3 -10,483.9 -6.6 19.0 -1,332.8
Mole Frac                                
  H2O                     0.000 0.000 0.258 1.000 0.157 1.000 0.003 0.003 0.003 0.003 0.002 0.001 1.000 0.007 0.120
  CO2                     0.397 0.000 0.281 0.000 0.442 0.000 0.523 0.076 0.076 0.076 0.998 0.999 0.000 0.000 0.021
  O2                      0.000 0.950 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.207 0.024
  N2                      0.097 0.050 0.094 0.000 0.082 0.000 0.097 0.188 0.188 0.188 0.000 0.000 0.000 0.786 0.835
  CH4                     0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  CO                      0.138 0.000 0.250 0.000 0.020 0.000 0.024 0.046 0.046 0.046 0.000 0.000 0.000 0.000 0.000
  COS                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  H2                      0.349 0.000 0.117 0.000 0.299 0.000 0.354 0.687 0.687 0.687 0.000 0.000 0.000 0.000 0.000
  H2S                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  HCL                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H4                    0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H6                    0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H6                    0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H8                    0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ISOBU-01                0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-BUT-01                0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-BUT-01                0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C7-C11                  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C12-C18                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C19-C24                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Solids Mass Flow   lb/hr       1,612,600 247,900 1,860,480 104,624 1,141,680 124,107 1,017,580 30,622 12,506 176,128 798,320 2,686,500 968 1,043,850 2,482,890
Enthalpy    MMBtu/hr      -4720.0 4.8 -5690.6 -588.5 -4005.7 -847.5 -3367.0 -41.0 -16.8 -236.0 -3145.3 -10483.9 -6.6 19.0 -1332.8
Pressure    psi           479.7 480.0 474.7 550.0 469.2 469.2 469.2  469.2 469.2 2214.7 2214.7 20.0 15.6 14.7
Temperature F                           
Pressure    psi           479.7 480.0 474.7 550.0 469.2 469.2 469.2  469.2 469.2 2214.7 2214.7 20.0 15.6 14.7
Mass Flow   lb/hr         0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr       
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Figure D-4: 15wt% CBTL with CCS (Case 5) 
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Table D-6: 15wt% CBTL with CCS (Case 5) 
Stream # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Temperature F             281.5 57.4 90.0 201.0 140.0 140.0 2555.7 100.0 260.0 411.8 383.5 100.0 99.7 100.0 100.0 175.6 110.0 320.0 296.5 110.3
Pressure    psi           190.3 16.4 56.4 665.0 14.7 14.7 614.7 14.7 600.0 598.0 557.0 515.0 505.0 495.0 27.0 2214.7 549.5 25.0 515.0 75.0
Mole Flow   lbmol/hr      212,587 110,877 54,122 38,603 0 0 149,542 0 145,577 2,951 292,168 169,924 169,924 132,881 2,193 26,212 919 155 124,900 1,607
Mass Flow   lb/hr         6,116,830 3,099,990 1,520,000 1,227,550 1,475,310 263,629 3,179,120 179,627 2,622,620 53,175 5,748,560 3,542,850 3,542,850 2,047,490 68,611 1,153,590 35,659 39,670 2,253,570 28,960
Volume Flow cuft/hr       8,911,420 37,463,500 5,660,000 409,165 0 0 7,925,200 0 53,821 1,222 4,420,370 1,953,310 1,991,370 1,621,180 484,020 44,146 8,812 124 47,395 554
Enthalpy    MMBtu/hr      154.5 -163.4 4.2 29.3 -858.4 -593.6 -3,063.5 -6.2 -17,472.2 -344.7 -20,846.2 -8,614.3 -8,614.3 -3,200.0 -86.7 -4,483.5 -124.0 2.2 -14,882.7 -197.7
Mole Frac                                    
  H2O                     0.007 0.013 0.000 0.000 0.000 0.000 0.045 0.000 1.000 0.999 0.419 0.002 0.002 0.000 0.012 0.000 0.003 0.000 0.998 1.000
  CO2                     0.000 0.000 0.000 0.000 0.000 0.000 0.033 0.000 0.000 0.000 0.109 0.188 0.188 0.008 0.152 1.000 0.791 0.000 0.000 0.000
