
 

 

 
 
 

 
 
 

 
 
 

 

 

 

 

 

Advanced Biofuels – GHG Emissions  

and Energy Balances 

 
A REPORT TO IEA BIOENEGY TASK 39 

AUTHOR: 

 
Don O’Connor 

(S&T)2 Consultants Inc. 

11657 Summit Crescent 
Delta, BC 
Canada, V4E 2Z2 
 

Report T39-T5. 25 May 2013 

   

  
 

Report T39-T5 25 May 2013 



 

 

   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

(S&T)
2
 

   

 ADVANCED BIOFUELS – GHG EMISSIONS AND ENERGY BALANCES i 

 

Executive Summary 
 

IEA Bioenergy is an international collaborative agreement set up in 1978 by the International 
Energy Agency (IEA) to improve international co-operation and information exchange 
between national bioenergy RD&D programmes. The IEA Bioenergy Vision is “To realise the 
use of environmentally sound and cost-competitive bioenergy on a sustainable basis, to 
provide a substantial contribution to meeting future energy demands.” 

The IEA Bioenergy aim is “To facilitate, co-ordinate and maintain bioenergy research, 
development and demonstration through international co-operation and information 
exchange, leading to the deployment and commercialization of environmentally sound, 
sustainable, efficient and cost-competitive bioenergy technologies.” 

As part of IEA Bioenergy Task 39’s ongoing program of promoting the commercialization of 
biofuels, the Task commissions reports that help to address specific areas of interest to the 
members. Task 39 is an ideal mechanism for bridging international boundaries and 
transferring knowledge between member countries.   

This work has developed energy balances and GHG emission profiles for as many advanced 
biofuel pathways as data could be found for. The Task 39 advanced biofuel demo plant 
database has been used to identify fuel pathways that could be studied. The plants identified 
were researched for information to establish energy balance and GHG emissions.  

A number of known pathways with sufficient public information were included in the analysis 
and report. These include: 

 Ethanol from a biochemical process using agricultural residues (NREL data). 

 Ethanol from a thermochemical process using woody biomass (NREL data). 

 FT Distillate via a thermochemical process using woody biomass (NREL data). 

 DME via a thermochemical process using woody biomass (Company data). 

 Ethanol from hybrid (biochemical and thermochemical) approaches (Company data). 

 Gasoline and diesel fuels via pyrolysis routes (PNNL and NREL data). 
 

The US National Advanced Biofuels Consortium is investigating six process strategies for 
producing hydrocarbon biofuels. Many of these are included in the Task 39 database. Mass 
and energy balances for these strategies have been estimated or projected and used in this 
analysis. These process strategies include: 

 Fermentation of lignocellulosic sugars 

 Catalysis of lignocellulosic sugars 

 Catalytic fast pyrolysis 

 Hydropyrolysis 

 Hydrothermal liquefaction 

 Syngas to distillates. 
 

Life cycle assessment is a "cradle-to-grave" (or “well to wheels”) approach for assessing 
industrial systems. "Cradle-to-grave" begins with the gathering of raw materials from the 
earth to create the product and ends at the point when all materials are returned to the earth. 
LCA evaluates all stages of a product's life from the perspective that they are interdependent 
and represent a system. LCA enables the estimation of the cumulative environmental 
impacts resulting from all stages in a product’s life cycle, often including impacts not 
considered in more traditional techno-economic analyses (e.g., raw material extraction, 
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material transportation, ultimate product disposal, etc.). By including the impacts throughout 
the product life cycle, LCA provides a comprehensive view of the environmental aspects of 
the product or process and a more accurate picture of the true environmental trade-offs in 
product or process option selection.   

GHGenius version 4.00c was used for this work. GHGenius is an internationally recognized 
LCA model for transportation fuels developed by Natural Resources Canada. The model was 
set up using US average regional data (more detail is found in section 4.1). The year used 
for analysis is 2012. All GHGenius results are presented on the basis of the higher heating 
value (HHV) of the fuels unless otherwise specified. The 100 year, 2007 IPCC Global 
Warming Potentials s have been used for this work. Some assumptions have been held 
constant between the various fuels and production routes studied to make comparisons 
easier. 

The system boundaries for all of the production systems are equivalent so that comparisons 
between the systems are relevant. The following figure shows the system boundaries for the 
biochemical ethanol process. 

Figure ES- 1 System Boundaries for Biochemical Ethanol 

 
 

In this work, a number of advanced biofuel pathways were examined with respect to their 
energy balances and GHG emission performance. Some of these pathways have relatively 
detailed public techno-economic modelling studies available on which the energy and GHG 
lifecycle modelling has been based. However there is a continuum in the quality of publicly 
available data and, for some of the pathways a significant number of assumptions had to be 
made in order to generate results. Some caution is therefore warranted when the results of 
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different systems are compared. Furthermore, none of the modelling data is based on actual 
operating systems, as the processes being assessed are not yet in commercial operation; 
rather, they are each in different stages of research, development and demonstration. 

ENERGY BALANCE RESULTS 

All of the biofuel pathways consume significant quantities of energy in their lifecycles but in 
most cases biomass supplies a large portion of this energy. A useful measure of the energy 
balance in such cases is the fossil energy balance, which compares fossil energy used in the 
system with fossil energy displaced by the biofuel product. A full discussion of the 
presentation of the energy balance results is found in section 2.4.2 of the report. 

Table ES-1 summarizes the fossil energy balance data for the ethanol production systems 
analyzed in this study. Feedstock recovery relates to the production of the crude oil or the 
biomass feedstock; some feedstocks, such as bitumen from oil sands may be upgraded to 
an intermediate product (such as synthetic crude oil) before being transformed into a useable 
fuel. All of these advanced ethanol routes have better (less energy consumed per unit of fuel 
produced) fossil energy balances than current commercial corn ethanol processes powered 
by fossil fuels but, due to the energy embodied in the waste water treatment chemicals, the 
biochemical pathway is only about 20% better. The thermochemical and hybrid systems 
(combined thermochemical followed by biochemical processing schemes) have better fossil 
energy ratios (FER, the inverse of the fossil energy balance, joules produced per joule 
consumed) than gasoline produced from crude oil. 

Table ES- 1 Summary of Fossil Energy Balance – Ethanol 

Fuel  Gasoline Ethanol 

Process Refining Dry Mill 
NG Fuel 

Bio-chem Thermo-
chem 

Hybrid 

Feedstock Crude oil Corn Corn 
Stover 

Wood Res Corn 
Stover 

 Joules consumed/Joule produced 
Fuel dispensing 0.0028  0.0044  0.0044  0.0045  0.0044  
Fuel distribution, storage 0.0093  0.0139  0.0139  0.0143  0.0139  
Fuel production 0.1349  0.4851  0.2948  0.0025  0.0072  
Feedstock transmission 0.0222  0.0178  0.0261  0.0283  0.0390  
Feedstock recovery 0.0902  0.0704  0.0483  0.0114  0.0721  
Feedstock upgrading 0.0029  0.0000  0.0000  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.1230  0.0801  0.0000  0.1196  
Co-product credits -0.0001  -0.0574  -0.1218  0.0000  0.0000  
Total 0.2621 0.6573 0.3459 0.0610 0.2562 
FER (Joules 
produced/Joule 
consumed) 

3.81 1.52 2.89 16.40 3.90 

 

A number of advanced biofuel pathways produce fuels that are direct substitutes for 
gasoline. The fossil energy balances of these systems are compared to gasoline from crude 
oil in Table ES-2. The syngas to gasoline and hydropyrolysis routes have better energy 
balances than gasoline from crude oil. All of the fossil energy balances are better than the 
existing corn ethanol process. 
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Table ES- 2 Summary of Fossil Energy Balance – Gasoline 

Fuel  Gasoline 

Process Refining Syngas Pyrolysis Hybrid Hydro 
pyrolysis 

Feedstock Crude oil Wood Res Wood Res Wood Res Wood Res 

 Joules consumed/Joule produced 
Fuel dispensing 0.0028  0.0028  0.0029  0.0028  0.0028  
Fuel distribution, storage 0.0093  0.0099  0.0100  0.0148  0.0148  
Fuel production 0.1349  0.0063  0.4562  0.2680  0.0365  
Feedstock transmission 0.0222  0.0320  0.0314  0.0360  0.0294  
Feedstock recovery 0.0902  0.0129  0.0085  0.0145  0.0118  
Feedstock Upgrading 0.0029  0.0000  0.0000  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.0000  0.0000  0.0000  0.0000  
Co-product credits -0.0001  -0.0129  0.0000  -0.0208  0.0000  
Total 0.2621 0.0510 0.5089 0.3153 0.0954 
FER (Joules 
produced/Joule 
consumed) 

3.81 19.60 1.97 3.17 10.48 

 

Some of the advanced biofuel processes produce a diesel fuel or a diesel fuel blending 
component that is a direct substitute for diesel produced from crude oil. The fossil energy 
balances for these systems are summarized in Table ES-3. Two of these systems produce 
significant quantities of electricity as a co-product and as a result end up with a “negative” 
energy balance. This results from the large amount of electricity that is produced from 
biomass for these systems and the low efficiency of the electric generation system in the 
United States. 

Table ES- 3 Summary of Fossil Energy Balance – Diesel 

Fuel  Diesel 

Process Refining HT Syngas Hydrothermal 
Liquefaction 

Sugar 
Fermentation 

Feedstock Crude oil Wood 
Residues 

Wood 
Residues 

Corn Stover 

 Joules consumed/Joule produced 
Fuel dispensing 0.0029  0.0028  0.0028  0.0028  
Fuel distribution, storage 0.0094  0.0088  0.0088  0.0088  
Fuel production 0.1346  0.0116  0.2787  0.1727  
Feedstock transmission 0.0225  0.0296  0.0176  0.1692  
Feedstock recovery 0.0914  0.0119  0.0071  0.3127  
Feedstock Upgrading 0.0029  0.0000  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.0000  0.0000  0.5184  
Co-product credits -0.0001  -0.1678  0.0000  -1.6576  
Total 0.2636 -0.1031 0.3148 -0.4730 
FER (Joules 
produced/Joule 
consumed) 

3.79 - 3.18 - 
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GHG EMISSION RESULTS 
 
The GHG emission results for the ethanol fuel systems are compared in Table ES-4. The 
thermo-chemical and the hybrid approaches have the best GHG emissions performance. 
The bio-chemical pathway has GHG emissions that are 9% lower than the commercial corn 
ethanol pathway. This modest improvement could be improved if the chemical consumption 
of the process could be lowered or if some of the chemicals could be substituted for ones 
that had a lower carbon footprint. The thermochemical and hybrid systems have GHG 
emission performances that are considerably better than commercial corn ethanol and 
gasoline. 

Table ES- 4 Summary of GHG Emissions – Ethanol 

Fuel  Gasoline Ethanol 

Process Refining Dry Mill 
NG Fuel 

Bio-chem Thermo-
chem 

Hybrid 

Feedstock Crude oil Corn Corn 
Stover 

Wood 
Res 

Corn 
Stover 

 g CO2eq/GJ 
Fuel dispensing 346  539  539  555  539  
Fuel distribution and storage 910  1,109  1,109  1,139  1,109  
Fuel production 10,860  31,990  29,565  2,797  4,818  
Feedstock transmission 2,307  1,423  2,085  2,259  3,114  
Feedstock recovery 5,933  5,258  4,365  1,029  6,520  
Feedstock upgrading 187  0  0  0  0  
Land-use changes, 
cultivation 15  19,722  0  0  0  
Fertilizer manufacture 0  7,599  4,913  0  7,337  
Gas leaks and flares 1,600  0  0  0  0  
CO2, H2S removed from NG 0  0  0  0  0  
Emissions displaced -8  -14,454  -13,140  0  0  
Total 22,151  53,186  29,436  7,778  23,437  
Fuel Combustion 64,736 2,008        2,008  2,008 2,008 
Grand Total 86,887 55,194 31,444  9,786 25,445  
% Change - -36.5 -63.8 -88.7 -70.7 

 

Table ES-5 summarizes the GHG emissions for the assessed advanced biofuel systems 
producing direct gasoline replacements. Based on the available information, the pyrolysis 
system has emissions similar to the bio-chemical approach, whereas the other systems 
produce about double the GHG emission reductions. The sugar catalysis and the 
hydropyrolysis systems are the least developed and have the greatest uncertainty with 
respect to the input parameters for modelling. 



 

(S&T)
2
 

   

 ADVANCED BIOFUELS – GHG EMISSIONS AND ENERGY BALANCES vi 

 

Table ES- 5 Summary of GHG Emissions – Gasoline 

Fuel  Gasoline 

Process Refining Syngas Pyrolysis Hybrid 
(Sugar 

Catalysis) 

Hydro 
pyrolysis 

Feedstock Crude oil Wood Res Wood Res Wood Res Wood Res 

 g CO2eq/GJ 
Fuel dispensing 346  347  350  347  347  
Fuel distribution and 
storage 910  792  800  1,216  1,216  
Fuel production 10,860  3,469  40,994  11,420  6,824  
Feedstock transmission 2,307  2,557  4,185  2,873  2,346  
Feedstock recovery 5,933  1,165  767  1,309  1,069  
Feedstock upgrading 187  0  0  0  0  
Land-use changes, 
cultivation 15  0  0  0  0  
Fertilizer manufacture 0  0  0  0  0  
Gas leaks and flares 1,600  0  0  0  0  
CO2, H2S removed from 
NG 0  0  0  0  0  
Emissions displaced -8  -8,834  0  -14,197  0  
Total 22,151  -504  47,096  2,968  11,801  
Fuel Combustion 64,736 2,334 2,344 2,334 2,334 

Grand Total 86,887 1,830  49,440 5,302 14,135 

% Change - -97.9 -43.1 -93.9 -83.7 

 

Table ES-6 summarizes the GHG emissions for the advanced biofuel systems that produce 
direct diesel fuel substitutes. As noted earlier in the fossil energy balance summary, two of 
these systems produce significant quantities of electricity as co-products and this has a very 
favourable impact on GHG emissions performance. 
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Table ES- 6 Summary of GHG Emissions – Diesel 

Fuel  Diesel 

Process Refining Syngas Hydrothermal 
Liquefaction 

Sugar 
Fermentation 

Feedstock Crude oil HT Wood 
Residues 

Wood 
Residues 

Corn Stover 

 g CO2eq/GJ 
Fuel dispensing 351  342  340  340  
Fuel distribution and storage 922  699  699  699  
Fuel production 10,390  3,646  22,566  55,301  
Feedstock transmission 2,337  2,359  1,402  13,499  
Feedstock recovery 6,001  1,075  639  28,266  
Feedstock upgrading 189  0  0  0  
Land-use changes, 
cultivation 15  0  0  0  
Fertilizer manufacture 0  0  0  31,804  
Gas leaks and flares 1,598  0  0  0  
CO2, H2S removed from NG 0  0  0  0  
Emissions displaced -8  -21,797  0  -178,893  
Total 21,796  -13,675  25,646  -48,984 

Fuel Combustion 70,276 1,728 1,728 1,728 

Grand Total 92,072 -11,947  27,374 -47,256 

% Change - -113.0 -70.29 -151.3 

 

PERFORMANCE SUMMARIES 
 
The key system parameters in terms of feedstock requirements, energy requirements, 
energy balance and GHG performance are shown in the following tables. An assessment of 
the data quality is made on a scale of one to four. Four indicates commercial systems with 
high quality data inputs, three is for the systems with a highly developed, public, techno-
economic model, two is for systems with a public, partially developed techno-economic 
model and one is for systems with limited public data. 

Table ES-7 summarizes the performance of the ethanol production systems. The parameters 
identified partially explain some of the results. For example, the higher yield from the 
thermochemical system compared to the biochemical system is partially a result of the lack 
of power exported from the system. The yield difference between the thermochemical and 
the hybrid system impacts the different Fossil Energy ratios for the two systems. The 
systems are much more complex than can be explained in a summary table and more detail 
is provided on all of the systems in the report. 
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Table ES- 7 Ethanol Performance Summary 

Fuel  Gasoline Ethanol 

Process 
  

Existing Bio-chem Thermo-
chem 

Hybrid 

Feedstock Crude oil Corn Corn Stover Wood Res Corn Stover 

kg feedstock/litre   2.4 3.05 2.55 4.51 

Power exported, kWh/l   0 0.50 0 0 

NG purchased   Yes No No No 

Data assessment 4 4 3 3 1 

Fossil Energy Balance, 
Joules consumed/Joule 
produced 

0.262 0.657 0.346 0.061 0.256 

FER, joules 
delivered/joules 
consumed 

3.81 1.52 2.89 16.40 3.90 

  g CO2eq/GJ 

Production GHG 22,151  53,186  29,436 7,778  23,437  

Fuel Combustion 64,736 2,008           2,008  2,008 2,008 

Grand Total GHG 86,887 55,194 31,444 9,786 25,445  

% Change - -36.5 -63.8 -88.7 -70.7 

 
Similar data for the systems that produce gasoline is shown in Table ES-8. The pyrolysis 
system produces the most fuel from a kilogram of feedstock but it requires purchased power 
and natural gas for the system, and this impacts the Fossil Energy Balance and the GHG 
emissions. The biomass to gasoline through syngas production has reasonable quality data 
and good energy and GHG performance. Care must be taken in comparing the feedstock 
requirements to the previous table that considered ethanol production technologies as the 
energy content of the gasoline is 50% high than the energy content of ethanol. 
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Table ES- 8 Gasoline Performance Summary 

Fuel  Gasoline 

Process Refining Syngas Pyrolysis Hybrid Hydro 
Pyrolysis 

Feedstock Crude oil Wood Res Wood Res Wood Res Wood Res 

kg feedstock/litre   4.36 2.14 4.9 4.0 

Power exported   0 Purchased 0 0 

NG purchased   No Yes No No 

Data Assessment 4   3 2  1  1  

Fossil Energy Balance, 
Joules consumed/Joule 
produced 

0.262 0.051 0.509 0.315 0.095 

FER, joules 
delivered/joules consumed 

3.81 19.60 1.97 3.17 10.48 

  g CO2eq/GJ 

Production GHG 22,151 -504  47,096 2,968 11,801 

Fuel Combustion 64,736 2,334 2,344 2,334 2,334 

Grand Total GHG 86,887 1,830  49,440 5,302 14,135 

% Change - -97.9 -43.1 -93.9 -83.7 

 
Table ES-9 compares the performance of the systems that produce diesel fuels. There are 
large differences in almost all aspects of these systems making comparisons and 
conclusions difficult. 

