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Executive Summary

This report was developed as part of the U.S. Department of Energy’s Bioenergy Technologies
Office’s (BETO’s) efforts to enable the development of technologies for the production of
infrastructure-compatible, cost-competitive liquid hydrocarbon fuels from lignocellulosic
biomass feedstocks. The research funded by BETO is designed to advance the state of
technology of biomass feedstock supply and logistics, conversion, and overall system
sustainability. It is expected that these research improvements will be made within the 2022
timeframe. As part of their involvement in this research and development effort, the National
Renewable Energy Laboratory and the Pacific Northwest National Laboratory investigate the
economics of conversion pathways through the development of conceptual biorefinery process
models and techno-economic analysis models.

This report describes in detail one potential conversion process for the production of high-octane
gasoline blendstock via indirect liquefaction of biomass. The processing steps of this pathway
include the conversion of biomass to synthesis gas or syngas via indirect gasification, gas
cleanup, catalytic conversion of syngas to methanol intermediate, methanol dehydration to
dimethyl ether (DME), and catalytic conversion of DME to high-octane, gasoline-range
hydrocarbon blendstock product. The conversion process configuration leverages technologies
previously advanced by research funded by BETO and demonstrated in 2012 with the production
of mixed alcohols from biomass. Biomass-derived syngas cleanup via reforming of tars and other
hydrocarbons is one of the key technology advancements realized as part of this prior research
and 2012 demonstrations. The process described in this report evaluates a new technology area
for the downstream utilization of clean biomass-derived syngas for the production of high-octane
hydrocarbon products through methanol and DME intermediates. In this process, methanol
undergoes dehydration to DME, which is subsequently converted via homologation reactions to
high-octane, gasoline-range hydrocarbon products.

The process configuration presented in this design report possesses similarities to methanol-to-
gasoline (MTGQG) technologies such as the process licensed by ExxonMobil Research and
Engineering. However, the technology presented herein differs from conventional MTG
processes with respect to the quality of hydrocarbons produced and the severity of process
conditions. The conventional MTG process generates a product mix with high concentrations of
aromatic hydrocarbon compounds. The product mixture possesses an average octane number
((RON+MON)/2) of approximately 87 and yield of gasoline blendstock is limited by production
of light hydrocarbon coproducts and coke formation. In contrast, the chemistry proposed herein
and supported by preliminary experimental results produces a gasoline blendstock with high
concentration of iso-paraffinic compounds with an expected average octane number of >93 and
low concentrations of aromatics. Additionally, coke formation has not been observed during
initial experiments, although some coke formation is expected with extended on-stream
operations. The reduced coking potential can result in higher yields and improved carbon
utilization. With biomass feedstock being the single most expensive component of the process,
higher yields per ton of biomass can make a significant positive impact on the process
economics. With respect to the process conditions, the hydrocarbon synthesis reactor in the
ExxonMobil MTG process operates in the 650°F-950°F range and is limited by reactor
configuration. MTG reactor operations must be controlled to limit per-pass conversions to
prevent runaway in a fixed-bed, shell and tube reactor, or a reactor system must be designed to
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utilize a fluidized bed reactor for efficient heat management to allow high single-pass
conversions. Conversely, the hydrocarbon synthesis reactor conditions for the design presented
here are less severe, operating in the temperature range of 350°F—450°F. In addition, the reactor
system can operate at higher per-pass conversions using multiple fixed-bed reactors with inter-
bed cooling. By operating at lower temperature, coke formation is significantly reduced. Thus,
catalyst bed regeneration can be less frequent, which results in the potential to reduce capital and
operating costs.

The conceptual design presented here considers the economics of high-octane gasoline
blendstock production, under the assumption of achieving the described product selectivities and
conversions through near-term research efforts. The design features a processing capacity of
2,205 U.S. tons (2,000 metric tonnes) of dry biomass per day and a gasoline yield of 64.9 gallons
per dry U.S. ton of feedstock. The gasoline selling price corresponding to this design (2022
target) is $3.25 per gallon of blendstock (or $3.41/gallon of gasoline equivalent) in 2011 dollars,
assuming a 30-year plant life and 40% equity financing with a 10% internal rate of return and the
remaining 60% debt financed at 8% interest. A summary of the techno-economic analysis results
for this pathway is presented in the following table.
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Process Engineering Analysis for High Octane Gasoline via Indirect Gasification and Methanol Intermediate