  O2                      0.207 0.018 0.008 0.950 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N2                      0.786 0.969 0.992 0.050 0.000 0.000 0.020 0.000 0.000 0.000 0.010 0.017 0.017 0.022 0.003 0.000 0.078 0.000 0.000 0.000
  CH4                     0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000
  CO                      0.000 0.000 0.000 0.000 0.000 0.000 0.628 0.000 0.000 0.000 0.229 0.394 0.394 0.479 0.159 0.000 0.000 0.000 0.000 0.000
  COS                     0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000
  H2                      0.000 0.000 0.000 0.000 0.000 0.000 0.265 0.000 0.000 0.000 0.228 0.392 0.392 0.490 0.098 0.000 0.081 0.000 0.000 0.000
  H2S                     0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.004 0.007 0.007 0.000 0.576 0.000 0.045 0.000 0.000 0.000
  HCL                     0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000
  C2H4                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H8                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C7-C11                  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C12-C18                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C19-C24                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Solids Mass Flow   lb/hr       6,116,830 3,099,990 1,520,000 1,227,550 1,475,310 263,629 3,179,120 179,627 2,622,620 53,175 5,748,560 3,542,850 3,542,850 2,047,490 68,611 1,153,590 35,659 39,670 2,253,570 28,960
Enthalpy    MMBtu/hr      154.5 -163.4 4.2 29.3 -858.4 -593.6 -3063.5 -6.2 -17472.2 -344.7 -20846.2 -8614.3 -8614.3 -3200.0 -86.7 -4483.5 -124.0 2.2 -14882.7 -197.7
Pressure    psi           190.3 16.4 56.4 665.0 14.7 14.7 614.7 14.7 600.0 598.0 557.0 515.0 505.0 495.0 27.0 2214.7 549.5 25.0 515.0 75.0
Temperature F                140.0 140.0  100.0             
Pressure    psi           190.3 16.4 56.4 665.0 14.7 14.7 614.7 14.7 600.0 598.0 557.0 515.0 505.0 495.0 27.0 2214.7 549.5 25.0 515.0 75.0
Mass Flow   lb/hr         0 0 0 0 1,475,310 263,629 0 179,627 0 0 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr         -858.4 -593.6  -6.2              

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



107 
 

Table D-6: 15wt% CBTL with CCS (Case 5) (con’t) 
Stream # 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

Temperature F             247.0 897.6 495.0 408.3 100.0 100.0 100.0 453.6 100.0 323.6 77.0 77.0 100.0 100.0 100.0 90.6 105.0 141.3 82.8 250.0 270.0
Pressure    psi           35.0 490.0 490.0 490.0 475.0 490.0 490.0 490.0 490.0 490.0 14.7 14.7 465.0 490.0 490.0 465.0 2214.7 2214.7 20.0 13.1 11.1
Mole Flow   lbmol/hr      126,403 128,745 176,481 97,099 3,312 78,906 16,692 1,023 479 3,349 1,528 1,636 664 1,881 791 7,099 24,216 50,428 45 37,787 77,863
Mass Flow   lb/hr         2,279,590 2,039,040 2,912,720 2,912,720 6,678 2,062,290 303,427 485,045 61,953 491,723 159,844 370,334 23,498 34,284 14,412 140,774 1,065,648 2,219,240 817 1,087,240 2,187,170
Volume Flow cuft/hr       152,754 3,865,900 3,733,180 1,807,460 42,353 930,902 5,841 13,116 1,425 158,386 3,675 8,022 5,299 22,982 9,661 88,651 22,800 63,179 15 22,061,800 55,193,900
Enthalpy    MMBtu/hr      -15,189.0 -2,460.1 -3,440.8 -6,803.5 0.5 -4,920.7 -2,057.6 -396.6 -49.5 -366.2 -146.1 -324.5 -28.2 -28.2 -11.8 -124.6 -4,195.8 -8,679.3 -5.6 19.8 -1,188.7
Mole Frac                                     
  H2O                     0.999 0.000 0.000 0.171 0.000 0.000 0.995 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.007 0.081
  CO2                     0.000 0.009 0.015 0.270 0.000 0.332 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036 0.036 0.033 1.000 1.000 0.000 0.000 0.049
  O2                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.207 0.026
  N2                      0.000 0.023 0.101 0.183 0.000 0.226 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.326 0.326 0.295 0.000 0.000 0.000 0.786 0.844