Table ES- 9 Diesel Performance Summaries 

Fuel  Diesel 

Process Refining HT Syngas Hydrothermal 
Liquefaction 

Sugar 
Fermentation 

Feedstock 
Crude oil Wood 

Residues 
Wood Residues Corn Stover 

kg feedstock/litre   4.22 2.51 12 

Power exported   1.05 Purchased 4.14 

NG purchased   No Yes No 

Data Assessment  4 3 2 1 

Fossil Energy Balance, Joules 
consumed/Joule produced 0.264 -0.103 0.315 -0.473 

FER, joules delivered/joules 
consumed 

3.79 - 3.18 - 

  g CO2eq/GJ 

Production GHG 21,796 -13,675  25,646 -48,984 

Fuel Combustion 70,276 1,728 1,728 1,728 

Grand Total GHG 92,072 -11,947  27,374 -47,256 

% Change - -113.0 -70.29 -151.3 
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SENSITIVITIES 
 

In many cases the sensitivity of the GHG emission results to the input parameters were 
investigated. This is necessary because of the uncertainty surrounding some of the important 
process and modelling parameters.  

YIELD 
 

The yield of liquid biofuels per unit of feedstock was investigated for many of the processes. 
In general, this parameter has some impact on the energy balance but quite a small impact 
on the GHG emission performance. The feedstock used for the modelling, corn stover and 
wood residues, have low carbon footprints as delivered to the processing facility and even 
doubling those emissions is not enough to significantly change the overall GHG emissions. 
See section 4.2 for more detail. 

The sensitivity analysis for yield kept all other operating parameters constant. This may not 
be the case in actual practice. Lower fuel yield could result in more electricity being produced 
and this could actually improve the GHG emission performance, as was shown with the 
fermentation of sugar to produce diesel fuel. 

Yield will be important for other important parameters such as operating costs and capital 
costs. Low yield will negatively impact both of these critical issues. Low yield can also 
negatively impact the operability of the process due to issues such as increased fouling, or 
increased corrosion and erosion. 

ELECTRIC POWER 
 

Many of the systems rely on some electric power being produced as a co-product, either for 
use in the plant or additionally exporting surplus power to the grid. Electricity consumption is 
an important but often overlooked parameter in designing biofuel plants. 

The surplus available for sale to the grid generates a significant energy and GHG emission 
credit. However, the electrical energy requirements derived from process modelling can be 
difficult to transfer to the real world. There is always a tendency for plant designers to build in 
safety factors when plants are designed and in the case of electric motors, this over design 
will come at the expense of increased power consumption, unless the motors are the more 
expensive variable speed type.  

CONCLUSIONS  
 

A large number of advanced biofuel systems appear to offer highly positive fossil energy 
ratios and significant lifecycle GHG emission reductions relative to their respective fossil fuel 
analogs based on information available in the public domain. There are two areas of 
uncertainty for many of these developing systems: the electricity balance between the 
amount self generated and the quantity required for the process, and the materials and 
energy required for wastewater treatment. The uncertainty will not be significantly reduced 
until large-scale commercial operations exist and publish their operating performance. 

Given these two uncertainties it is possible that specific companies may develop systems 
that offer better performance than is modelled here, for example if they produce more power 
than they consume or they have more efficient wastewater treatment systems. 

Despite the analyses findings, it is not possible to conclude that the thermo-chemical 
approach is better than the bio-chemical approach as there are a number of different 
schemes within each of these broad categories. 
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Acronyms and Abbreviations 
BTU British Thermal Unit 

CFC-12 Chlorofluorocarbons 

CH4 Methane 

CO Carbon monoxide 

CO2 Carbon dioxide 

DME Dimethyl ether 

DOE Department of Energy 

EIA Energy Information Administration 

EPA  Environmental Protection Agency 

EROEI Energy Return over Energy Invested 

FER Fossil Energy Ratio 

FT Fischer Tropsch 

GHG Greenhouse Gas Emissions 

GJ Giga joule 

GTI Gas Technology Institute 

H2 Hydrogen 

HFC-134a Hydro fluorocarbons 

HHV Higher Heating Value 

HT High temperature 

IEA International Energy Agency 

IH2 Integrated Hydropyrolysis and Hydroconversion 

IPCC Intergovernmental Panel on Climate Change 

kWh Kilowatt-hour 

LCA Life Cycle Assessment (or Analysis) 

LEM Lifecycle Emissions Model 

LPG Liquid petroleum gases 

LT  Low temperature 

MJ Mega joule 

N2O Nitrous oxide 

NABC National Advanced Biofuels Consortium 

NaOH Sodium hydroxide, or caustic soda 

NEV Net Energy Value 

NMOC Non methane organic compounds 

NOx Nitrogen oxides 

NREL National Renewable Energy Laboratory 

PNNL Pacific Northwest National Laboratory 

SO2 Sulphur dioxide 
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1. INTRODUCTION 

IEA Bioenergy is an international collaborative agreement set up in 1978 by the International 
Energy Agency (IEA) to improve international co-operation and information exchange 
between national bioenergy RD&D programmes. The IEA Bioenergy Vision is “To realise the 
use of environmentally sound and cost-competitive bioenergy on a sustainable basis, to 
provide a substantial contribution to meeting future energy demands.” 

The IEA Bioenergy aim is “To facilitate, co-ordinate and maintain bioenergy research, 
development and demonstration through international co-operation and information 
exchange, leading to the deployment and commercialization of environmentally sound, 
sustainable, efficient and cost-competitive bioenergy technologies.” 

Twenty-three countries plus the European Commission take part in IEA Bioenergy: Australia, 
Austria, Belgium, Brazil, Canada, Croatia, Denmark, Finland, France, Germany, Ireland, 
Italy, Japan, Korea, The Netherlands, New Zealand, Norway, South Africa, Sweden, 
Switzerland, Turkey, the United Kingdom, the USA and the European Commission. Work in 
IEA Bioenergy is carried out through a series of Tasks, each having a defined work 
programme. Each participating country pays a modest financial contribution towards 
administrative requirements, shares the costs of managing the Tasks, and provides in-kind 
contributions to fund participation of national personnel in the Tasks. 

1.1 TASK 39 LIQUID BIOFUELS 

One of the Tasks is Task 39, Commercialising Liquid Biofuels from Biomass. The Task is 
currently composed of 15 countries and a regional association, including Australia, Austria, 
Brazil, Canada, Denmark, the European Union, Finland, Germany, Japan, the Netherlands, 
Norway, South Africa, South Korea, Sweden, the United States and the United Kingdom. 
The Task brings together leading researchers, government officials, and industry pioneers in 
a bid to successfully introduce biofuels for transportation into the commercial marketplace. 
The objectives of this Task are to: 

 Provide information and analyses on policy, markets and implementation issues that 
help encourage the adoption of sustainable conventional biofuels and help 
commercialize advanced liquid biofuels as a replacement for fossil-based fuels. 

 Catalyze cooperative research and development projects that will help participants 
develop improved, cost-effective processes for the production of advanced liquid 
biofuels. 

 Provide information dissemination, outreach to stakeholders, and coordination with 
other related groups. 

 

As part of Task 39’s ongoing program of promoting the commercialization of biofuels, the 
Task commissions reports that help to address specific areas of interest to the members. 
Task 39 is an ideal mechanism for bridging international boundaries and transferring 
knowledge between member countries.   

Task 39 members have contributed to establishing a database that has tried to list and 
document the many process development units, pilot and demo plants around the world that 
are trying to demonstrate the technical and commercial viability of advanced biomass-to-
biofuels or algal biofuels. The drivers for expanded production of advanced biofuels include 
reduced GHG emissions and favourable energy balances that some of these fuel production 
pathways can provide, yet there is little information on these two important aspects of many 
advanced biofuels. This project proposes to utilize the existing information that has been 
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published on advanced biofuel pathways and develops energy balances and GHG emission 
profiles for them. 

There is currently increased interest in advanced biofuels in IEA member countries and in 
IEA Bioenergy Task 39. The task and some countries have published a number of reports on 
the state of development of the technologies. The United States has published two new 
reports on the techno-economic evaluation of biochemical and thermochemical pathways for 
ethanol production.  

The report has made use of the data available in the Task 39 pilot/demo plant database, the 
open literature, and follow up interviews with specific company’s representatives regarding 
the various approaches to biomass-to-biofuels in order to assess their energy and GHG 
efficiency.  

1.2 SCOPE OF WORK 

This work has developed energy balances and GHG emission profiles for as many advanced 
biofuel pathways as data could be found for. The Task 39 advanced biofuel demo plant 
database has been used to identify fuel pathways that could be studied. The plants identified 
have been researched for information that can be used to establish the energy balance and 
GHG emissions.  

Advanced biofuels means different things to different people. In the US RFS2 program an 
advanced biofuel is one that is not made from corn and exhibits GHG emission reductions of 
more than 50% compared to gasoline or diesel fuel and includes the indirect land use 
emissions. In Canada, the term Next Generation biofuels is used. These fuels must use a 
non-traditional feedstock and exhibit better GHG emissions and fossil energy balance than 
conventional biofuels. 

All of the pathways investigated as part of this work, except one, utilize non-traditional 
feedstocks. For ease of comparison the feedstocks considered have been either woody 
biomass or corn stover. No restrictions with respect to GHG emissions or energy balance 
performance have been placed on the pathways, as the goal of the work is to investigate the 
performance of these systems with respect to these two issues.  

A number of known pathways with sufficient public information were included in the analysis 
and report. These include: 

 Ethanol from a biochemical process using agricultural residues (NREL data). 

 Ethanol from a thermochemical process using woody biomass (NREL data). 

 FT Distillate via a thermochemical process using woody biomass (NREL data). 

 DME via a thermochemical process using woody biomass (Company data). 

 Ethanol from hybrid (biochemical and thermochemical) approaches (Company data). 

 Gasoline and diesel fuels via pyrolysis routes (PNNL and NREL data). 
 

The US National Advanced Biofuels Consortium is investigating six process strategies for 
producing hydrocarbon biofuels. Many of these are included in the Task 39 database. Mass 
and energy balances for these strategies have been estimated or projected and used in this 
analysis. These process strategies include: 

 Fermentation of lignocellulosic sugars 

 Catalysis of lignocellulosic sugars 

 Catalytic fast pyrolysis 

 Hydropyrolysis 
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 Hydrothermal liquefaction 

 Syngas to distillates. 
 

The level of detail and the degree of uncertainty in the various techno-economic reports and 
other data sources varies between the processes being studied. This does create some 
inconsistency in the comparison of the results of the analyses. This has been addressed, at 
least partially by undertaking some sensitivity analyses on some of the critical parameters in 
the various pathways. 

The Life Cycle Analysis model GHGenius (www.ghgenius.ca) has been used for this work 
since it has many advanced biofuel pathways built into the model. It is also relatively easy for 
(S&T)

2
 Consultants Inc. to modify the existing fuel pathways to model pathways that are not 

included in the model. 

The GHGenius model has been developed for Natural Resources Canada over the past 
decade. It is based on the 1998 version of Dr. Mark Delucchi’s Lifecycle Emissions Model 
(LEM). GHGenius is capable of analyzing the energy balance and emissions of many 
contaminants associated with the production and use of traditional and alternative 
transportation fuels. A full description of the model, its methodology and data sources has 
been published ((S&T)

2
, 2012). 

Since all of these advanced biofuels production systems are still under development, there is 
some uncertainty associated with the energy and mass balances. The uncertainties could be 
a result of the stage of the development process or a result of different approaches that 
companies are talking to address the challenges of each pathway, different pretreatment 
schemes, or different co-products, for example. Within each of the process pathways there 
are a number of process variations that could impact the overall energy balance and GHG 
emissions, so some sensitivity analysis will be required on critical parameters for each 
pathway. The analysis will investigate the impact of the uncertainty through the use of the 
sensitivity solver built into GHGenius. 

http://www.ghgenius.ca/
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2. LIFE CYCLE ASSESSMENT 

As environmental awareness increases, governments, industries and businesses have 
started to assess how their activities affect the environment. Society has become concerned 
about the issues of natural resource depletion and environmental degradation. The 
environmental performance of products and processes has become a key operational issue, 
which is why many organizations are investigating ways to minimize their effects on the 
environment. Many have found it advantageous to explore ways to improve their 
environmental performance, while improving their efficiency, reducing costs and developing 
a “green marketing” advantage. One useful tool is called life cycle assessment (LCA). This 
concept considers the entire life cycle of a product. 

Life cycle assessment is a "cradle-to-grave" (or “well to wheels”) approach for assessing 
industrial systems. "Cradle-to-grave" begins with the gathering of raw materials from the 
earth to create the product and ends at the point when all materials are returned to the earth. 
LCA evaluates all stages of a product's life from the perspective that they are 
interdependent, meaning that one operation leads to the next. LCA enables the estimation of 
the cumulative environmental impacts resulting from all stages in the product life cycle, often 
including impacts not considered in more traditional analyses (e.g., raw material extraction, 
material transportation, ultimate product disposal, etc.). By including the impacts throughout 
the product life cycle, LCA provides a comprehensive view of the environmental aspects of 
the product or process and a more accurate picture of the true environmental trade-offs in 
product selection. 

Specifically, LCA is a technique to assess the environmental aspects and potential impacts 
associated with a product, process, or service, by: 

 Compiling an inventory of relevant energy and material inputs and environmental 
releases;  

 Evaluating the potential environmental impacts associated with identified inputs and 
releases;  

 Interpreting the results to help make more informed decisions.  
 

The term "life cycle" refers to the major activities in the course of the product's life span from 
its manufacture, use, maintenance, and final disposal; including the raw material acquisition 
required to manufacture the product. Figure 2-1 illustrates the typical life cycle stages that 
can be considered in an LCA and the quantified inputs and outputs. 
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Figure 2-1 Life Cycle Stages 

 
 

The LCA process is a systematic, iterative, phased approach and consists of four 
components: goal definition and scoping, inventory analysis, impact assessment, and 
interpretation, as illustrated in Figure 2-2: 

 

1. Goal Definition and Scoping - Define and describe the product, process or activity. 
Establish the context in which the assessment is to be made, and identify the 
boundaries and environmental effects to be reviewed for the assessment.  

2. Inventory Analysis - Identify and quantify energy, water and materials usage and 
environmental releases (e.g., air emissions, solid waste disposal, wastewater 
discharge).  

3. Impact Assessment - Assess the human and ecological effects of energy, water, and 
material usage and the environmental releases identified in the inventory analysis.  

4. Interpretation - Evaluate the results of the inventory analysis and impact assessment 
to select the preferred product, process or service with a clear understanding of the 
uncertainty and the assumptions used to generate the results.  
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Figure 2-2 Phases of a LCA 

 

 

2.1 ISO LIFE-CYCLE ASSESSMENT STANDARDS 

The concept of life-cycle assessment emerged in the late 1980’s from competition among 
manufacturers attempting to persuade users about the superiority of one product choice over 
another. As more comparative studies were released with conflicting claims, it became 
evident that different approaches were being taken related to the key elements in the LCA 
analysis: 

 Boundary conditions (the “reach” or “extent” of the product system); 

 Data sources (actual vs. modeled); and  

 Definition of the functional unit. 
 

In order to address these issues and to standardize LCA methodologies and streamline the 
international marketplace, the International Standards Organization (ISO) has developed a 
series of international LCA standards and technical reports under its ISO 14000 
Environmental Management series. In 1997-2000, ISO developed a set of four standards 
that established the principles and framework for LCA (ISO 14040:1997) and the 
requirements for the different phases of LCA (ISO 14041-14043). The main contribution of 
these ISO standards was the establishment of the LCA framework that involves the four 
phases in an iterative process: 

 Phase 1 - Goal and Scope Definition; 

 Phase 2 - Inventory Analysis; 

 Phase 3 - Impact Assessment; and 

 Phase 4 - Interpretation 
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By 2006, these LCA standards were consolidated and replaced by two current standards: 
one for LCA principles (ISO 14040:2006); and one for LCA requirements and guidelines (ISO 
14044:2006). Additionally, ISO has published guidance documents and technical reports 
(ISO 14047-14049) to help illustrate good practice in applying LCA concepts.  