(2022 Target Case)
2,000 Dry Metric Tonnes Biomass per Day
Indirect Gasifier, Tar Reformer, Sulfur Removal, Methanol Synthesis, Hydrocarbon Synthesis on Beta-Zeolite Catalyst, Fuel Purification, Steam-Power Cycle
All Values in 2011 USS$

Gasoline Minimum Fuel Selling Price (MFSP) $3.25 per Gallon
MFSP (Gasoline-Equivalent Basis) $3.41 per GGE
Contributions: Feedstock Costs  1.232 per Gallon

Operating Costs & Credits  0.545 per Gallon
Capital Charges & Taxes 1.471 per Gallon

Gasoline Production at Operating Capacity 47.0 MM Gallons per Year
Gasoline Product Yield 64.9 Gallons per Dry US Ton Feedstock

Delivered Feedstock Cost $80.00 per Dry US Ton

Capital Costs Annual Operating Costs
Feed Handling & Drying $200,000 Feedstock $57,900,000
Gasification $50,500,000 Natural Gas S0
Gas Cleanup $70,700,000 Catalysts $10,700,000
Methanol Synthesis $37,300,000 Olivine $500,000
Methanol Conditioning $3,400,000 Other Raw Matl. Costs $1,400,000
DME & Hydrocarbons Conversion $38,700,000 Waste Disposal $600,000
Gasoline Separations $5,400,000 Electricity Transfer Charge S0
Steam System & Power Generation $38,100,000 Electricity S0
Cooling Water & Other Utilities $7,000,000 Fixed Costs $20,600,000
Total Installed Equipment Cost (TIC) $251,300,000 Coproduct credits $S0
Capital Depreciation $13,800,000
ISBL (Areas A100 to A500, A1400, A1500) $206,100,000 Average Income Tax $8,100,000
OSBL (Areas A600, A700) $45,100,000 Average Return on Investment $47,200,000
Other Direct Costs 8,200,000 Operating Costs per Product (¢/MMBtu) (¢/Gal)
(% of ISBL) 4.0% Feedstock 1112.6 123.2
Natural Gas 0.0 0.0
Total Direct Costs (TDC) 259,500,000 Catalysts 48.5 5.4
Olivine 10.3 1.1
Indirect Costs 155,700,000 Other Raw Materials 26.4 2.9
(% of TDC) 60.0% Waste Disposal 10.8 1.2
Electricity Transfer 0.0 0.0
Land Purchase Cost 1,600,000 Electricity 0.0 0.0
Working Capital 20,800,000 Fixed Costs 396.5 439
Coproduct credits 0.0 0.0
Total Capital Investment (TCl) 437,500,000 Capital Depreciation 265.0 29.4
Average Income Tax 156.5 17.3
Installed Equipment Cost per Annual Gallon $4.81 Average Return on Investment 906.8 100.4
Total Capital Investment per Annual Gallon $8.37 Total (Plant Gate Price) 2933.4 324.9
Debt Financing (% of Investment) 60.0% Power Balance (KW) (hp)
Loan Interest Rate 8.0% Total Plant Power Consumption 36,875 49,451
Loan Term (years) 10.0 Power Generated Onsite 36,879 49,456
Power Imported from Grid 0 0
Equity Financing (% of Investment) 40.0% Power Exported to Grid 4 5
Internal Rate of Return (After-Tax) 10.0%
Power Generation (KW) (hp)
Plant Operating Hours per year 7,884 Steam Turbine Generators 35,344 47,397
On-Stream Percentage 90.0% Process Gas Turboexpander(s) 1,535 2,059
Process Efficiency Sustainability Metrics
Gasifier Efficiency - HHV % 72.9 Plant Electricity Consumption (KWh/ Gal Gasoline) 6.2
Gasifier Efficiency - LHV % 72.5 Gasification & Reforming Steam (Ib / Gal Gasoline) 21.8
Efficiency to Gasoline - HHV % 45.3 Water Consumption (Gal Water / Gal Gasoline) 1.7
Efficiency to Gasoline - LHV % 45.0 Carbon Conversion Efficiency (C in Fuel/C in Feedstock) 31.2%
Overall Plant Efficiency - HHV % 45.3 Fossil GHG Emissions (g CO,./MJ Fuel) 0.6
Overall Plant Efficiency - LHV % 45.0 Fossil Enegy Consumption (MJ Fossil Energy/MJ Fuel) 0.006

Feedstock Rate and Cost

Feed Rate Dry Tonnes / Day 2,000
Dry US Tons / Day 2,205
Feedstock Cost $/ Dry Ton $80.00
$ / Moisture & Ash Free Ton $80.74
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