  CH4                     0.000 0.001 0.010 0.020 0.000 0.024 0.000 0.000 0.000 0.061 0.000 0.000 0.310 0.035 0.035 0.061 0.000 0.000 0.000 0.000 0.000
  CO                      0.000 0.495 0.412 0.092 0.000 0.114 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.164 0.164 0.149 0.000 0.000 0.000 0.000 0.000
  COS                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  H2                      0.000 0.473 0.453 0.226 1.000 0.278 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.402 0.402 0.364 0.000 0.000 0.000 0.000 0.000
  H2S                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  HCL                     0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H4                    0.000 0.000 0.003 0.006 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.011 0.010 0.000 0.000 0.000 0.000 0.000
  C2H6                    0.000 0.000 0.001 0.002 0.000 0.002 0.000 0.000 0.000 0.046 0.000 0.000 0.230 0.003 0.003 0.025 0.000 0.000 0.000 0.000 0.000
  C3H6                    0.000 0.000 0.002 0.005 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.009 0.009 0.000 0.000 0.000 0.000 0.000
  C3H8                    0.000 0.000 0.001 0.002 0.000 0.002 0.000 0.000 0.000 0.046 0.000 0.000 0.230 0.003 0.003 0.024 0.000 0.000 0.000 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.000 0.000 0.115 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000
  N-BUT-01                0.000 0.000 0.001 0.001 0.000 0.002 0.000 0.000 0.000 0.023 0.000 0.000 0.115 0.003 0.003 0.013 0.000 0.000 0.000 0.000 0.000
  1-BUT-01                0.000 0.000 0.002 0.005 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.008 0.007 0.000 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.145 0.000 0.045 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.046 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-HEX-01                0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.124 0.000 0.039 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.046 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C7-C11                  0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.473 0.254 0.706 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C12-C18                 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.229 0.344 0.000 0.772 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C19-C24                 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.066 0.000 0.111 0.000 0.228 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.934 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.000 0.001 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Solids Mass Flow   lb/hr       2,279,590 2,039,040 2,912,720 2,912,720 6,678 2,062,290 303,427 485,045 61,953 491,723 159,844 370,334 23,498 34,284 14,412 140,774 1,070,000 2,219,240 817 1,087,240 2,187,170
Enthalpy    MMBtu/hr      -15189.0 -2460.1 -3440.8 -6803.5 0.5 -4920.7 -2057.6 -396.6 -49.5 -366.2 -146.1 -324.5 -28.2 -28.2 -11.8 -124.6 -4195.8 -8679.3 -5.6 19.8 -1188.7
Pressure    psi           35.0 490.0 490.0 490.0 475.0 490.0 490.0 490.0 490.0 490.0 14.7 14.7 465.0  490.0 465.0 2214.7 2214.7 20.0 13.1 11.1
Temperature F                                
Pressure    psi           35.0 490.0 490.0 490.0 475.0 490.0 490.0 490.0 490.0 490.0 14.7 14.7 465.0  490.0 465.0 2214.7 2214.7 20.0 13.1 11.1
Mass Flow   lb/hr         0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr         

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



108 
 

Figure D-5: BTL without CCS (Case 9) 
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Table D-6: without CCS (Case 9) 

Stream # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Temperature F             281.5 57.6 90.0 180.7 140.0 466.0 2000.0 100.0 390.0 400.9 100.0 99.7 100.0 100.0 110.0 320.0 303.3 110.5
Pressure    psi           190.3 16.4 56.4 500.0 14.7 500.0 449.7 14.7 460.0 410.2 372.7 362.7 350.0 27.0 324.5 25.0 372.7 75.0
Mole Flow   lbmol/hr      24,973 11,619 8,211 5,098 0 8,602 31,582 0 30,384 61,346 21,506 21,506 15,208 148 121 1 40,398 61