The ISO 14040:2006 standard describes the principles and framework for life cycle 
assessment, including definition of the goal and scope of the LCA, the life cycle inventory 
analysis (LCI) phase, the life cycle impact assessment (LCIA) phase, the life cycle 
interpretation phase, reporting and critical review of the LCA, limitations of the LCA, the 
relationship between the LCA phases, and conditions for use of value choices and optional 
elements. ISO 14040:2006 covers life cycle assessment (LCA) studies and life cycle 
inventory (LCI) studies. It does not describe the LCA technique in detail, nor does it specify 
methodologies for the individual phases of the LCA. The intended application of LCA or LCI 
results is considered during definition of the goal and scope, but the application itself is 
outside the scope of this International Standard. 

2.2 OVERVIEW OF CURRENT USES OF LIFE CYCLE ASSESSMENT 

To date, LCA has been applied in evaluating the relative environmental performance of 
alternative biofuel options with the primary aim of informing industry, government, 
Environmental Non-governmental Organization (ENGO) and consumer decision-making. 
Studies have been completed by LCA practitioners in consulting firms, academia, ENGOs, 
industry, and government. The quality of the studies has varied but over the last decade, on 
average, study quality has improved due to method development, data availability and higher 
client expectations. 

A few examples of uses of biofuels’ LCAs by various decision makers include the following. 

 Industry: Through an examination of the results of a LCA of their biofuel production 
process, a producer may determine where in the process or supply chain an 
improvement could be made to lower their resource use or environmental 
discharges. The saying, “what is measured can be managed” is key. Quantifying the 
resource use/environmental discharges associated with the full life cycle of a biofuel 
allows industry to move forward toward managing these impacts.  

 Government: As will be discussed in more detail below, LCAs of biofuels have been 
utilized for determining preferred biofuel pathways (feedstock/fuel production) for 
receiving government funding under biofuels’ expansion programs.  

 ENGOs: These organizations have utilized LCAs of biofuels to support their positions 
in calling for increased attention to broad sustainability issues in expansion of biofuel 
production. 

 Consumers: Results of biofuels’ LCAs have been presented by various organizations 
and utilized indirectly in advertising campaigns with the hope of influencing consumer 
choice with respect to fuel and vehicle options (e.g., purchase of a flexible fuel 
vehicle so as to have the potential to utilize a high level ethanol/gasoline (E85) 
blend). 

2.3 STRENGTHS AND WEAKNESSES OF LIFE CYCLE ANALYSES 

Life cycle assessment is a useful tool for comparing on a functional unit basis, the relative 
environmental performance (based on a specific set of metrics) of different feedstock/fuel 
pathways. However, LCA should be utilized along with other information in the decision 
making process regarding transportation fuels policy. Decision-makers should be aware of 
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both the strengths and limitations of LCA. In order to more completely understand the 
implications on the environment (and economy) of fuel production (e.g., scale of production 
issues, impacts on ecosystem and human health), LCA results should be augmented with 
those of other modeling systems, economic and market analyses, the judgement of the 
decision makers, or perhaps, integrated modeling systems could be developed in the future. 

Due to the complexity of the systems being modelled, no LCA model can yet perfectly model 
transportation fuels. GHGenius does have a number of features that make it ideal for 
undertaking this kind of work, such as a full accounting of land use changes, sensitivity 
solvers, and the ability to project emissions changes over time. 

2.4 NORTH AMERICAN TRANSPORTATION FUEL LCA MODELS 

LCA work involves the collection and utilization of large amounts of data and thus is ideally 
suited to the use of computer models to assist with the inventorying and analysis of the data. 
In North America, two models are widely used for the analysis of transportation fuels: 

 GREET. A model developed by Argonne National Laboratory 
(http://greet.es.anl.gov/) in the United States, and 

 GHGenius. A model developed by Natural Resources Canada 
(http://www.ghgenius.ca/about.php), which has data for both Canada and the United 
States. This model also has much greater flexibility for modelling different types of 
crude oil production and many more types of alternative fuels. 

Many other LCA models have been developed by governments, universities and the private 
sector. While all of these models have some small differences in the scope and system 
boundaries and may have different emission factors for different regions of the world, they 
should all provide directionally similar results to those developed here. 

2.4.1 GREET 

The GREET (Greenhouse gases, Regulated Emissions, and Energy use in Transportation) 
model was developed by Argonne National Laboratory under the sponsorship of the U.S. 
Department of Energy’s Office of Energy Efficiency and Renewable Energy. GREET allows 
researchers and analysts to evaluate various vehicle and fuel combinations on a full fuel-
cycle/vehicle-cycle basis. 

The first version of GREET was released in 1996. Since then, Argonne has continued to 
update and expand the model. The most recent GREET versions are: 

 GREET 1 2012 for fuel-cycle analysis; and 

 GREET 2.7 for vehicle-cycle analysis. 
 
Both versions of the model are available free over the Internet as spreadsheet models in 
Microsoft Excel.

1
  

The model covers all stages of the fuel life cycle, from well-to-pump and pump-to-wheels, 
including: 

 feedstock production, transportation, and storage; 

 fuel production, transportation, distribution, and storage, 

 vehicle operation, refuelling, fuel combustion/conversion, fuel evaporation, and 
tire/break wear. 

 

                                                        
1
 http://greet.es.anl.gov/ 

http://greet.es.anl.gov/
http://www.ghgenius.ca/about.php
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In addition, GREET simulates vehicle-cycle energy use and emissions from material 
recovery to vehicle disposal (raw material recovery, material processing and fabrication, 
vehicle component production, vehicle assembly, and vehicle disposal and recycling). 

The model includes: 
 emissions of greenhouse gases (CO2, CH4, and N2O); 
 emissions of six criteria pollutants (VOCs, CO, NOx, SOx, PM10, and PM2.5); and 
 energy use by fuel. 

 
GREET includes more than 100 fuel pathways including petroleum fuels, natural gas fuels, 
biofuels, hydrogen and electricity produced from various energy feedstock sources. 

Figure 2-3 GREET Pathways 

 

Source: Argonne National Laboratory, GREET Model. Available at: http://greet.es.anl.gov/ 
 

GREET has been used both by the US EPA and the State of California as part of their 
regulatory activities to reduce the GHG emissions associated with transportation fuels. 

2.4.2 GHGenius 

GHGenius is capable of estimating life cycle emissions of the primary greenhouse gases and 
the criteria pollutants from combustion sources. The specific gases that are included in the 
model include: 

 Carbon dioxide (CO2), 

 Methane (CH4), 

 Nitrous oxide (N2O), 

 Chlorofluorocarbons (CFC-12), 

 Hydro fluorocarbons (HFC-134a), 

http://greet.es.anl.gov/
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 The CO2-equivalent of all of the contaminants above. 
 Carbon monoxide (CO), 

 Nitrogen oxides (NOx), 

 Non-methane organic compounds (NMOCs), weighted by their ozone forming 
potential, 

 Sulphur dioxide (SO2), 

 Total particulate matter. 
 

The model is capable of analyzing the emissions from conventional and alternative fuelled 
internal combustion engines or fuel cells for light duty vehicles, for class 3-7 medium-duty 
trucks, for class 8 heavy-duty trucks, for urban buses and for a combination of buses and 
trucks, and for light duty battery powered electric vehicles. There are over 200 vehicle and 
fuel combinations possible with the model. 

GHGenius can predict emissions for past, present and future years through to 2050 using 
historical data or correlations for changes in energy and process parameters with time that 
are stored in the model. The fuel cycle segments considered in the model are as follows: 

 Vehicle Operation 
Emissions associated with the use of the fuel in the vehicle. Includes all 
greenhouse gases. 

 Fuel Dispensing at the Retail Level 
Emissions associated with the transfer of the fuel at a service station from 
storage into the vehicles. Includes electricity for pumping, fugitive emissions 
and spills. 

 Fuel Storage and Distribution at all Stages 
Emissions associated with storage and handling of fuel products at terminals, 
bulk plants and service stations. Includes storage emissions, electricity for 
pumping, space heating and lighting. 

 Fuel Production (as in production from raw materials) 
Direct and indirect emissions associated with conversion of the feedstock into 
a saleable fuel product. Includes process emissions, combustion emissions 
for process heat/steam, electricity generation, fugitive emissions and 
emissions from the life cycle of chemicals used for fuel production cycles. 

 Feedstock Transmission 
Direct and indirect emissions from transport of feedstock, including pumping, 
compression, leaks, fugitive emissions, and transportation from point of origin 
to the fuel refining plant. Import/export, transport distances and the modes of 
transport are considered. 

 Feedstock Production and Recovery 
Direct and indirect emissions from growing, recovery and processing of the 
raw feedstock, including fugitive emissions from storage, handling, upstream 
processing prior to transmission, and mining. 

 Feedstock Upgrading 
The direct and indirect emissions from the upgrading of bitumen to synthetic 
crude oil, including fugitive emissions from processing. 

 Fertilizer Manufacture 
Direct and indirect life cycle emissions from fertilizers, and pesticides used 
for feedstock production, including raw material recovery, transport and 
manufacturing of chemicals. This is not included if there is no fertilizer 
associated with the fuel pathway. 
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 Land use changes and cultivation associated with biomass derived fuels 
Emissions associated with the change in the land use in cultivation of crops, 
including N2O from application of fertilizer, changes in soil carbon and 
biomass, methane emissions from soil and energy used for land cultivation. 

 Carbon in Fuel from Air 
Carbon dioxide emissions credit arising from use of a renewable carbon 
source that obtains carbon from the air. 

 Leaks and flaring of greenhouse gases associated with production of oil and gas 
Fugitive hydrocarbon emissions and flaring emissions associated with oil and 
gas production. 

 Emissions displaced by co-products of alternative fuels 
Emissions displaced by co-products of various pathways. System expansion 
is used to determine displacement ratios for co-products from biomass 
pathways. 

 Vehicle assembly and transport 
Emissions associated with the manufacture and transport of the vehicle to 
the point of sale, amortized over the life of the vehicle. 

 Materials used in the vehicles 
Emissions from the manufacture of the materials used to manufacture the 
vehicle, amortized over the life of the vehicle. Includes lube oil production 
and losses from air conditioning systems. 

The general stages of the “wells to wheels” lifecycle of traditional fossil fuels captured by 
GHGenius are shown in Figure 2-3.  
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Figure 2-4 GHGenius Life Cycle Stages 

 
 

The Federal Government and the provinces of Alberta and British Columbia as part of their 
regulatory efforts to reduce the GHG emissions of transportation fuels use GHGenius in 
Canada. 

2.4.3 Energy Balances 

In general energy balance results are designed to be a measure of the energy efficiency of a 
system. Energy balances, as they are commonly used, are rarely balanced, as the losses 
from the system are not usually accounted for. All systems have losses, this is the second 
law of thermodynamics. The term “energy balance” is more accurately an energy ratio. The 
energy balance of a system can be presented in several different ways. Furthermore, the 
treatment of co-products can influence the results depending if they are included in the 
numerator or the denominator. 

A number of approaches for reporting the energy balances of transportation fuels (and 
biofuels in particular) have been used in the literature. These are briefly described below. 

The USDA (2008, 2011) has used the Net Energy Value (NEV) and the Fossil Energy Ratio 
(FER) for their analysis of ethanol and biodiesel respectively. They defined the terms as:  

Net Energy Value=Energy Value of Fuel-Energy used to produce the fuel. 

The results are usually presented as BTU/gallon of fuel (or MJ/litre) but since the different 
renewables fuels have different energy contents the NEV for a unit of ethanol will be different 
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and not comparable to the value calculated for a FT fuel derived from wood. In addition, 
different authors have treated the energy used differently, some using total energy and 
others focussing on the fossil energy use. 

The Fossil Energy Ratio is defined by the USDA as: 

FER=Renewable Fuel Energy Output 
Fossil Energy Input 

This approach has the advantage of being comparable between different fuels since it results 
in a unitless ratio. If one is doing any analyses to determine where in the lifecycle the energy 
use is greatest then neither of these approaches is particularly useful. The NEV is meant to 
be evaluated over the total lifecycle and doesn’t attempt to provide results by stage. The 
FER could be calculated by stage but results from each stage are not easily added but 
1/FER could be added. 

The other metric widely used in energy system analyses is the Energy Return over Energy 
Invested (EROEI)

2
. This is the ratio of the amount of usable energy acquired from a 

particular energy resource to the amount of energy expended to obtain that energy resource. 
It is also sometimes referred to as EROI (Energy Return on Investment). 

EROEI=Usable Acquired Energy 
          Energy Expended 

The FER used by the USDA is a derivative of the EROEI and it has the same issues. It can’t 
be easily used to analyze the EROEI per stage (EROEIa, EROEIb, EROEIc, etc.) of the 
lifecycle, as the results of each stage can’t be simply added. To get the EROEI from 
individual stages the equation would be:  

                                  

                                  EROEI= 

 

 

It is also non-linear, the extra energy invested from moving from an EROEI of 30 to 20, is 
much less than the energy required to move from 20 to 10 (.0167 joules/joule vs. 0.050 
joules/joule). 

The two ratio approaches have complications arising from the treatment of co-products, 
should they be in the numerator or the denominator? 

GHGenius provides detailed life cycle information on energy use and energy balances. This 
includes: 

 Total energy used per unit of energy produced for each stage of the fuel 
production steps, 

 Total fossil energy used per unit of energy produced for each stage of the fuel 
production steps, 

 Energy used per kilometre driven for the fuel used in light duty internal 
combustion engines, light duty fuel cell vehicles, heavy duty internal combustion 
engines, and heavy duty fuel cell vehicles, 

 The proportions of types of energy used for each stage of the fuel production 
cycle. 

                                                        
2
 Cutler, Cleveland . "Energy return on investment (EROI)". The Encyclopaedia of Earth. 

 1 

1 

EROEI a 

1 

EROEI b 

1 

EROEI c 

http://www.eoearth.org/article/Energy_return_on_investment_%28EROI%29
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GHGenius presents the energy balance information in two different ways. First there is the 
total energy balance. This counts all energy (fossil, renewable, and nuclear) the same and 
the energy balance ratio is the joules of energy required to produce a joule of energy 
produced. In this case the lower the ratio the more efficient the system is. This is essentially 
the inverse of the EROEI ratio, where larger numbers are more desirable. The advantages of 
presenting the information this way include the fact that the results from each stage can be 
simply added to get the results for the complete lifecycle and these results are linear, see the 
simple example below. With the EROEI approach it is more difficult to intuitively arrive at the 
value for the system when just the values for the individual stages are known. 

Table 2-1 Presentation of Energy Balance Information 

 Joules consumed/Joule delivered EROEI 

Stage 1 0.02 50 

Stage 2 0.10 10 

Stage 3 0.25 4 

Total 0.37 2.70 

 

In GHGenius, the energy in the feedstock that is included in the finished product is excluded 
from the calculation. Many of the advanced biofuel systems have relatively poor energy 
balances. The processes tend to be energy intensive, whether it is a biochemical process 
where converting lignocellulosic material to sugar, or a thermochemical process which 
breaks down the biomass to simple molecules like CO and H2 and then reforms them into 
more complex, but useful molecules such as ethanol, gasoline, or diesel fuel. The EROEI is 
shown as the last line in each of the total energy balance tables. 

The second approach is to present the fossil energy balance. In this approach, just the fossil 
energy used in the process is compared to the fossil energy displaced by the biofuel. Using 
this metric, which recognizes the potential limits to fossil energy supply and the GHG impacts 
that fossil energy use creates provides much more favourable results for many biofuel 
systems where the energy used to drive the process is supplied by biomass rather than fossil 
energy. In the tables that report the fossil energy balance, the FER is shown as the last row 
in the tables. In this report both metrics (total and fossil) will be presented so that the reader 
can get a more balanced view of the issue. 

GHGenius also presents the total lifecycle energy balance result as the joules 
produced/joules consumed. This is the equivalent of the EROEI. Note that the difference in 
the two approaches is analogous to the different approaches used to report the fuel 
consumption of vehicles in the United States; the fuel economy is reported as miles/gallon, 
whereas in much of the rest of the world the fuel consumption is reported as litres/100 km. 
One approach being the inverse of the other, with both approaches having advantages and 
disadvantages. 

Since the energy balance information is presented as a ratio of materials in to products out 
(or the inverse), the treatment of the co-products can influence the numbers. The co-product 
could be treated as a credit to the energy into the system or it could be treated as a product. 
Consider the case where the energy into the system is 0.25 joules and the desired product is 
one joule. A co-product with an energy content of 0.1 joules is produced. The two different 
approaches are: 

(Energy in – Co-product)/Energy out. 
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0.25-0.10/1.0= 0.15 joules consumed/joules produced 

The alternative is: 

Energy in/(Energy out + Co-product) 

0.25/(1.0+0.1)= 0.23 joules consumed/joules produced 

The difference in the two approaches is even larger when the inverse value (EROEI) is 
reported, that is the energy produced per unit of energy used. In this example it is 6.66 vs. 
4.34 joules produced per joule consumed. The same concept can be applied no matter 
which allocation approach is used for the co-products. If the displacement approach were 
used, one would use the energy displaced by the co-product. If a mass or energy approach 
were used the co-product credit would be some portion of the “energy in”. 

In GHGenius, the first approach to the treatment of co-products is used. There is no right or 
wrong way and there is no standard convention that is used. Systems with large amounts of 
co-products are obviously impacted more and analysts need to be certain that a system that 
does appear to have a good energy balance is in fact good and not just the result of the low 
output of the primary product and high co-product values. 
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3. TASK 39 DEMO PLANT DATABASE 

Task 39 has commissioned an overview of advanced (so-called 2
nd

 generation) biofuel 
demonstration plants from the Austrian Bioenergy Centre. Austrian Bioenergy Centre GmbH 
is a non-university R&D institution founded through the K-plus programme of the Austrian 
government and is the scientific backbone of the Austrian biomass industry.  