Mass Flow   lb/hr         718,545 324,727 230,293 162,103 322,432 154,966 667,360 20,384 547,382 1,203,580 485,531 485,531 223,313 4,370 5,164 275 728,095 1,094
Volume Flow cuft/hr       1,046,830 3,921,040 858,000 69,568 0 148,134 1,862,850 0 12,336 1,259,520 340,302 349,603 261,915 30,669 2,052 1 15,372 21
Enthalpy    MMBtu/hr      18.2 -19.3 0.6 3.2 -725.1 -873.1 -1,841.0 -3.0 -3,564.7 -5,372.3 -1,340.2 -1,340.2 -352.7 -13.9 -19.2 0.0 -4,813.0 -7.5
Mole Frac                                  
  H2O                     0.007 0.014 0.000 0.000 0.000 1.000 0.336 0.000 1.000 0.650 0.003 0.003 0.000 0.095 0.004 0.000 0.999 1.000
  CO2                     0.000 0.000 0.000 0.000 0.000 0.000 0.171 0.000 0.000 0.097 0.275 0.275 0.013 0.416 0.936 0.000 0.000 0.000
  O2                      0.207 0.019 0.008 0.950 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N2                      0.786 0.967 0.992 0.050 0.000 0.000 0.011 0.000 0.000 0.006 0.016 0.016 0.023 0.005 0.049 0.000 0.000 0.000
  CH4                     0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.002 0.002 0.000 0.000 0.000
  CO                      0.000 0.000 0.000 0.000 0.000 0.000 0.240 0.000 0.000 0.115 0.328 0.328 0.442 0.248 0.000 0.000 0.000 0.000
  H2                      0.000 0.000 0.000 0.000 0.000 0.000 0.240 0.000 0.000 0.132 0.377 0.377 0.520 0.176 0.006 0.000 0.000 0.000
  H2S                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.059 0.003 0.000 0.000 0.000
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000
  C2H4                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H8                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C7-C11                  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C12-C18                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C19-C24                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Solids Mass Flow   lb/hr       718,545 324,727 230,000 162,103 322,432 154,966 667,360 20,384 547,382 1,203,580 485,531 485,531 223,313 4,370 5,164 275 728,095 1,094
Enthalpy    MMBtu/hr      18.2 -19.3 0.6 3.2 -725.1 -873.1 -1841.0 -3.0 -3564.7 -5372.3 -1340.2 -1340.2 -352.7 -13.9 -19.2 0.0 -4813.0 -7.5
Pressure    psi           190.3 16.4 56.4 500.0 14.7 500.0 449.7 14.7 460.0 410.2 372.7 362.7 350.0 27.0 324.5 25.0 372.7 75.0
Temperature F                140.0   100.0           
Pressure    psi           190.3 16.4 56.4 500.0 14.7 500.0 449.7 14.7 460.0 410.2 372.7 362.7 350.0 27.0 324.5 25.0 372.7 75.0
Mass Flow   lb/hr         0 0 0 0 322,432 0 0 20,384 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr         -725.1   -3.0            
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Table D-6: without CCS (Case 9) (con’t) 
Stream # 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Temperature F             247.0 432.4 174.4 400.7 100.0 100.0 100.0 452.3 100.0 330.9 100.0 77.0 77.0 100.0 100.0 98.2 48.6 250.0 270.0
Pressure    psi           35.0 345.0 345.0 295.0 330.0 295.0 295.0 295.0 295.0 295.0 295.0 14.7 14.7 295.0 295.0 295.0 20.0 16.1 16.1
Mole Flow   lbmol/hr      40,435 14,795 17,502 9,476 331 7,502 1,824 102 48 335 67 153 163 312 76 2,163 7,323 13,166 18,106
Mass Flow   lb/hr         728,450 222,464 258,250 258,250 668 170,273 33,140 48,626 6,211 49,294 2,356 16,024 37,125 4,129 1,009 30,071 316,164 378,818 508,418
Volume Flow cuft/hr       14,857 413,911 347,147 292,358 6,075 149,850 638 1,315 143 15,766 1,067 368 801 6,370 1,556 43,875 1,980,030 6,249,860 8,834,550
Enthalpy    MMBtu/hr      -4,864.5 -317.7 -387.5 -681.3 0.1 -475.1 -224.9 -39.7 -5.0 -36.6 -2.8 -14.6 -32.4 -5.1 -1.2 -36.9 -1,208.7 6.9 -283.1
Mole Frac                                    
  H2O                     1.000 0.000 0.000 0.192 0.000 0.000 0.996 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.007 0.094
  CO2                     0.000 0.014 0.017 0.263 0.000 0.333 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036 0.036 0.035 0.966 0.000 0.043