The database is available at http://demoplants.bioenergy2020.eu/. It lists some 80 plants and 
planned projects. Each project was required to provide the basic information shown Table 3-
1. 

Table 3-1 Data In Demo Plant Database 

Product Facilities for the production of liquid or gaseous biofuels for 
transportation 

Raw Material From lignocellulosic biomass 

Conversion Technology Applying either biochemical or thermochemical or 
biochemical and thermochemical conversion technologies 

Type Of Facility Representing either pilot or demonstration or commercial 
facilities 

Status Being either planned or announced or under construction or 
under commissioning or operational 

Minimum Data And for which the project owner has provided at least the 
following data: 

 project owner 

 location of the production facility 

 type of technology 

 raw material 

 product 

 output capacity 

 type of facility 

 status and 

 contact information 

Optional Data Additionally, project owners were asked to provide more 
detailed information, including brief technology description, 
flow sheets and pictures etc. 

 
The database has a graphical interface, as shown in Figure 3-1. 

http://demoplants.bioenergy2020.eu/
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Figure 3-1 Graphical Interface 

 
Source: Task 39 Demo Plant database 

Users can zoom in on plants in any region and access more information on the plant and 
process by clicking on the balloon. 

Users can also search by technology type, plant type (pilot, demo, etc.), and by operating 
status. 

3.1 BIOCHEMICAL PLANTS AND PROCESSES 

The operational projects using biochemical pathways are summarized in Table 3-2 (sourced 
January 2012). 
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Table 3-2 Operational Biochemical Projects 

Name Type Product Size 

   Feedstock, 
t/yr 

Output 

AE Biofuels pilot ethanol 500  0.16 mmgy 

Aalborg University Copenhagen pilot ethanol, 
biogas 

11  40 l/d 

Abengoa Bioenergy demo ethanol 3,950  5.0 Ml/a 

Abengoa Bioenergy New 
Technologies  

pilot ethanol 75  0.02 mmgy 

BioGasol pilot ethanol, 
biogas 

10  40 l/d 

Borregaard Industries LTD commercial ethanol 15,800  20 Ml/a 

Chempolis Ltd. demo ethanol, 
pulp 

5,000   

DDCE DuPont Danisco Cellulosic 
Ethanol 

pilot ethanol 750  0.25 mmgy 

EtanolPiloten I Sverige AB pilot ethanol 80  300 l/d 

Inbicon (DONG ENERGY) demo ethanol 4,300  5.4 Ml/a 

Iogen Corporation demo ethanol 1,600  2 Ml/a 

KL Energy Corporation demo ethanol 4,500  1.5 mmgy 

Lignol Energy Corporation pilot ethanol 80  0.1 Ml/a 

Mascoma Corporation demo ethanol 500  0.125 mmgy 

Mossi & Ghisolfi - Chemtex Italia pilot ethanol 50   

POET (Scotland) pilot ethanol 60  0.02 mmgy 

Procethol 2G pilot ethanol 2,700  3.5 Ml/a 

Petrobras pilot ethanol 530   

Southern Research Institute pilot mixed 
alcohols 

3,500   

Technical University of Denmark pilot ethanol, 
biogas 

10  40 l/d 

Terrabon demo gasoline 120  0.036 mmgy 

Verenium demo ethanol 4,200  1.4 mmgy 

Verenium pilot ethanol 150  0.05 mmgy 

Weyland AS pilot ethanol 158  0.2 Ml/a 

3.2 THERMOCHEMICAL PROCESS 

The operational projects using thermochemical pathways are summarized in Table 3-3 
(sourced January 2012). 
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Table 3-3 Operational Thermochemical Projects 

Name Type Fuel Size – t/a 

CTU - Conzepte Technik Umwelt AG demo Natural gas 576 t/a 

Chemrec AB (BioDME) pilot DME 1,800 t/a 

Enerkem demo ethanol 4,000 t/a 

Enerkem pilot ethanol 375 t/a 

NSE Biofuels Oy, demo FT liquids 656 t/a 

Range Fuels, Inc.  pilot Mixed alcohols n/a 

Southern Research Institute  pilot FT liquids 3,500 t/a 

Vienna University of Technology / 
BIOENERGY 2020+  

pilot FT liquids 0.2 t/a 

 

3.3 HYBRID PROCESSES 

The operational projects using hybrid thermal and chemical pathways are summarized Table 
3-4 (sourced January 2012). 

Table 3-4 Operational Hybrid Projects 

Name Type Fuel Size 

Coskata (Lighthouse) demo ethanol 120 t/a 

Coskata pilot ethanol n/a 

Iowa State University (BioCentury 
Research Farm) 

pilot FT liquids 
200 t/a 

Southern Research Institute  pilot FT liquids 3,500 t/a 
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4. MODELLING FRAMEWORK 

GHGenius version 4.00c is used for this work. The model has been set up using the US 
average data. The year used for analysis is 2012. All GHGenius results are presented on the 
basis of the higher heating value (HHV) of the fuels unless otherwise specified. The 100 
year, 2007 IPCC GWPs (IPCC, 2007) have been used for this work. 

Most of the core US data in the model for petroleum product production, natural gas 
production, and power generation is sourced from the US Energy Information Administration. 
Actual data up to the year 2009 is used in the model with the EIA projections used for years 
up to 2035. 

The focus of this work is on the fuel production stage but in order to compare the GHG 
emissions from a fossil fuel to a renewable fuel the issue of the treatment of biogenic CO2 
emissions must be addressed. The approach used here is to calculate the GHG emissions 
from the combustion of the fuels but, for the fuels produced from a biogenic feedstock only, it 
is to report the methane and nitrous oxide emissions from the combustion of the fuels. This 
produces a large GHG emission benefit for the renewable fuels. 

Some assumptions have been held constant between the various fuels that are studied to 
make comparisons easier. Finished fuel transportation distances are 200 km by truck for all 
of the alternative fuels. 

A number of systems produce some surplus electricity. This power is assumed to displace 
gas turbine cycle power generation. This is the incremental source of power in many 
locations around the world. The model calculates a carbon intensity of 621.7 g CO2eq/kWh 
delivered. This is slightly less (12%) carbon intensive than the US average grid (706.7 g 
CO2eq/kWh delivered) that the model calculates based on the core EIA (EIA, 2012) data 
used. 

4.1 REFERENCE FUELS 

Life cycle assessment involves the comparison of one product to another. Ethanol is usually 
compared to gasoline. Diesel fuel is also used extensively in the production process for 
powering prime movers and it is an important reference parameter.  

4.1.1 Fossil Fuels 

Gasoline and diesel fuel are important reference fuels for all renewable fuels. The total 
energy balance results for these two fuels are shown in Table 4-1. 
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Table 4-1 Reference Fuels - Total Energy Balance 

Fuel  Gasoline Diesel Fuel 

Feedstock  Crude oil Crude Oil 

 Joule consumed/Joule delivered 

Fuel dispensing 0.0040  0.0041  
Fuel distribution, storage 0.0108  0.0110  
Fuel production 0.1397  0.1394  
Feedstock transmission 0.0256  0.0259  
Feedstock recovery 0.0980  0.0993  
Feedstock upgrading 0.0029  0.0030  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  -0.0001  
Total 0.2810 0.2826 
EROEI (Joules 
produced/Joule 
consumed) 

3.56 3.54 

 
Note that the results presented above do not include the use of the fuel. If the fuel use were 
included, one would add another line in the table for fuel use and the value would be 1.0. 
The EROEI would then be the inverse of a number greater than one and it would be less 
than one. 

The fossil energy balance results for these two fuels are shown in Table 4-2. As one would 
expect the FER is higher than the EROEI as any non fossil energy inputs are not counted in 
the denominator of the equation. 

Table 4-2 Reference Fuels - Fossil Energy Balance 

Fuel  Gasoline Diesel Fuel 

Feedstock  Crude oil Crude Oil 

 Joule consumed/Joule delivered 

Fuel dispensing 0.0028  0.0029  
Fuel distribution, storage 0.0093  0.0094  
Fuel production 0.1349  0.1346  
Feedstock transmission 0.0222  0.0225  
Feedstock recovery 0.0902  0.0914  
Feedstock upgrading 0.0029  0.0029  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  -0.0001  
Total 0.2621 0.2636 
FER (Joules 
produced/Joule 
consumed) 

3.81 3.79 

 

The GHG emissions for these two fuels for the US for the year 2012 are shown in Table 4-3. 
The United States imports some synthetic oil from Canada and the bitumen upgrading 
process produces some co-products along with the synthetic crude oil and these provide a 
small co-product credit in the model. 
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Table 4-3 Reference Fuel GHG Emissions 

Fuel  Gasoline Diesel Fuel 

Feedstock  Crude Oil Crude Oil 

 g CO2eq/GJ (HHV) 

Fuel dispensing 346  351  
Fuel distribution and storage 910  922  
Fuel production 10,859  10,390  
Feedstock transmission 2,307  2,337  
Feedstock recovery 5,924  6,001  
Feedstock upgrading 187  189  
Land-use changes, cultivation 15  15  
Fertilizer manufacture 0  0  
Gas leaks and flares 1,600  1,598  
CO2, H2S removed from NG 0  0  
Emissions displaced -8  -8  
Sub Total 22,141  21,796  
Combustion Emissions 64,736 70,276 

Grand Total 86,877 92,072 

 

4.1.2 Renewable Fuels 

Another potential reference fuel is corn ethanol. This fuel has grown to the point where 
almost all of the gasoline in the United States contains 10% ethanol, and most of that is 
derived from corn. There are a wide variety of plant configurations for the production of corn 
ethanol in the United States but the most common one is a natural gas fired, grid connected 
dry mill plant producing dried distillers grains. This pathway is included in GHGenius. The 
data in the model for this pathway is representative of the current state of the operating US 
plants. The modelling includes the major process chemicals that are used in corn ethanol 
plants, enzymes, yeast, sodium hydroxide, ammonia, and sulphuric acid. 

Table 4-4 Corn Ethanol - Total Energy Balance 

Fuel  Gasoline Ethanol 

Feedstock  Crude oil Corn 

 Joule consumed/Joule delivered 

Fuel dispensing 0.0040  0.0063  
Fuel distribution, storage 0.0108  0.0143  
Fuel production 0.1397  0.5149  
Feedstock transmission 0.0256  0.0179  
Feedstock recovery 0.0980  0.0709  
Feedstock upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.1262  
Co-product credits -0.0001  -0.0611  
Total 0.2810 0.6895 
FER (Joules 
produced/Joule 
consumed) 

3.56 1.45 
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Table 4-5 Corn Ethanol - Fossil Energy Balance 

Fuel  Gasoline Ethanol 

Feedstock  Crude oil Corn 

 Joule consumed/Joule delivered 

Fuel dispensing 0.0028  0.0044  
Fuel distribution, storage 0.0093  0.0139  
Fuel production 0.1349  0.4851  
Feedstock transmission 0.0222  0.0178  
Feedstock recovery 0.0902  0.0704  
Feedstock upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.1230  
Co-product credits -0.0001  -0.0574  
Total 0.2621 0.6573 
FER (Joules 
produced/Joule 
consumed) 

3.81 1.52 

 

The GHG emissions for the corn ethanol plant are shown in the following table along with 
those for gasoline. 

Table 4-6 Reference Fuel GHG Emissions 

Fuel  Gasoline Ethanol 

Feedstock  Crude Oil Corn 

 g CO2eq/GJ (HHV) 

Fuel dispensing 346  539  
Fuel distribution and storage 910  1,109  
Fuel production 10,860  31,990  
Feedstock transmission 2,307  1,423  
Feedstock recovery 5,933  5,258  
Feedstock upgrading 187  0  
Land-use changes, cultivation 15  19,722  
Fertilizer manufacture 0  7,599  
Gas leaks and flares 1,600  0  
CO2, H2S removed from NG 0  0  
Emissions displaced -8  -14,454  
Sub Total 22,151  53,186  
Combustion Emissions 64,736 2,008 

Grand Total 86,887 55,194 

 

4.2 FEEDSTOCKS 

The systems that are analyzed are based on one of two feedstocks. In some cases the 
feedstock is assumed to be corn stover and in other cases it is assumed that wood residue, 
collected from a logging site, is used. In theory, the processes could use either feedstock but 
some of the techno economic studies utilized for modelling input data were developed 
around a specific feedstock, in which case that same feedstock was used in the modelling. 
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The feedstock characteristics and collection systems are described here. 

4.2.1 Corn Stover 

Corn stover is composed of corn cobs and stalks. There are roughly equal parts of corn 
stover and corn grain produced from growing corn (Glassner 1998). The corn stover 
characteristics are shown Table 4-4. All values are per dry tonne (US DOE), the moisture 
content is only important for calculating the transportation energy use and transportation 
emissions. 

Table 4-7 Corn Stover Characteristics 

Characteristic Value 

Energy content 18 GJ/dry tonne 

Moisture content as shipped 15% 

Cellulose content 35.5% 

Hemi-cellulose content 22.8% 

Lignin content 18.7% 

C6 sugars 36.8% 

C5 Sugars 21.5% 

Theoretical ethanol yield (biochemical) 423 litres/dry tonne 

 

Most corn stover is currently left on the fields to decompose. The convention with most LCA 
work is treat this kind of residue or waste as emission burden free in the field. The lifecycle 
begins with the collection of the stover and includes system inputs that wouldn’t be required 
if the material did decompose in the field. The corn stover is harvested and transported by 
truck to the processing plant. Synthetic fertilizers replace the nutrients removed from the 
fields by the export of the stover. The modelling inputs are summarized Table 4-5 (Tyson 
1993, Delucchi, 1998). 

Table 4-8 Corn Stover Inputs 

Input Units Value 

Corn Stover yield Tonne/ha 6.19 

Diesel Fuel L/tonne 7.7 

Nitrogen Kg N/tonne 9.4 

Phosphorus Kg P2O5/tonne 1.38 

Potassium Kg K2O/tonne 10.33 

 

The corn stover yield actually has no direct impact on the calculations as the other inputs are 
modelled per tonne of stover removed. It is widely recognized (Cruse et al, 2009) that only a 
portion of the stover can be removed without having significant negative impacts on soil 
quality. The model calculates no land use emissions for the corn stover, as the total applied 
nitrogen (sum of fertilizer and crop residue nitrogen) is the same whether the stover is 
collected or not and it is assumed that since not all of the corn stover is removed, the 
removal of a portion has no impact on soil carbon. 

It was assumed that the average trucking distance for feedstock is 100 km. This same 
transportation distance is used for all of the systems in order to make the comparisons as 
even as possible. It may be that some technologies are better suited to small or large scale 
and thus the transportation distances may vary with the technology. At this stage of 
development of most of these technologies, however, it is too early to have a true 
understanding of the scale issues so the feedstock distances are held constant in the 



 

(S&T)
2
 

   

 ADVANCED BIOFUELS – GHG EMISSIONS AND ENERGY BALANCES 25 

 

analyses. The energy and emissions associated with the feedstock transportation are also 
generally quite small compared to the lifecycle emissions of the fossil system reference fuel. 

4.2.2 Wood Residues 

Woody biomass can be obtained as residue from the existing wood harvesting or products 
industry, it can be biomass that is purposefully grown in a plantation scheme, or it can be 
produced from timber that is harvested specifically for energy production. Each of the 
different sources of wood will have a different carbon footprint. 

The characteristics of woody biomass depend on the species of wood. This analysis 
assumes that if the wood is used for a biochemical process it is a hardwood. Wood used for 
thermochemical processes is generally less sensitive to species or wood type. The wood 
characteristics assumed in this work are shown in the Table 4-6. All values are per dry tonne. 
Moisture content is primarily important to calculate transportation energy use and emissions. 

Table 4-9 Wood Residue Characteristics 

Characteristic Value 

Energy content 19.4 GJ/dry tonne 

Moisture content as shipped 50% 

Cellulose content 42.8% 

Hemi-cellulose content 19.9% 

Lignin content 24.4% 

C6 sugars 46.0% 

C5 Sugars 16.7% 

Theoretical ethanol yield (biochemical) 454 litres/dry tonne 

 

The base case that is analyzed here is the collection and chipping of logging residues and 
then their transportation to the processing plant. The logging residues are treated as a waste 
product and thus are attributed no land use emissions. Other feedstock options are 
evaluated as sensitivity cases. 

Nilsson (2009) considered the energy requirements of applying Nordic forest harvesting 
methods for forest biomass utilization in British Columbia. The grinding phase required 2.1 to 
2.2 L of diesel fuel/tonne when it was conducted in the field. The modelling assumptions are 
shown in Table 4-7. 

Table 4-10 Wood Inputs 

Input Units Value 

Wood yield Tonne/ha N/a 

Diesel Fuel L/tonne 2.2 

Nitrogen Kg N/tonne 0 

Phosphorus Kg P2O5/tonne 0 

Potassium Kg K2O/tonne 0 

 

It was assumed that the transportation distance between chipping and processing is 100 km. 
This is the same assumption used for corn stover and the same potential issues with the 
compatibility of the scale and the transportation distance apply here. 
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4.2.3 Feedstock Comparison 

The energy balances of the feedstocks delivered to the plants are shown in Table 4-8 for 
comparison. 

Table 4-11 Feedstock Energy Balance 

Feedstock  Corn Stover Wood Residues 

 Joules consumed/Joule delivered 

Fuel dispensing 0.0000  0.0000  
Fuel distribution, storage 0.0000  0.0000  
Fuel production 0.0000  0.0000  
Feedstock transmission 0.0113  0.0133  
Feedstock recovery 0.0209  0.0053  
Feedstock Upgrading 0.0000  0.0000  
Ag. chemical manufacture 0.0352  0.0000  
Co-product credits 0.0000  0.0000  
Total 0.0675 0.0186 
EROEI, Joules 
delivered/joules consumed 14.8 53.8 

 

The corn stover requires more energy for production and delivery primarily due to higher 
collection energy and the replacement synthetic fertilizer (synthetic fertilizer replaces the 
nitrogen in the crop residue removed). The same information that is contained in the above 
table is shown in Figure 4-1. It is obvious from the figure that very little energy is required to 
harvest and deliver either feedstock to the processing plants. 
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Figure 4-1 Comparison of Feedstock Energy Balance 

 
 

The GHG emissions for the feedstocks delivered to the plants are shown in Table 4-9. As 
expected, there are slightly lower GHG emissions for the wood residues and thus all of the 
processes that use wood will have a small benefit over those using corn stover in terms of 
GHG emission performance. 

Table 4-12 Feedstock GHG Emissions – Energy Basis 

Feedstock Corn Stover Wood Residues 

 g CO2eq/GJ 

Fuel dispensing 0  0  
Fuel distribution and storage 0  0  
Fuel production 0  0  
Feedstock transmission 897  1,052  
Feedstock recovery 1,879  479  
Feedstock upgrading 0  0  
Land-use changes, cultivation 0  0  
Fertilizer manufacture 2,114  0  
Gas leaks and flares 0  0  
CO2, H2S removed from NG 0  0  
Emissions displaced 0  0  
Total 4,891  1,531  
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These feedstock emissions can also be shown on the basis of emissions/tonne, as shown 
Table 4-10. 

Table 4-13 Feedstock GHG Emissions – Weight Basis 

Feedstock Corn Stover Wood Residues 

 g CO2eq/tonne 

Fuel dispensing 0 0 
Fuel distribution and storage 0 0 
Fuel production 0 0 
Feedstock transmission 15,639 20,400 
Feedstock recovery 32,747 9,294 
Feedstock upgrading 0 0 
Land-use changes, cultivation 0 0 
Fertilizer manufacture 36,849 0 
Gas leaks and flares 0 0 
CO2, H2S removed from NG 0 0 
Emissions displaced 0  0  
Total 85,234 29,694 
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5. BIOCHEMICAL ETHANOL PRODUCTION 

A significant number of the companies listed in the Demo Plant Database are employing the 
biochemical process approach. There are some variations between the companies and none 
of the companies have released detailed mass and energy balance information on their 
processes. The US National Renewable Energy Laboratory has recently (NREL, 2011) 
released a report that has detailed information on one variation of the biochemical process 
and this report is used as the basis for the energy balance and GHG modelling undertaken 
for this project.  

5.1 LIFECYCLE DESCRIPTION 

The system boundary is shown in Figure 5-1. The system starts with the collection of corn 
stover after the corn is harvested.  

Figure 5-1 System Boundaries for Biochemical Ethanol 

 

5.2 PROCESS OVERVIEW 

The process employed in the NREL work is a dilute acid pretreatment and the feedstock 
used is corn stover. The overarching process design converts corn stover to ethanol by 
dilute-acid pretreatment, enzymatic saccharification, and co-fermentation. The biomass 
conversion efficiencies used in the design (e.g., cellulose to glucose or xylose to ethanol) are 
based on a slate of research targets that NREL and DOE have committed to demonstrate by 
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the end of 2012 in a campaign of integrated pilot-scale runs. The overall process scheme is 
shown in Figure 5-2. 

Figure 5-2 NREL Biochemical Process 

 
Source: NREL/TP-5100-47764 

 

Some of the key aspects of this design are that it employs onsite enzyme production and 
uses the organism Zymomonas mobilis for fermentation of the C5 and C6 sugars. 

5.3 MASS AND ENERGY BALANCE 

This NREL techno-economic assessment is by far the most detailed of the reports that are 
available. It is the latest in a series of reports that have been undertaken over the past 
decade. One new feature of the work is a very detailed analysis of the wastewater treatment 
requirements for the process. The chemicals used in the wastewater treatment system (a 
large portion of the caustic shown Table 5-1) have a significant impact on the energy balance 
and the GHG emissions for the process. 

The mass balance data for this biochemical process is summarized Table 5-1. One of the 
attributes of GHGenius is that it has the ability to include many different process chemicals. It 
does not have corn steep liquor or the last four chemicals in this list but all of the other 
chemicals on this list can be included in the modelling. 
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Table 5-1 Mass Balance Biochemical Process 

Input Kg/litre ethanol 

Feedstock (wet)  3.799 

Feedstock (dry) 3.039 

Glucose  0.088 

Caustic  0.082 

Sulphuric acid 0.072 

Corn steep liquor  0.048 

Ammonia  0.043 

Lime  0.033 

Diammonium phosphate 0.005 

Host nutrients  0.002 

Sorbitol 0.002 

Sulphur dioxide 0.001 

Boiler chemicals  0.000 

 

The process employed in the NREL work combusts the non-fermentables and produces 
steam and electricity. About two thirds of the power is used in the process (1.04 kWh/litre 
ethanol) but an additional 0.498 kWh/litre of ethanol is exported to the grid as a credit. As 
noted earlier the exported power is assumed to displace gas fired combined cycle power. 

5.4 LIFECYCLE ENERGY BALANCE 

There are typically two approaches to reporting the lifecycle energy balance, either the total 
energy balance is reported or the fossil energy balance is used. The total energy balance 
includes all sources of energy and the fossil energy balance excludes the energy from 
renewable sources. Both metrics are available in GHGenius and will be presented here. The 
results are compared to those for gasoline and corn ethanol. 

The total energy balance is shown in Table 5-2. It is compared to that of gasoline and 
conventional corn ethanol. The fuel production process has a high energy requirement but 
most of that is supplied by biomass. The co-product credit for the corn stover ethanol is the 
energy used to supply the same amount of power that is sent back to the grid. 

Table 5-2 Total Energy Balance 

Fuel  Gasoline Ethanol 

Feedstock  Crude oil Corn Corn Stover 

 Joules consumed/Joule produced 

Fuel dispensing 0.0040  0.0063  0.0063  
Fuel distribution, storage 0.0108  0.0143  0.0143  
Fuel production 0.1397  0.5149  1.7286  
Feedstock transmission 0.0256  0.0179  0.0263  
Feedstock recovery 0.0980  0.0709  0.0486  
Feedstock Upgrading 0.0029  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.1262  0.0819  
Co-product credits -0.0001  -0.0611  -0.1730  
Total 0.2810 0.6895 1.7330 
EROEI, Joules 
delivered/joules consumed 

3.56 1.45 0.58 

 



 

(S&T)
2
 

   

 ADVANCED BIOFUELS – GHG EMISSIONS AND ENERGY BALANCES 32 

 

The biochemical cellulosic ethanol process has a total energy balance that is not as good as 
conventional corn ethanol. This should not be surprising given that the processing required 
to convert lignocellulosic feedstock is much more severe than converting starch to ethanol 
and the difference in state of development of the two technologies. The feedstock recovery 
energy is lower than corn farming energy since only an additional pass of the harvester is 
required to collect the stover. The feedstock transportation energy is higher due to the lower 
yield and the longer transportation distances. There are still fertilizer energy requirements for 
corn stover since the nutrients in the stover that would otherwise have decomposed to 
provide a portion of the nutrients for the next year’s crop are removed and must be replaced. 

When the fossil energy balance is considered, the biomass energy that is supplied to the 
plant is not included and the energy balance is much improved, but it is only slightly better 
than the existing corn ethanol industry performance. The energy consumed at the plant is 
still relatively high but it is mostly the energy that is embedded in the chemicals that are 
consumed in the production process. The co-product credit energy is also lower because 
some of the grid power is produced by renewable energy.  

Table 5-3 Fossil Energy Balance 

Fuel  Gasoline Ethanol 
Feedstock  Crude oil Corn Corn Stover 

 Joules consumed/Joule produced 

Fuel dispensing 0.0028  0.0044  0.0044  
Fuel distribution, storage 0.0093  0.0139  0.0139  
Fuel production 0.1349  0.4851  0.2948  
Feedstock transmission 0.0222  0.0178  0.0261  
Feedstock recovery 0.0902  0.0704  0.0483  
Feedstock Upgrading 0.0029  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.1230  0.0801  
Co-product credits -0.0001  -0.0574  -0.1218  
Total 0.2621 0.6573 0.3459 
FER, joules 
delivered/joules consumed 

3.81 1.52 2.89 

 

There are large differences in the total and fossil energy balances for the cellulosic ethanol 
but not very much difference for the gasoline and the corn ethanol. This difference is the 
biomass that provides the steam and power for the production process. The plant itself is the 
largest consumer of energy in the lifecycle. This is shown in Figure 5-3. Most of the energy 
used in the plant is embedded in the process chemicals used in the facility.  
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Figure 5-3 Distribution of Fossil Energy Use 
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5.5 LIFECYCLE GHG EMISSIONS 

The lifecycle GHG emissions for the biochemical process are compared to the emissions 
from gasoline and corn ethanol Table 5-4. 

Table 5-4 GHG Emissions Biochemical Ethanol 

Fuel  Gasoline  Ethanol Ethanol 

Feedstock  Crude Oil Corn Corn Stover 

 g CO2eq/GJ 

Fuel dispensing 346  539  539  
Fuel distribution and storage 910  1,109  1,109  
Fuel production 10,860  31,990  29,565  
Feedstock transmission 2,307  1,423  2,085  
Feedstock recovery 5,933  5,258  4,365  
Feedstock upgrading 187  0  0  
Land-use changes, cultivation 15  19,722  0  
Fertilizer manufacture 0  7,599  4,913  
Gas leaks and flares 1,600  0  0  
CO2, H2S removed from NG 0  0  0  
Emissions displaced -8  -14,454  -13,140  
Total 22,151  53,186  29,436  
Fuel Combustion 64,736 2,008                  2,008  
Grand Total 86,887 55,194 31,444  
% Change - -36.5 -63.8 
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The lifecycle GHG emissions for the corn stover biochemical process are 64% lower than 
gasoline and 43% less than corn ethanol. There are some significant differences in the 
emissions of each stage of the lifecycle. A large part of the difference is due to the lack of 
N2O emissions in the corn stover scenario, as the stover is a waste product and removing 
some of it from the field has little impact on soil carbon emissions and no impact on N2O 
emissions. 

In the following section the sensitivity to some of the key input assumptions will be 
investigated. 

5.6 SENSITIVITY ANALYSIS 

Two aspects will be investigated to determine the impact on the lifecycle emissions: the 
quantity of excess power sold and the influence of the quantity of chemicals used in the 
manufacturing process. 

5.6.1 Electric Power 

Almost 25% of the emissions are offset by the export of electricity. The power consumption 
in the plant is about 1 kWh/litre of ethanol. By comparison, the power consumption in a corn 
ethanol plant is about 0.20 kWh/litre and many plants are at less than this level. It is 
expected that power consumption will be higher in a cellulosic ethanol plant. The solids 
loading in the fermenters are about one half the level in a corn ethanol plant, meaning twice 
as much mass must be circulated through the plant. The enzyme production process will use 
power, as will the wastewater treatment process (production steps that may not be required 
in corn ethanol plants). The impact on the lifecycle GHG emissions of changing the power 
available for sale to the grid from zero to 1.25 kWh/litre are shown in Figure 5-4. It can be 
seen that the results are quite sensitive to the quantity of power exported. This situation 
could change region to region, as the carbon intensity of the grid varies and not all regions 
utilize combined cycle natural gas plants as the marginal source of power. 
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Figure 5-4 Sensitivity to Quantity of Exported Power 

 
 
 

5.6.2 Chemical Consumption 

In Table 4-1 it was shown that 0.376 kg of chemicals were required for every litre (0.79 kg) of 
ethanol produced. Most of these chemicals were input into the GHGenius model so that the 
energy and emissions embedded in them could be included in the results. The contribution of 
the individual chemicals to the total emissions is shown in Table 5-5.  

Table 5-5 Chemicals Included in Modelling 

Input Kg/litre 
ethanol 

MJ/kg  g CO2eq/kg g CO2eq/GJ ethanol 

Glucose  0.088 29.0 2,578 9,621 

Caustic soda 0.082 14.0 1,847 6,423 

Sulphuric acid 0.072 2.4 211 644 

Ammonia  0.043 41.7 2,734 4,986 

Lime  0.033 1.8 918 1,285 

Diammonium phosphate 0.005 6.6 633 134 

Yeast 0.004 6.3 1,156 196 

Total    23,289 

 

The caustic soda has the largest impact on the emissions, followed by the glucose and the 
ammonia. The caustic is used in the wastewater treatment area. The glucose is used for 
enzyme production, and the ammonia is used in pretreatment and enzyme production. 

In Figure 5-5, the caustic consumption is varied from 50% to 150% of the design basis.  
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Figure 5-5 Impact of Caustic Consumption on GHG Emissions 

 
 
The production of caustic consumes significant electrical power, so the high carbon intensity 
of the US grid, which has a positive impact on the co-product credit, has a negative impact 
on the production and consumption of caustic. In fact, the power consumption of all of the 
chemicals consumed is 0.32 kWh/litre of ethanol, close to the quantity of the power exported 
to the grid. This is the type of insight that can be obtained from lifecycle analysis. If one looks 
only at the plant, it would appear to be a producer of power as well as ethanol but, when the 
power consumption in all stages of the lifecycle is included, the process may not be a next 
exporter of electric power. 

The glucose is used for the production of enzymes. If the enzyme dosage is reduced, less 
sugar will be required. In Figure 5-6 the glucose consumption is varied from 50% to 150% of 
the design basis. The impact is considerably less than the impact of varying the caustic 
consumption. 
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Figure 5-6 Impact of Glucose Consumption on GHG Emissions 

 
 
The third highest emission chemical used in the production process is ammonia. The impact 
of varying the consumption from 50% of design to 150% of design is shown in Figure 5-7. 
The impact is relatively low. 

Figure 5-7 Impact of Ammonia Consumption on GHG Emissions 
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The chemicals used in the production process have a significant impact on the overall 
lifecycle energy balance and the GHG emissions. The chemicals consume a large quantity of 
electric power, about 60% the power produced as a co-product, and have significant 
amounts of GHG emissions embedded in them. The overall performance is particularly 
sensitive to the quantity of caustic used in the wastewater treatment section of the plant. This 
may be a process area that requires increased research and development. 

5.7 DISCUSSION 

The results shown here may be surprising to some, as this pathway is generally accepted to 
have a very low GHG emissions profile but most of the modelling that has been done in the 
past has not considered the chemicals that are consumed in the process. It can be seen 
from the work here that these actually have a very significant contribution to the emission 
profile. 

The caustic use in the wastewater treatment is a relatively recent change in the NREL 
process and other options are still under consideration. These other options may have lower 
GHG emissions. It may be worthwhile to include the GHG emission impact of the chemicals 
when the wastewater chemical options are evaluated. 

The 2011 NREL report that was used as the basis for this modelling was an update of a 
report that was published in 2002 (NREL, 2002). The 2002 design basis did not use caustic 
soda in the process and did not have as developed a waste water treatment system. It also 
purchased enzymes rather than producing them on site.  

Manufacturing enzymes is an energy and GHG emission intensive process. Nielsen et al 
(2006) published estimates of the environmental impact of enzyme products produced by 
Novozymes in Denmark. This study considered five enzymes, two of which are used in 
ethanol production. The study examined the actual production records for the products 
produced in several facilities. It did not include transportation emissions to the customer. The 
GHG emissions for these products ranged from 1.0 to 10 kg CO2eq/kg of enzymes with the 
average emissions being 5 kg CO2eq/kg of enzymes.  
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6. SYNGAS TO TRANSPORTATION FUELS 

There are a variety of pathways to producing transportation fuels that employ a 
thermochemical process that gasifies the biomass to produce a syngas and then converts 
the syngas to a transportation fuel via a unique pathway. Several of these pathways are 
investigated here. 

6.1 LIFECYCLE DESCRIPTION  

Most of the gasification pathways utilize woody biomass as the feedstock rather than using 
agricultural residues. The lifecycle system is represented in Figure 6-1. Some systems may 
have excess electricity as a co-product but others may not. 

Figure 6-1 System Boundaries – Thermochemical Processes 

 
 

The finished fuel will be transported 200 km by truck to the market. 

6.2 THERMOCHEMICAL ETHANOL PRODUCTION 

The US National Renewable Energy Laboratory has recently (NREL, 2011b) released a 
report that has detailed information on one variation of the thermochemical process and this 
report is used as the basis for the energy balance and GHG modelling undertaken for this 
project. This process is similar in overall concept to the Range Fuels facility that is in the 
Demo plant database. In addition to the Range demo plant, Range constructed a full scale 
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facility in the state of Georgia in the US. Unfortunately, that facility never reached full 
production due to financial problems and is currently closed. 

6.2.1 Process Overview 

The process is shown in Figure 6-2. It has the following components: 

 Feed handling and preparation. The biomass feedstock is dried to 10 wt % moisture 
using hot flue gases from the char combustor and tar reformer catalyst regenerator.  

 Gasification. Biomass is indirectly gasified. Heat for the gasification reactions is 
supplied by circulating olivine

 

sand that is pre-heated in a char combustor and fed to 
the gasifier. Steam is injected into the gasifier to stabilize the flow of biomass and 
olivine through the gasifier. Within the gasifier, biomass thermally deconstructs to a 
mixture of syngas components (CO, H2, CO2, CH4, etc.), tars, and solid char 
containing residual carbon from the biomass and coke deposited on the olivine.  