  O2                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.207 0.081
  N2                      0.000 0.024 0.042 0.077 0.000 0.097 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.140 0.140 0.136 0.000 0.786 0.782
  CH4                     0.000 0.001 0.004 0.009 0.000 0.012 0.000 0.000 0.000 0.062 0.310 0.000 0.000 0.017 0.017 0.026 0.000 0.000 0.000
  CO                      0.000 0.454 0.416 0.112 0.000 0.142 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.204 0.204 0.198 0.020 0.000 0.000
  H2                      0.000 0.507 0.520 0.323 1.000 0.408 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.590 0.590 0.572 0.010 0.000 0.000
  H2S                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H4                    0.000 0.000 0.001 0.002 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.004 0.004 0.000 0.000 0.000
  C2H6                    0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.046 0.230 0.000 0.000 0.001 0.001 0.008 0.000 0.000 0.000
  C3H6                    0.000 0.000 0.000 0.002 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.003 0.000 0.000 0.000
  C3H8                    0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.046 0.230 0.000 0.000 0.001 0.001 0.008 0.000 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.115 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000
  N-BUT-01                0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.023 0.115 0.000 0.000 0.001 0.001 0.004 0.000 0.000 0.000
  1-BUT-01                0.000 0.000 0.000 0.001 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.003 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.145 0.000 0.000 0.045 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.046 0.000 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-HEX-01                0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.125 0.000 0.000 0.039 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.046 0.000 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C7-C11                  0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.473 0.255 0.000 0.706 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C12-C18                 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.228 0.344 0.000 0.000 0.772 0.000 0.000 0.000 0.000 0.000 0.000
  C19-C24                 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.066 0.000 0.111 0.000 0.000 0.228 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.934 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.000 0.001 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Solids Mass Flow   lb/hr       728,450 222,464 258,250 258,250 668 170,273 33,140 48,626 6,211 49,294 2,356 16,024 37,125 4,129 1,009 30,071 316,164 378,818 508,418
Enthalpy    MMBtu/hr      -4864.5 -317.7 -387.5 -681.3 0.1 -475.1 -224.9 -39.7 -5.0 -36.6 -2.8 -14.6 -32.4 -5.1 -1.2 -36.9 -1208.7 6.9 -283.1
Pressure    psi           35.0 345.0 345.0 295.0 330.0 295.0 295.0 295.0 295.0 295.0 295.0 14.7 14.7  295.0 295.0 20.0 16.1 16.1
Temperature F                               
Pressure    psi           35.0 345.0 345.0 295.0 330.0 295.0 295.0 295.0 295.0 295.0 295.0 14.7 14.7  295.0 295.0 20.0 16.1 16.1
Mass Flow   lb/hr         0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr                          
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Figure D-6: BTL with CCS (Case 10) 
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Table D-7: BTL with CCS (Case 10) 
Visio Stream # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Temperature F             281.5 57.6 90.0 180.7 140.0 2000.0 100.0 390.0 400.0 100.0 99.7 100.0 175.6 100.0 110.0 320.0 303.1 110.5 247.0 456.7
Pressure    psi           190.3 16.4 56.4 500.0 14.7 449.7 14.7 460.0 410.2 372.7 362.7 350.0 2214.7 27.0 324.5 25.0 372.7 75.0 35.0 345.0
Mole Flow   lbmol/hr      25,268 11,753 8,312 5,158 0 31,973 0 30,759 62,104 21,932 21,932 15,412 4,970 151 123 1 40,736 62 40,774 14,998