 Gas Cleanup and Reforming. Syngas cleanup is the reforming of tars, methane, and 
other hydrocarbons followed by cooling, a quench, and scrubbing of the syngas for 
downstream operations. The water gas shift reaction also occurs in the reformer.  

 Alcohol synthesis. Cooled low-pressure syngas enters a six-stage centrifugal 
compressor system where the pressure is increased to approximately 207 bar (3,000 
psi). A sulphide-type mixed alcohol catalyst is packed within the tubes of the reactor. 
Reactions at above 300°C (570°F) convert a portion of the syngas to oxygenate and 
hydrocarbon products. Unconverted syngas and gas-phase by-products flow to an 
acid gas removal system and are then recycled back to the alcohol synthesis section. 

 Alcohol separation. Cooled crude alcohols are de-pressurized and de-gassed in a 
flash separator. The evolved gases are recycled to the gas cleanup section as a feed 
to the tar reformer. The depressurized liquid stream is dehydrated using a molecular 
sieve system. Downstream of the molecular sieve, the dehydrated alcohol stream is 
introduced to the crude alcohol distillation column, which separates methanol and 
ethanol from higher molecular weight alcohols. 

 Heat and power. A conventional steam cycle produces steam for direct injection into 
the gasifier and reformer. Indirect steam is used for distillation, absorption 
refrigeration, and the acid gas strippers in the DEPG and acid gas enrichment units. 
Electricity is generated using two steam turbines, with intermediate reheat, to meet 
the demands of the plant and have some surplus available for sale. 
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Figure 6-2 Process Flow Diagram 

 

Source: NREL/TP-5100-51400 

6.2.2 Mass and Energy Balance 

The mass and energy balance of the system is relatively simple as it is internally energy self-
sufficient. The inputs are summarized in Table 6-1. Far fewer chemicals (0.00032 kg/litre) 
are required for this process compared to the biochemical process (0.376 kg/litre) shown 
earlier. The biomass was assumed to be delivered at 30% moisture in this case, any 
additional energy required to deliver the biomass at this moisture was not considered. 

Table 6-1 Process Inputs 

Input Kg/litre ethanol Kg/litre ethanol 
and methanol 

Kg/GJ ethanol 
and methanol 

Biomass (water-free)  2.87 2.55 111 

Diesel fuel (litres) 0.00110 0.000980 0.0427 

Olivine  0.00084 0.000746 0.0325 

Caustic  0.00062 0.000554 0.0241 

Alcohol synthesis catalyst  0.00030 0.000266 0.0116 

Tar reforming catalyst  0.00019 0.000170 0.0074 

Magnesium oxide (MgO)  0.00011 0.000097 0.0042 

Boiler chemicals  0.00005 0.000046 0.0020 

LO-CAT chemicals  0.00005 0.000044 0.0019 

DEPG makeup  0.00003 0.000025 0.0011 

Cooling tower chemicals  0.00002 0.000016 0.0007 

Amine makeup  0.00000 0.000002 0.0001 
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Not all of these chemicals are included in GHGenius, the modelling will account for only the 
diesel fuel and caustic, as the other inputs are not included in the model. Given the very low 
usage rates this should not introduce significant errors in the analysis. 

The other issue is that this process produces methanol as well as ethanol. The final ethanol 
product represents 88.8% of the mass of methanol and ethanol and 91.1% of the energy of 
the products. 

In GHGenius this process is treated as a mixed alcohol process and both the methanol and 
ethanol are treated as products. The emissions are essentially allocated to each product on 
the basis of the energy content. Alternative co-product treatments could be employed that 
would have a significant impact on the results. It could be assumed that the methanol was 
used to displace methanol produced from natural gas and those emissions would be shown 
as a co-product credit. This treatment would improve the energy balance and GHG 
emissions profile for ethanol, but not change the overall emissions from the production 
system. 

6.2.3 Lifecycle Energy Balance 

The total energy balance is shown in Table 6-2. It is compared to that of gasoline and 
conventional corn ethanol. The fuel production process has a high energy requirement but 
most of that is supplied by biomass. 

Table 6-2 Total Energy Balance – Thermochemical Ethanol 

Fuel  Gasoline Ethanol 

Feedstock  Crude oil Corn Wood Residues 

 Joules consumed/Joule produced 

Fuel dispensing 0.0040  0.0063  0.0064  
Fuel distribution, storage 0.0108  0.0143  0.0147  
Fuel production 0.1397  0.5149  1.1681  
Feedstock transmission 0.0256  0.0179  0.0285  
Feedstock recovery 0.0980  0.0709  0.0115  
Feedstock Upgrading 0.0029  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.1262  0.0000  
Co-product credits -0.0001  -0.0611  0.0000  
Total 0.2810 0.6895 1.2291 
EROEI, Joules 
delivered/joules consumed 

3.56 1.45 0.81 

 

The thermochemical cellulosic ethanol process has a total energy balance that is not as 
good as conventional corn ethanol. The gasification step has a relatively high efficiency of 
74.3% but the overall plant efficiency is only 46.5%. The electric power usage is quite high in 
this process, 2.21 kWh/litre of ethanol produced, but all of this is generated from the biomass 
fed into the process. 

When the fossil energy balance is considered, the biomass energy that is supplied to the 
plant is not included and the energy balance is much improved and is much better than the 
existing corn ethanol industry performance and the gasoline performance.  
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Table 6-3 Fossil Energy Balance – Thermochemical Ethanol 

Fuel  Gasoline Ethanol 
Feedstock  Crude oil Corn Wood Residues 

 Joules consumed/Joule produced 

Fuel dispensing 0.0028  0.0044  0.0045  
Fuel distribution, storage 0.0093  0.0139  0.0143  
Fuel production 0.1349  0.4851  0.0025  
Feedstock transmission 0.0222  0.0178  0.0283  
Feedstock recovery 0.0902  0.0704  0.0114  
Feedstock Upgrading 0.0029  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.1230  0.0000  
Co-product credits -0.0001  -0.0574  0.0000  
Total 0.2621 0.6573 0.0610 
FER, Joules 
delivered/joules consumed 

3.81 1.52 16.40 

 

As with the biochemical ethanol pathway, there are large differences in the total and fossil 
energy balances for the cellulosic ethanol but not very much difference for the gasoline and 
the corn ethanol. The system is a significant displacer of fossil energy, as shown in Figure 6-
3. 

Figure 6-3 Fossil Energy Use by Stage 

 

6.2.4 Lifecycle GHG Emissions 

The lifecycle GHG emissions for the thermochemical process are compared to the emissions 
from gasoline and corn ethanol Table 6-4. 
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Table 6-4 GHG Emissions Thermochemical Ethanol 

Fuel  Gasoline  Ethanol Ethanol 

Feedstock  Crude Oil Corn Wood Residues 

 g CO2eq/GJ 

Fuel dispensing 346  539  555  
Fuel distribution and storage 910  1,109  1,139  
Fuel production 10,860  31,990  2,797  
Feedstock transmission 2,307  1,423  2,259  
Feedstock recovery 5,933  5,258  1,029  
Feedstock upgrading 187  0  0  
Land-use changes, cultivation 15  19,722  0  
Fertilizer manufacture 0  7,599  0  
Gas leaks and flares 1,600  0  0  
CO2, H2S removed from NG 0  0  0  
Emissions displaced -8  -14,454  0  
Total 22,151  53,186  7,778  
Fuel Combustion 64,736 2,008 2,008 
Grand Total 86,887 55,194 9,786 
% Change - -36.5 -88.7 

 

The GHG performance of this process is very good. 

6.2.5 Sensitivity Analysis 

With the low chemical input and the lack of external energy, this process is not very sensitive 
to changes in the input parameters. In Figure 6-4 the GHG emissions as a function of the 
yield are shown. Here the feedstock requirement is changed from 100 to 200 kg/GJ 
(approximately the design yield to one half of the design yield) of fuel produced. Low yield of 
liquid products could result in more power being available for export, so a single variable 
sensitivity analysis does not always present a complete picture. However, in this case the 
impact is marginal showing the low impact of the feedstock collection and transportation 
energy use and emissions on the overall process. 
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Figure 6-4 GHG Emissions as a Function Yield 
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Instead of using logging residues there is the potential that short rotation forestry plantations 
could be used to produce the feedstock. There are default assumptions regarding this 
production system in GHGenius. Using these defaults, the GHG emissions for logging 
residue and short rotation forestry are compared Table 6-5. 
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Table 6-5 GHG Emissions Thermochemical Ethanol – Feedstock Dependence 

Fuel  Gasoline  Ethanol Ethanol 

Feedstock  
Crude Oil Wood Residues Short Rotation 

Forestry 

 g CO2eq/GJ 

Fuel dispensing 346  555  556  
Fuel distribution and storage 910  1,139  1,140  
Fuel production 10,860  2,797  2,797  
Feedstock transmission 2,307  2,259  2,259  
Feedstock recovery 5,933  1,029  4,546  
Feedstock upgrading 187  0  0  
Land-use changes, cultivation 15  0  4,760  
Fertilizer manufacture 0  0  2,182  
Gas leaks and flares 1,600  0  0  
CO2, H2S removed from NG 0  0  0  
Emissions displaced -8  0  0  
Total 22,151  7,778  18,239  
Fuel Combustion 64,736 2,008 2,008 
Grand Total 86,887 9,786 20,247  
% Change - -88.7 -76.7 

 

There are increased emissions associated with short rotation forestry, as these stands are 
fertilized and they must be harvested. These additional activities double the GHG emissions 
compared to the use of roadside residues, but the overall GHG emissions are still quite low, 
offering a 76.4% reduction compared to gasoline. 

This pathway is a significant consumer of electricity using 2.21 kWh/litre of ethanol produced. 
It is an order of magnitude higher than the power consumption of a corn ethanol plant. This 
power is self-generated so there is no net power consumption but what if either more power 
is required or less power can be produced? Alternatively, there could be some power 
available for export to the grid. In Figure 6-5 the impact of having the power balance off by 
0.5 to –0.5 kWh/litre (~22 kWh/GJ to –22 kWh/GJ) is shown. 
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Figure 6-5 Impact of an Imbalance in Power Supply/Demand 
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It is apparent from the figure that the power balance is a critical component of the lifecycle 
emissions. If the power demand is greater than forecast, this has a significant negative 
impact on the GHG emissions. 

6.2.6 Discussion 

With the low external electric power consumption of this pathway, the GHG emissions will 
not vary significantly from one region to another region. 

This concept can generate a renewable fuel with low GHG emissions. One of the few 
downsides to this concept is that it produces methanol as well as ethanol. Methanol is not an 
ideal transportation fuel but there are significant markets for methanol, including for the 
production of biodiesel, and a supply of renewable methanol may be welcomed by the 
market. 

In addition to Range Fuel, Enerkem is developing variations on this process. The Enerkem 
system utilizes different processes to convert the syngas to ethanol. They first produce 
methanol, convert the methanol to ethyl acetate, and then hydrogenate the ethyl acetate to 
ethanol. They claim high yields but the process does not produce excess electricity and the 
gasifier is oxygen blown; both of these variances will increase the GHG emissions. 

6.3 SYNGAS TO DISTILLATES 

Syngas can be converted to distillates rather than to ethanol. Sasol has practiced this 
process for decades in South Africa using coal as the feedstock. In recent years there has 
been interest in using biomass as the feedstock and companies such as Choren in Germany 
have developed pilot and demo plants. There are also other companies developing 
production schemes using similar technologies, including NSE Biofuels OY in Finland, 

http://www.enerkem.com/en/home.html
http://www.sasol.com/sasol_internet/frontend/navigation.jsp?navid=16200001&rootid=2
http://www.choren.com/en/
http://www.storaenso.com/products/product-stories/2009/Pages/nse-biofuels-joint-venture.aspx
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Flambeau River Biofuels Inc. in the United States, and others are researching various 
improvements in the technologies. This is one of the NABC process strategies. 

NREL, in collaboration with Iowa State University and ConocoPhillips, have also published a 
techno-economic assessment of this technology (2010b) and this is used for the basis of the 
analysis here. The analysis was based on corn stover, but a corn stover to FT distillate 
pathway is not included in GHGenius, so the data has been adapted to a wood pathway 
(assuming the same overall efficiency). The system boundary is shown in Figure 6-6. 

Figure 6-6 System Boundaries – Wood to FT Distillate 

 

6.3.1 Process Overview 

NREL considered high and low temperature options. Both will be considered here to 
investigate the differences. The high-temperature (HT) or slagging scenario is a 2,000 dry 
metric tonne per day corn stover-fed gasification biorefinery that produces naphtha-range 
and distillate-range liquid fractions to be used as blend stock for gasoline and diesel, 
respectively, as well as electricity for export. It is based on pressurized, oxygen-blown, 
entrained-flow gasification. In Figure 6-7 the process flow diagram for the high temperature 
scenario is shown. 

http://frbiofuels.com/
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Figure 6-7 Process Flow Diagram – High Temperature Option 

 
Source: NREL/TA-6A20-46587 
 

The low-temperature (LT) or dry-ash scenario is based on a pressurized, oxygen/steam-
blown fluidized-bed gasifier developed by Gas Technology Institute. The rest of the process 
is similar except for the operating conditions, which yields different overall performance. The 
same basic assumptions used for the thermochemical ethanol analysis will be used. From 
the processing plant the distillate is also shipped by truck. The fuel that is produced will be 
shipped 200 km to the market by truck.  

6.3.2 Mass and Energy Balance 

The mass and energy balance information required for modelling is summarized Table 6-6. 
Both the high and low temperature options are shown. The NREL information is based on 
gallons of gasoline equivalent. This has been converted to litres of FT Distillate here. The 
biomass was considered to be delivered at 50% moisture in the NREL study. 

Table 6-6 Process Inputs 

Input High Pressure Low Pressure 

Biomass (dry weight) 4.22 kg/litre 5.45 kg/litre 

Power sold, kWh/litre 1.05 kWh/litre 1.63 kWh/litre 

Power used, kWh/litre 1.5 kWh/litre 1.35 kWh/litre 

Diesel fuel, litre/litre 0.00063 0.00063 

Caustic, kg/litre 0.00032 0.00032 

 

The overall efficiency of the HT process is 53% vs. the LT plant’s 43% efficiency. The NREL 
analysis for this system is not as detailed as the thermochemical ethanol analysis and there 
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is no information on the chemical usage or diesel fuel requirements. We will assume that the 
same diesel and caustic requirements apply here. 

6.3.3 Lifecycle Energy Balance 

The total energy balances for the two variants are shown Table 6-7. They are compared to 
that of diesel fuel. The fuel production process has a high energy requirement but almost all 
of that is supplied by biomass. 

Table 6-7 Total Energy Balance – FT Distillate 

Fuel  Diesel FT Distillate 

  HT Process LT Process 

Feedstock  Crude oil Wood Residue Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0041  0.0040  0.0040  
Fuel distribution, storage 0.0110  0.0090  0.0090  
Fuel production 0.1394  1.2730  1.9365  
Feedstock transmission 0.0259  0.0297  0.0384  
Feedstock recovery 0.0993  0.0120  0.0155  
Feedstock Upgrading 0.0030  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.0000  0.0000  
Co-product credits -0.0001  -0.2365  -0.3672  
Total 0.2826 1.0911 1.6361 
EROEI, joules 
delivered/joules consumed 

3.54 0.92 0.61 

 

The two biomass to liquids plants have total energy balances that are not as good as 
conventional diesel fuel. In the HT version, the gasification step has a relatively high 
efficiency of 82% but the overall plant efficiency is only 53% and for the LT version the 
gasifier efficiency is only 64% and the overall efficiency is 43%.  

When the fossil energy balance is considered, the biomass energy that is supplied to the 
plant is not included and the energy balance is much improved and is much better than the 
existing diesel performance. The negative numbers indicate that more energy is produced 
than consumed. While this is against the laws of thermodynamics, it is a function of the 
accounting approach. The energy credit for the power produced considers the total energy 
required to produce the electric power and, since the efficiency is much higher with this 
system than it is in the existing grid, this creates the appearance of more energy being 
produced than consumed. This makes the FER calculation meaningless. 
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Table 6-8 Fossil Energy Balance – FT Distillate 

Fuel  Diesel FT Distillate 

  HT Process LT Process 

Feedstock  Crude oil Wood Residue Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0029  0.0028  0.0028  
Fuel distribution, storage 0.0094  0.0088  0.0088  
Fuel production 0.1346  0.0116  0.0116  
Feedstock transmission 0.0225  0.0296  0.0382  
Feedstock recovery 0.0914  0.0119  0.0154  
Feedstock Upgrading 0.0029  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.0000  0.0000  
Co-product credits -0.0001  -0.1678  -0.2605  
Total 0.2636 -0.1031 -0.1837 
FER, joules 
delivered/joules consumed 

3.79 - - 

 

This pathway is a good example of the role that co-products can play in the overall system 
energy balances. The system produces not only FT Distillate but also electricity. In fact, more 
fossil energy is displaced by the co-product power than fossil energy is consumed in the 
entire lifecycle. This produces a “negative” energy balance. Of course, energy cannot be 
created through any process and it is only the substitution of biomass energy for fossil 
energy that provides this result. Also note that the lower efficiency LT process (more 
biomass required per litre of fuel and a poorer total energy balance) provides a better fossil 
energy balance than the higher efficiency HT process. 

6.3.4 Lifecycle GHG Emissions 

The lifecycle GHG emissions for the FT from biomass process are compared to the 
emissions from diesel fuel from crude oil Table 6-9. 
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Table 6-9 GHG Emissions – FT Distillate 

Fuel  Diesel FT Diesel - HT FT Diesel - LT 

Feedstock  Crude Oil Wood Residue Wood Residue 

 g CO2eq/GJ 

Fuel dispensing 351  342  342  

Fuel distribution and storage 922  699  699  

Fuel production 10,390  3,646  4,415  

Feedstock transmission 2,337  2,359  3,047  

Feedstock recovery 6,001  1,075  1,388  

Feedstock upgrading 189  0  0  

Land-use changes, cultivation 15  0  0  

Fertilizer manufacture 0  0  0  

Gas leaks and flares 1,598  0  0  

CO2, H2S removed from NG 0  0  0  

Emissions displaced -8  -21,797  -33,837  

Total 21,796  -13,675  -23,945  

Fuel Combustion 70,276 1,728 1,728 

Grand Total 92,072 -11,947  -22,217  

% Change  -113.0 -124.1 

 

The appearance of negative emissions is again a function of the high emissions displaced by 
the power that is exported from the plant. The LT system has better GHG emissions 
performance than the HT system (due to producing more electricity per unit of fuel produced) 
but the HT system produces much more fuel than the LT system and has better actual 
process efficiency. 

6.3.5 Sensitivity Analysis 

The energy balance and GHG emission performance is most sensitive to the quantity of 
electric power that is available for sale. In Figure 6-8 the performance of the LT system is 
shown as the power sold drops from the base case to zero. 
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Figure 6-8 Sensitivity of LT Case to Power Sold 
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Even in the case where the plants use about twice as much power and have none for sale, 
the GHG emission performance is still very good. The sensitivity of the GHG emissions to 
the quantity of power sold is obvious, as the change in the power consumption shown above 
has a GHG impact of 35 g/MJ on the lifecycle impact, almost 40% of the emissions from the 
fossil diesel fuel. 

While the feedstock requirement is very similar to other estimates for this technology, 
including estimates made by Choren, Figure 6-9 shows the impact of changing the liquid 
yield (keeping the power yield constant, although this is an unlikely scenario). 
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Figure 6-9 Sensitivity of LT Case to Liquids Yield 
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It can be seen that the impact of the feedstock requirement on the GHG emissions is quite 
small. This is due to the low carbon intensity of the feedstock supply system. 

6.3.6 Discussion 

From a GHG emissions and energy balance perspective this is an attractive pathway. The 
good performance will vary somewhat with location, as part of the good performance is due 
to the credit that is received for displacing grid power. In regions where the grid has a low 
carbon intensity the credit received will be lower. The techno-economic analysis undertaken 
by NREL identifies capital cost and, to a lesser degree, feedstock cost as the primary 
barriers for this technology. 

6.4 SYNGAS TO GASOLINE 

It is possible to produce other fuels from syngas besides ethanol and FT distillates. In the 
1980s, Mobil operated a methanol to gasoline plant in New Zealand that was technically 
successful, but was ultimately closed due to economics. The plant was based on technology 
that was originally developed in the 1970s. In recent years there has been interest in “drop-
in” fuels produced from biomass as the ethanol blend wall and technical issues with higher 
level methyl ester blends arise. One drop in fuel could be gasoline produced from biomass 
derived syngas. 

NREL (2011c) published a techno-economic assessment of the process building on the work 
that had been done on the thermochemical ethanol production system. Haldor-Topsoe, Core 
Biofuel Inc., and Primus Green Energy are all developing similar processes.  

http://www.topsoe.com/business_areas/gasification_based/Processes/Gasoline_TIGAS.aspx
http://www.corebiofuel.com/index.html
http://www.corebiofuel.com/index.html
http://www.primusge.com/
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6.4.1 Lifecycle Description  

The feedstock used for this process is wood, so the lifecycle system is identical to that 
shown in Figure 6-6, the wood to FT distillate process, with the exception that in the design 
case there is no surplus electrical power. Identical assumptions regarding feedstock 
transportation and product distribution are made. 

6.4.2 Process Overview 

The front end of the process is similar to the thermochemical ethanol process but from the 
syngas clean-up stage onwards the process is different. The process flow diagram is shown 
in Figure 6-10.  

Figure 6-10 Biomass to Gasoline Process 

 
Source: NREL/TP-5100-47594 

 

The process has the following components: 

 Feed handling and preparation. The biomass feedstock is dried to 10 wt % moisture 
using hot flue gases from the char combustor and tar reformer catalyst regenerator.  

 Gasification. The gasifier used in this analysis is a low-pressure indirectly-heated 
circulating fluidized bed (CFB) gasifier. Heat for the gasification reaction is supplied 
by circulating olivine

 

sand that is pre-heated in a char combustor and fed to the 
gasifier. Steam is injected into the gasifier to stabilize the flow of biomass and olivine 
through the gasifier. Within the gasifier, biomass thermally deconstructs to a mixture 
of syngas components (CO, H2, CO2, CH4, etc.), tars, and solid char containing 
residual carbon from the biomass and coke deposited on the olivine.  

 Gas Cleanup and Reforming. Syngas cleanup is the reforming of tars, methane, and 
other hydrocarbons followed by cooling, a quench, and scrubbing of the syngas for 
downstream operations. The water gas shift reaction also occurs in the reformer.  
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 Methanol synthesis. The cleaned and conditioned syngas is converted to methanol in 
a fixed bed reactor containing a copper/zinc oxide/alumina catalyst. The mixture of 
methanol and unconverted syngas is cooled through heat exchange with the steam 
cycle and other process streams. The liquid methanol is recovered by condensing it 
and separating the liquids from the residual syngas. Almost 87-wt % of the 
unconverted syngas is recycled back to the entrance of the synthesis reactor. This is 
one difference between the BTG process and the thermochemical ethanol method, 
which had no direct recycle to the synthesis reactor. 

 Methanol Conditioning. The vapour-phase product from the synthesis reactor must 
be cooled to recover the methanol and to allow unconverted syngas and any inert 
gaseous species (CO2, CH4) to be recycled or purged. 

 Methanol to Gasoline Conversion. In the methanol-to-gasoline (MTG) process, 
methanol is reacted over a ZSM-5 zeolite catalyst. Prior to conversion, the crude 
methanol from the intermediate storage tank is pumped into the MTG process to 
raise the liquid pressure. The methanol is then passed over the ZSM-5 zeolite 
catalyst in a fluidized bed reactor. The reactor has a riser, a disengaging vessel, and 
cyclones located above the fluidized bed. In the fluidized bed reactor, the catalyst is 
continuously withdrawn and regenerated by partially burning off some of the coke. 

 Gasoline Finishing. The separation of the gasoline mixture is similar to a typical 
gasoline refinery finishing section.  

In addition to gasoline, some LPG is also produced as a co-product. The system produces its 
own electricity and is self-sufficient in power; there is no power available to export to the grid. 
The gasifier efficiency is 75.3% and the overall plant efficiency is 42.6%. 

6.4.3 Mass and Energy Balance 

The mass and energy balance information required for modelling is summarized Table 6-10. 
The power is produced internally but it is shown here for comparison to some of the other 
systems and the impact of a supply/demand imbalance will be investigated in the sensitivity 
section. The biomass was considered to be delivered at 50% moisture in the NREL study. 

Table 6-10 Process Inputs – BTG Process 

Input Low Pressure 

Biomass, kg/litre gasoline 4.36  

Power used, kWh/litre gasoline 1.98  

Diesel fuel, litre/litre gasoline 0.0022 

Caustic, kg/litre gasoline 0.006 

Output  

LPG produced, litre/litre gasoline 0.168  

 

Significant quantities of LPG are co-produced with the gasoline. 

6.4.4 Lifecycle Energy Balance 

The total energy balances for the process and for gasoline derived from crude oil are shown 
Table 6-11. The fuel production process has a high energy requirement but almost all of that 
is supplied by biomass. 
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Table 6-11 Total Energy Balance – BTG 

Fuel  Gasoline Biomass to Gasoline 

Feedstock  Crude oil Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0040  0.0040  
Fuel distribution, storage 0.0108  0.0103  
Fuel production 0.1397  1.4603  
Feedstock transmission 0.0256  0.0323  
Feedstock recovery 0.0980  0.0130  
Feedstock Upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  -0.0141  
Total 0.2810 1.5057 
EROEI, joules 
delivered/joules consumed 

3.56 0.66 

 

When the fossil energy balance is considered, the biomass energy that is supplied to the 
plant is not included, and the energy balance is much improved and is much better than the 
existing gasoline performance.  

Table 6-12 Fossil Energy Balance – BTG 

Fuel  Gasoline Biomass to Gasoline 

Feedstock  Crude oil Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0028  0.0028  
Fuel distribution, storage 0.0093  0.0099  
Fuel production 0.1349  0.0063  
Feedstock transmission 0.0222  0.0320  
Feedstock recovery 0.0902  0.0129  
Feedstock Upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  -0.0129  
Total 0.2621 0.0510 
FER, joules 
delivered/joules consumed 

3.81 19.60 

 

6.4.5 Lifecycle GHG Emissions 

The lifecycle GHG emissions for the gasoline from biomass process are compared to the 
emissions from gasoline from crude oil Table 6-13. 
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Table 6-13 GHG Emissions Biomass to Gasoline 

Fuel  Gasoline Biomass to Gasoline 

Feedstock  Crude Oil Wood Residue 

 g CO2eq/GJ 

Fuel dispensing 346  347  
Fuel distribution and storage 910  792  
Fuel production 10,860  3,469  
Feedstock transmission 2,307  2,557  
Feedstock recovery 5,933  1,165  
Feedstock upgrading 187  0  
Land-use changes, cultivation 15  0  
Fertilizer manufacture 0  0  
Gas leaks and flares 1,600  0  
CO2, H2S removed from NG 0  0  
Emissions displaced -8  -8,834  
Total 22,151  -504  
Fuel Combustion 64,736 2,334 
Grand Total 86,887 1,830  
% Change - -97.9 

 

The emissions are very low and the bio-LPG that is produced offsets most of the emissions 
from the harvesting and processing steps. The bio-LPG credit includes the emissions 
avoided from the production and the CO2 from the use of fossil LPG. The methane and N2O 
emissions from the bio-LPG are still considered. 

6.4.6 Sensitivity Analysis 

The sensitivity of the results to three parameters are investigated here, power 
consumed/produced, LPG yield, and the overall process yield. 

The system that has been modelled is self-sufficient in electrical power, producing as much 
as it consumes. The impact of this balance being upset by 1 kWh/litre either way is shown in 
Figure 6-11. It is apparent that the emissions are quite sensitive to the power balance issue. 
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Figure 6-11 Sensitivity to Electricity Balance 
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The one co-product that is produced from the basic system modelled is LPG. In the 
modelling it is assumed that it displaces fossil LPG and the emissions from the production 
and use of the fossil LPG are a co-product credit for the bio LPG. Figure 6-12 shows the 
impact of changing the quantity of LPG produced from 0 to 150% of the design value of 
0.168 litre LPG/litre of gasoline. The impact is not as large as the impact of the electricity but 
it is still significant. 
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Figure 6-12 Impact of LPG Production Rate on GHG Emissions 
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Finally, the impact of gasoline yield on GHG emissions is investigated. The yield is changed 
from one litre from 4.36 kg of biomass to 1 litre from 6 kg of biomass. All other parameters 
are kept the same, which is an unlikely assumption. Lower gasoline yield would likely lead to 
higher LPG production or more surplus power. 
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Figure 6-13 Impact of Feedstock Requirements 
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The impact of feedstock requirements on GHG emissions is quite low, the power balance 
and LPG production rate are much more significant parameters. 

6.4.7 Discussion 

This biomass to gasoline pathway has a number of attractive features. It produces a “drop-in” 
fuel, it has low GHG emissions, and part of the process has been demonstrated at a 
commercial scale. Like many of the other thermo-chemical pathways, the biomass 
gasification stage is a critical parameter for the overall success and that stage has not been 
demonstrated at commercial scale yet. Haldor Topsøe have plans to operate a 1 tonne/day 
integrated pilot plant in Texas starting in 2012. 

6.5 SYNGAS TO DME 

Dimethyl Ether (DME) has been proposed as a fuel for heavy-duty compression engines. It is 
currently manufactured from natural gas and coal but one demonstration plant is now in 
operation in Sweden that converts black liquor from a pulp mill into DME for transportation 
fuel use. The Swedish project also involves a demonstration fleet of 14 Volvo trucks 
operated on the fuel. 

The syngas generation for the plant is based on Chemrec’s black liquor gasification 
technology. The BioDME synthesis and upgrading technology is provided by Haldor Topsøe 
A/S. The first BioDME was produced in July 2011. There are plans to build a 100,000 tpa 
plant at another pulp mill in Sweden. 

Some information is available on the overall design efficiency of the operation from the 
developers but no public information has been released since the plant has been in 
operation. 

http://www.chemrec.se/The_world%27s_first_BioDME_plant_being_built_by_Chemrec.aspx
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6.5.1 Lifecycle Description  

In order to make for an easier comparison to the other fuels study, a plant that gasifies 
logging residues will be modelled rather than the black liquor gasification plant that is in 
actual operation. The lifecycle will therefore be the same as shown in Figure 6-5, again with 
the exception of no surplus electrical power in the design case. 

6.5.2 Process Overview 

The Chemrec/Haldor Topsøe process is shown in Figure 6-14. The Chemrec gasifier is a 
pressurized oxygen blown unit. 

Figure 6-14 Biomass to DME Process 

 
Source: Chemrec 

6.5.3 Mass and Energy Balance 

Detailed process information for the production of DME is not available but some information 
has been published. An overall biomass to liquids efficiency of 69% was used for this system 
in the LCA analysis that was undertaken for the RENEW project in Europe (ESU, 2007). In 
another 2007 presentation, Chemrec (Landalv, 2007) claimed that the energy efficiency of 
the syngas to DME portion of the process was 81.5%. This would suggest a gasifier 
efficiency of 84.7%, which is close to the 82% gasifier efficiency for the high temperature 
oxygen blown gasifier design used by NREL in their FT Distillate analysis. 

The efficiencies reported above will not include the electric power requirements, which are 
expected to be relatively high as the air separation unit has a high power demand. For 
modelling, we will assume that the power is generated from biomass and that the overall 
system efficiency is 55%. The modelling assumptions are shown Table 6-14. 
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Table 6-14 Process Inputs – Biomass to DME 

Input  

Biomass, kg/litre DME 1.96  

Diesel fuel, litre/litre DME 0.0011 

Caustic, kg/litre DME 0.003 

 

No charge has been applied for the black liquor or weak wash, nor credit provided for the 
green liquor returned to the mill. 

6.5.4 Lifecycle Energy Balance 

The total energy balances for the process and for diesel derived from crude oil are shown 
Table. The fuel production process has a high energy requirement but almost all of that is 
supplied by biomass. The higher efficiency modelled for this process compared to biomass 
to gasoline is evident in the table. 

Table 6-15 Total Energy Balance –  Biomass to DME 

Fuel  Diesel Biomass to DME 

Feedstock  Crude oil Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0041  0.0059  
Fuel distribution, storage 0.0110  0.0147  
Fuel production 0.1394  0.8383  
Feedstock transmission 0.0259  0.0241  
Feedstock recovery 0.0993  0.0097  
Feedstock Upgrading 0.0030  0.0000  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  0.0000  
Total 0.2826 0.8928 
EROEI, joules 
delivered/joules consumed 

3.54 1.12 

 

When the fossil energy balance is considered, the biomass energy that is supplied to the 
plant is not included and the energy balance is much improved and is much better than the 
existing diesel performance. Here, the process energy requirements account for just 20% of 
the lifecycle energy, with the rest being accounted for by feedstock collection and transport 
(52%) and product distribution and dispensing (28%). 
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Table 6-16 Fossil Energy Balance – Biomass to DME 

Fuel  Diesel Biomass to DME 

Feedstock  Crude oil Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0029  0.0042  
Fuel distribution, storage 0.0094  0.0143  
Fuel production 0.1346  0.0052  
Feedstock transmission 0.0225  0.0240  
Feedstock recovery 0.0914  0.0097  
Feedstock Upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  0.0000  
Total 0.2636 0.0574 
FER, joules 
delivered/joules consumed 

3.79 17.43 

6.5.5 Lifecycle GHG Emissions 

The lifecycle GHG emissions are shown Table 6-17 and compared to those of diesel fuel. 
The overall reduction is over 90%. 

Table 6-17 GHG Emissions Biomass to DME 

Fuel  Diesel Biomass to DME 

Feedstock  Crude Oil Wood Residue 

 g CO2eq/GJ 

Fuel dispensing 351  512  
Fuel distribution and storage 922  1,134  
Fuel production 10,390  2,649  
Feedstock transmission 2,337  1,915  
Feedstock recovery 6,001  872  
Feedstock upgrading 189  0  
Land-use changes, cultivation 15  0  
Fertilizer manufacture 0  0  
Gas leaks and flares 1,598  0  
CO2, H2S removed from NG 0  0  
Emissions displaced -8  0  
Total 21,796  7,082  
Fuel Combustion 70,276 1,681 
Grand Total 92,072 8,763  
% Change - -90.5 

 

6.5.6 Sensitivity Analysis 

Figure 6-15 shows the impact of yield on the GHG emissions. As long as the plant is self-
sufficient in electricity, the yield does not significantly influence the GHG emissions. 
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Figure 6-15 Impact of Yield on GHG Emissions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The system is much more sensitive to the assumption about electric power consumption. 
The increase in emissions when the plant is not self-sufficient in electric power is shown 
below. 