Mass Flow   lb/hr         727,033 328,476 233,101 164,022 326,528 675,564 20,643 554,123 1,218,380 494,366 494,366 222,566 218,739 4,470 5,269 279 734,191 1,115 734,551 221,718
Volume Flow cuft/hr       1,059,190 3,966,300 869,000 70,391 0 1,885,900 0 12,488 1,262,890 346,929 356,412 265,441 8,371 31,344 2,093 1 15,499 21 14,981 431,017
Enthalpy    MMBtu/hr      18.4 -19.5 0.7 3.3 -734.3 -1,863.2 -3.1 -3,608.6 -5,449.7 -1,375.6 -1,375.6 -351.1 -850.1 -14.3 -19.6 0.0 -4,853.5 -7.6 -4,905.2 -313.0
Mole Frac                                    
  H2O                     0.007 0.014 0.000 0.000 0.000 0.336 0.000 1.000 0.647 0.003 0.003 0.000 0.000 0.093 0.004 0.000 0.999 1.000 1.000 0.000
  CO2                     0.000 0.000 0.000 0.000 0.000 0.171 0.000 0.000 0.099 0.280 0.280 0.014 1.000 0.423 0.936 0.000 0.000 0.000 0.000 0.014
  O2                      0.207 0.019 0.008 0.950 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N2                      0.786 0.967 0.992 0.050 0.000 0.011 0.000 0.000 0.006 0.016 0.016 0.023 0.000 0.005 0.048 0.000 0.000 0.000 0.000 0.023
  CH4                     0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.002 0.002 0.000 0.000 0.000 0.000 0.001
  CO                      0.000 0.000 0.000 0.000 0.000 0.240 0.000 0.000 0.113 0.319 0.319 0.432 0.000 0.241 0.000 0.000 0.000 0.000 0.000 0.444
  COS                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  H2                      0.000 0.000 0.000 0.000 0.000 0.240 0.000 0.000 0.135 0.381 0.381 0.530 0.000 0.178 0.006 0.000 0.000 0.000 0.000 0.517
  H2S                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.059 0.003 0.000 0.000 0.000 0.000 0.000
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000
  C2H4                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H6                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H8                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C7-C11                  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C12-C18                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C19-C24                 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Solids Mass Flow   lb/hr       727,033 328,476 233,000 164,022 326,528 675,564 20,643 554,123 1,218,380 494,366 494,366 222,566 218,739 4,470 5,269 279 734,191 1,115 734,551 221,718
Enthalpy    MMBtu/hr      18.4 -19.5 0.7 3.3 -734.3 -1863.2 -3.1 -3608.6 -5449.7 -1375.6 -1375.6 -351.1 -850.1 -14.3 -19.6 0.0 -4853.5 -7.6 -4905.2 -313.0
Pressure    psi           190.3 16.4 56.4 500.0 14.7 449.7 14.7 460.0 410.2 372.7 362.7 350.0 2214.7 27.0 324.5 25.0 372.7 75.0 35.0 345.0
Temperature F                140.0  100.0              
Pressure    psi           190.3 16.4 56.4 500.0 14.7 449.7 14.7 460.0 410.2 372.7 362.7 350.0 2214.7 27.0 324.5 25.0 372.7 75.0 35.0 345.0
Mass Flow   lb/hr         0 0 0 0 326,528 0 20,643 0 0 0 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr      -734.3 -3.1  
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Table D-7: BTL with CCS (Case 10) (con’t) 
Visio Stream # 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Temperature F             196.2 399.1 100.0 100.0 100.0 452.0 330.5 100.0 77.0 77.0 100.0 100.0 98.5 152.1 77.3 250.0 100.0 270.0 105.0 466.0
Pressure    psi           295.0 295.0 330.0 295.0 295.0 295.0 295.0 295.0 14.7 14.7 295.0 295.0 295.0 2200.0 20.0 16.1 295.0 16.1 2200.0 500.0
Mole Flow   lbmol/hr      17,131 9,229 331 7,241 1,839 102 335 66 152 164 316 75 2,748 7,232 24 17,018 48 22,313 2,262 8,704
Mass Flow   lb/hr         249,961 249,961 668 162,041 33,397 48,347 49,015 2,342 15,933 36,915 3,966 946 36,013 318,262 441 489,676 6,175 626,365 99,523 156,801
Volume Flow cuft/hr       410,917 283,963 6,075 144,660 642 1,311 15,826 1,061 366 803 6,444 1,538 55,824 10,067 8 8,078,840 143 10,887,300 2,140 149,888
Enthalpy    MMBtu/hr      -377.6 -672.7 0.1 -464.4 -226.7 -39.6 -36.6 -2.8 -14.6 -32.5 -5.2 -1.2 -46.8 -1,242.0 -3.0 8.9 -4.9 -350.0 -391.9 -883.4
Mole Frac                                    
  H2O                     0.000 0.198 0.000 0.000 0.996 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.007 0.000 0.096 0.000 1.000
  CO2                     0.016 0.265 0.000 0.338 0.000 0.000 0.000 0.000 0.000 0.000 0.037 0.037 0.036 1.000 0.000 0.000 0.000 0.042 1.000 0.000
  O2                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.207 0.000 0.089 0.000 0.000
  N2                      0.034 0.062 0.000 0.079 0.000 0.000 0.000 0.000 0.000 0.000 0.115 0.115 0.113 0.000 0.000 0.786 0.000 0.773 0.000 0.000
  CH4                     0.003 0.008 0.000 0.010 0.000 0.000 0.061 0.310 0.000 0.000 0.014 0.014 0.021 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  CO                      0.420 0.112 0.000 0.143 0.000 0.000 0.000 0.000 0.000 0.000 0.208 0.208 0.203 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  COS                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  H2                      0.526 0.332 1.000 0.424 0.000 0.000 0.000 0.000 0.000 0.000 0.616 0.616 0.601 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  H2S                     0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  S8                      0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H4                    0.000 0.002 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C2H6                    0.000 0.001 0.000 0.001 0.000 0.000 0.045 0.230 0.000 0.000 0.001 0.001 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H6                    0.000 0.001 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C3H8                    0.000 0.000 0.000 0.001 0.000 0.000 0.045 0.230 0.000 0.000 0.001 0.001 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ISOBU-01                0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.115 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  N-BUT-01                0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.115 0.000 0.000 0.001 0.001 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-BUT-01                0.000 0.001 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  1-PEN-01                0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.145 0.000 0.000 0.000
  N-PEN-01                0.000 0.000 0.000 0.000 0.000 0.000 0.046 0.000 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.000
  1-HEX-01                0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.039 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.124 0.000 0.000 0.000
  N-HEX-01                0.000 0.000 0.000 0.000 0.000 0.000 0.046 0.000 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013 0.000 0.000 0.000
  C7-C11                  0.000 0.002 0.000 0.000 0.000 0.000 0.254 0.000 0.706 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.472 0.000 0.000 0.000
  C12-C18                 0.000 0.001 0.000 0.000 0.000 0.000 0.345 0.000 0.000 0.772 0.000 0.000 0.000 0.000 0.000 0.000 0.230 0.000 0.000 0.000
  C19-C24                 0.000 0.001 0.000 0.000 0.000 0.066 0.112 0.000 0.000 0.228 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  C25PL                   0.000 0.010 0.000 0.000 0.000 0.934 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  ALCS                    0.000 0.001 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Solids Mass Flow   lb/hr       249,961 249,961 668 162,041 33,397 48,347 49,015 2,342 15,933 36,915 3,966 946 36,013 318,262 441 489,676 6,175 626,365 99,500 156,801
Enthalpy    MMBtu/hr      -377.6 -672.7 0.1 -464.4 -226.7 -39.6 -36.6 -2.8 -14.6 -32.5 -5.2 -1.2 -46.8 -1242.0 -3.0 8.9 -4.9 -350.0 -391.9 -883.4
Pressure    psi           295.0 295.0 330.0 295.0 295.0 295.0 295.0 295.0 14.7 14.7  295.0 295.0 2200.0 20.0 16.1 295.0 16.1 2200.0 500.0
Temperature F                               
Pressure    psi           295.0 295.0 330.0 295.0 295.0 295.0 295.0 295.0 14.7 14.7  295.0 295.0 2200.0 20.0 16.1 295.0 16.1 2200.0 500.0
Mass Flow   lb/hr         0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Enthalpy    MMBtu/hr       

 
 
 
 



 
 

 