Figure 6-16 Impact of Power on GHG Emissions 
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6.6 DISCUSSION SYNGAS PATHWAYS 

All of the syngas pathways examined have good GHG emissions performance, as shown 
Table 6-18. Two different types of gasifiers were used in the analyses: an oxygen blown unit 
and an indirectly heated fluid bed system. The oxygen blown system has higher efficiency 
but, as long as the systems are self-sufficient in electric power, the system efficiency doesn’t 
have a large impact on the GHG emission performance. The capital and operating costs will 
be impacted by system efficiency. 

Table 6-18 Comparison of Syngas Pathways 
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 g CO2eq/GJ 

Fuel dispensing 346  555  347  351  342  512  
Fuel distribution and storage 910  1,139  792  922  699  1,134  
Fuel production 10,860  2,797  3,469  10,390  3,646  2,649  
Feedstock transmission 2,307  2,259  2,557  2,337  2,359  1,915  
Feedstock recovery 5,933  1,029  1,165  6,001  1,075  872  
Feedstock upgrading 187  0  0  189  0  0  
Land-use changes, cultivation 15  0  0  15  0  0  
Fertilizer manufacture 0  0  0  0  0  0  
Gas leaks and flares 1,600  0  0  1,598  0  0  
CO2, H2S removed from NG 0  0  0  0  0  0  
Emissions displaced -8  0  -8,834  -8  -21,797  0  
Total 22,151  7,778  -504  21,796  -13,675  7,082  
Fuel Combustion 64,736 2,008 2,334 70,276 1,728 1,681 
Grand Total 86,887 9,786 1,830  92,072 -11,947  8,763  
% Change - -88.7 -97.9 -  -113.0 -90.5 

 

All of the pathways are also sensitive to the assumption that they can generate all of their 
power requirements internally from the biomass that is gasified. Many of these systems use 
considerable amounts of electric power compared to commercial biofuel processes. The 
GHG emissions can deteriorate quite quickly if they need to import power from the grid or, in 
the case of the FT Distillate, have no power available for export to the grid. 
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7. FUELS FROM PYROLYSIS OILS 

Fuels produced from pyrolysis oils are being pursued by companies such as Kior, Inc. and 
Envergent Technologies, but they are not included in the Task 39 demo plant database. 
Some information on the technologies is available in the public domain. A demonstration 
project to upgrade pyrolysis oils to transportation fuels is underway in Hawaii (US DOE, 
2010). This project will process one ton per day of biomass into transportation fuels. The 
primary technology participants are UOP and Ensyn (Envergent owners). The Ensyn RTP™ 
technology will be used for the production of pyrolysis oils and the upgrading technology is 
being supplied by UOP. Kior is expected to have a commercial plant operating in 2012, so 
the pathway has been investigated here. This is one of the NABC process strategies. 

7.1 LIFECYCLE DESCRIPTION 

There are two techno-economic reports that have been released recently on the production 
and upgrading of pyrolysis oils to transportation fuels. A report from Pacific Northwest 
National Laboratory (Jones et al, 2009) and a report from the National Renewable Energy 
Laboratory (NREL, 2010). The Jones report assumed a wood feedstock and has the most 
complete process description and mass balance. The NREL report was a collaboration with 
Iowa State and ConocoPhillips and was based on corn stover feedstock and has a less 
detailed mass and energy balance. Both reports and information obtained for the 
development of GHGenius have been used to develop the mass and energy balance data for 
this modelling. 

The lifecycle that is studied is very similar to the biochemical system except that there is no 
surplus electricity generated. There is some char and in some cases some fuel gas that is 
produced as a co-product. The system is shown in Figure 7-1. If wood is the feedstock then 
some drying will be required and the quantity of fuel gas available will decline.  

http://www.kior.com/
http://www.envergenttech.com/
http://www.uop.com/
http://www.ensyn.com/
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Figure 7-1 System Boundaries – Pyrolysis Oil 

 

7.2 PROCESS OVERVIEW 

The process is really a two stage process; the biomass feedstock is pyrolyzed to produce a 
bio-oil, char, and some fuel gas. The oil is then hydrotreated quite severely to produce 
gasoline and diesel fuel blending components. The process schematic is shown in Figure 7-
2. 
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Figure 7-2 Upgraded Pyrolysis Oil Process 

 
Source: NREL/TP-6A20-46586 

 

Biomass with 25% moisture content is dried to 7% moisture and ground to 3-mm-diameter 
size prior to being fed into a fluid bed pyrolyzer operating at 480°C and atmospheric 
pressure. Standard cyclones remove solids consisting mostly of char particles entrained in 
the vapours exiting the pyrolyzer. Vapours are condensed in indirect contact heat 
exchangers, yielding liquid bio-oil that can be safely stored at ambient conditions but need to 
be upgraded before they can be used as transportation fuels. Non-condensable gases are 
recycled to the pyrolysis reactor after being combusted to provide process heat. 

In order to produce transportation fuels, the bio-oils need to be upgraded. The upgrading 
process considered is a two stage bio-oil hydrotreating and hydrocracking. Hydrotreating and 
hydrocracking (hydroprocessing) are commonly employed in the petroleum industry to 
remove undesired compounds such as sulphur from crude oil and to break large 
hydrocarbon molecules to produce clean naphtha and diesel. Bio-oil typically contains 
significant quantities of oxygenated compounds that are undesirable for combustion in 
vehicle engines. Hydrotreating can convert oxygen found in bio-oil to water and carbon 
dioxide molecules, leaving hydrocarbons that are suitable for internal combustion engines. 
Complex hydrocarbon compounds are found in bio-oil, and hydrocracking is a potential 
method to decompose these heavy compounds into naphtha (gasoline blending component) 
and diesel. 

The upgraded product contains both gasoline and diesel fuel blending components. As the 
results are presented on a per unit of energy basis, if we allocate the energy and emissions 
on an energy basis between the two products we can compare the results to either the same 
energy of gasoline or diesel fuel. We will compare to gasoline here. 

7.3 MASS AND ENERGY BALANCE 

In the pyrolysis pathways in GHGenius, the data for wood and straw feedstocks was 
obtained from Ensyn (2010) and it is used as the basis for the default values in the model. 
This information is summarized below. The model is, of course, flexible and other process 
parameters can be modelled by changing the primary variables, all of which are located on 
the Input sheet, or on sheet Coprods. 
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Feedstock transportation distance will be assumed to be 100 km for both the corn stover and 
wood scenarios. 

7.3.1 Pyrolysis Oils From Wood Residues 

Most of the operating experience with the Ensyn system has been developed with systems 
that use wood as the feedstock. The pyrolysis process produces bio-oil, char, and a fuel gas 
from the wood feedstock. It has been assumed that the char and the fuel gas are fully utilized 
by the system to dry the feedstock and thus the overall system can be simplified to one that 
utilizes dry feedstock to produce bio-oil. The system uses some electricity (size reduction, 
pumps, fans, etc.) and, during start-up, some natural gas. It has been assumed that the 
average energy requirements can be estimated based on 5% of the start-up values and 95% 
of the normal operating values. The inputs and outputs from the system are summarized 
Table 7-1. 

Table 7-1 System Inputs and Outputs - Wood 

 Input Output 

Dry wood, kg 1.646  

Electric Power, kWh 0.25  

Natural gas, litres 0.02  

Bio-oil, litre  1.0 

 

The ratio of the energy content of the bio oil output to the wood feedstock is 0.66. The model 
will accept fuel gas as a co-product for the wood systems, so if a feedstock has a low 
moisture content and excess fuel gas is produced, it can be treated as a co-product by 
entering the quantity produced on the Input sheet (cells W and X 260). The fuel gas is 
assumed to displace LPG and receives an energy and emissions credit on that basis. 

7.3.2 Pyrolysis Oils From Agricultural Residues 

For the agricultural residue systems, it has been assumed that the char and a portion of the 
fuel gas are utilized by the system to dry the feedstock and thus the overall system can be 
simplified to one that utilizes dry feedstock to produce bio-oil and some fuel gas. The system 
uses some electricity and, during start-up, some natural gas. It has been assumed that the 
average energy requirements can be estimated based on 5% of the start-up values and 95% 
of the normal operating values. The inputs and outputs from the system are summarized 
Table 7-2. 

Table 7-2 System Inputs and Outputs – Ag Residues 

 Input Output 

Dry feedstock, kg 1.88  

Electric Power, kWh 0.29  

Natural gas, litres 0.029  

Bio-oil, litre  1.0 

Fuel gas, kg  0.47 

Fuel gas, MJ  5.5 

 

7.3.3 Upgrading Pyrolysis Oils 

The overall mass and energy balance for the two upgrading stages are summarized Table 7-
3. The electricity consumption for the upgrading has been reduced from the Jones study by 
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the quantity of electricity already included in the pyrolysis oil production stage. These inputs 
maximize fuel production by using imported natural gas for hydrogen production. An 
alternative would be to maximize GHG emission benefits by using bio-oil to produce the 
hydrogen. This alternative will be considered as a sensitivity case. 

The gasoline and diesel blending components produced will be assumed to be transported 
200 km by truck to a refinery for blending.  

There are issues with the overall mass and energy balance reported in the PNNL study. The 
report states that 2.40 kg of dry wood produces 1 litre of fuel. The ratio of the energy in the 
product to the energy in the feedstock is 0.75, greater than that of just the crude pyrolysis oil. 
This is an unlikely situation. Since the energy balance of the crude pyrolysis stage is derived 
from actual plant performance and the PNNL information is derived from a computer model, 
the actual data is used for the base case developed here. It will be assumed that the energy 
efficiency for the upgrading stage (Product energy/feedstock energy) is 0.95. This value is 
obtained when 2.14 kg of pyrolysis oil is used, as shown Table 7-3. 

Table 7-3 Mass and Energy Balance for Upgrading 

 Input Output 

  Litre 

Pyrolysis Oil, kg 2.14  

Natural gas, litres 315  

Electricity, kWh 0.56  

Gasoline Fraction  0.45 

Diesel Fraction  0.55 

Total transportation fuel fraction.  1.0 

 

7.4 LIFECYCLE ENERGY BALANCE 

The total energy balance is shown Table 7-4 and is compared to that of gasoline. The fuel 
production process has a high energy requirement but most of that is supplied by biomass. 
The co-product credit is related to the excess fuel gas in the ag residue case. 

Table 7-4 Total Energy Balance 

Fuel  Gasoline Upgraded Bio-oil 

Feedstock  Crude oil Wood Residues Corn Stover 

 Joules consumed/Joule produced 

Fuel dispensing 0.0040  0.0041  0.0041  
Fuel distribution, storage 0.0108  0.0104  0.0104  
Fuel production 0.1397  0.4965  0.4965  
Feedstock transmission 0.0256  0.0316  0.0290  
Feedstock recovery 0.0980  0.0085  0.0344  
Feedstock Upgrading 0.0029  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.0000  0.0580  
Co-product credits -0.0001  0.0000  -0.0318  
Total 0.2810 0.5511 0.6006 
EROEI, joules 
delivered/joules consumed 

3.56 1.81 1.67 
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When the fossil energy balance is considered, the biomass energy that is supplied to the 
plant is not included and the energy balance is much improved but it is only slightly better 
than the existing corn ethanol industry performance. The energy consumed at the plant is 
still relatively high but it is the energy that is embedded in the chemicals that is consumed in 
the production process. The co-product credit energy is also lower because some of the grid 
power is produced by renewable energy.  

Table 7-5 Fossil Energy Balance 

Fuel  Gasoline Upgraded Bio-oil 

Feedstock  Crude oil Wood Residues Corn Stover 

 Joules consumed/Joule produced 

Fuel dispensing 0.0028  0.0029  0.0029  
Fuel distribution, storage 0.0093  0.0100  0.0100  
Fuel production 0.1349  0.4562  0.4562  
Feedstock transmission 0.0222  0.0314  0.0288  
Feedstock recovery 0.0902  0.0085  0.0342  
Feedstock Upgrading 0.0029  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.0000  0.0567  
Co-product credits -0.0001  0.0000  -0.0291  
Total 0.2621 0.5089 0.5597 
FER, joules 
delivered/joules consumed 

3.81 1.97 1.79 

 

The fossil energy balances for these systems are not as attractive as the ones for the 
thermochemical pathways that involve gasification and synthesis of the gas to produce liquid 
fuels. The primary difference is the fossil energy in the form of natural gas that is required to 
produce the hydrogen for hydrotreating. Without this energy the fossil energy balance would 
be quite similar to the gasification routes. 

7.5 LIFECYCLE GHG EMISSIONS 

The lifecycle GHG emissions for the biochemical process are compared to the emissions 
from gasoline Table 7-6. The reductions are in the order of 40 to 60% and depend on the 
feedstock and the amount of drying that is required. The fuel production emissions are 
relatively high due to the natural gas and power requirements of the pyrolysis oil upgrading 
process. 



 

(S&T)
2
 

   

 ADVANCED BIOFUELS – GHG EMISSIONS AND ENERGY BALANCES 73 

 

Table 7-6 GHG Emissions Bio-oil Fuels 

Fuel  Gasoline  Upgraded Bio-oil 

Feedstock  Crude Oil Wood Residues Corn Stover 

 g CO2eq/GJ 

Fuel dispensing 346  350  350  
Fuel distribution and storage 910  800  800  
Fuel production 10,860  40,994  42,343  
Feedstock transmission 2,307  4,185  3,773  
Feedstock recovery 5,933  767  3,093  
Feedstock upgrading 187  0  0  
Land-use changes, cultivation 15  0  0  
Fertilizer manufacture 0  0  3,481  
Gas leaks and flares 1,600  0  0  
CO2, H2S removed from NG 0  0  0  
Emissions displaced -8  0  -19,910  
Total 22,151  47,096  33,929  
Fuel Combustion 64,736 2,344 2,344 

Grand Total 86,887 49,440 36,273 

% Change - -43.1 -58.3 

 

7.6 SENSITIVITY ANALYSIS 

The sensitivity of the results to bio-oil yield, hydrogen requirements for upgrading, and the 
use of bio-oil to supply the hydrogen requirements are considered here. The sensitivity will 
be performed on the wood feedstock. 

Changing the quantity of feedstock required to produce the bio-oil is considered in Figure 7-
3. The base case is 1.646 kg/litre of bio-oil. A range of 1.5 to 2.25 kg/litre of bio-oil is 
considered. 
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Figure 7-3 Sensitivity to Feedstock Requirements 
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The results are relatively insensitive to yield, as the feedstock emissions are quite low. 

The process consumes quite large amounts of hydrogen, the impact of the hydrogen 
requirements is shown in Figure 7-4. The quantity of natural gas required to produce the 
hydrogen is varied from 25 to 150% of the base case. 
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Figure 7-4 Sensitivity to Hydrogen Consumption 
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One option for lower GHG emissions is to use some of the bio-oil or finished fuel to produce 
the hydrogen. This lowers the quantity of finished fuel produced and the capital costs per unit 
of finished fuel will increase. The results of this option are shown Table 7-7. 

Table 7-7 Comparison of Production Scenarios 

Fuel  Gasoline  Upgraded Bio-oil 

Feedstock  Crude Oil Wood Residues Wood Residues 

  NG for Hydrogen Bio-oil for Hydrogen 

 g CO2eq/GJ 

Fuel dispensing 346  350  350  
Fuel distribution and storage 910  800  800  
Fuel production 10,860  40,994  24,890  
Feedstock transmission 2,307  4,185  5,973  
Feedstock recovery 5,933  767  1,174  
Feedstock upgrading 187  0  0  
Land-use changes, cultivation 15  0  0  
Fertilizer manufacture 0  0  0  
Gas leaks and flares 1,600  0  0  
CO2, H2S removed from NG 0  0  0  
Emissions displaced -8  0  0  
Total 22,151  47,096  33,187  
Fuel Combustion 64,736 2,344 2,344 

Grand Total 86,887 49,440 35,531 

% Change - -43.1 -59.1 
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The GHG emissions are reduced but about 30% of the bio-oil is used to produce hydrogen in 
this scenario. This will have a significant impact on the per unit capital costs of the system. 

7.7 DISCUSSION 

This production system has the advantage of producing drop-in fuels but the GHG emissions 
are not significantly better than traditional corn ethanol unless biomass is used to produce 
the hydrogen. This option has negative impacts on capital costs and the quantity of fuel 
produced. 

7.8 CATALYTIC FAST PYROLYSIS 

NREL has studied a catalytic version of the fast pyrolysis process and reported the overall 
performance to the US EPA (NREL, 2011). The schematic of the process is shown in Figure 
7-5. The objective of the work is minimizing H2 consumption and maximizing carbon 
efficiency. The approaches are based on incorporating catalytic conversion steps during the 
cooling/condensation step of pyrolysis in an attempt to better control secondary reactions. 

Figure 7-5 Catalytic Fast Pyrolysis 

 
Source: NREL Memo to EPA 

The product produced by this process is less viscous and has far fewer impurities. The basic 
mass balance as defined by NREL is summarized Table 7-8. 
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Table 7-8 Fast Catalytic Pyrolysis 

 Input Output 

Biomass, kg 3.72  

Natural Gas, l 388  

Fossil Fuel, litres  1.0 

Electricity, kWh  0.127 

 

No information is available on the catalysts used or the quantity consumed by the process. 
The fossil energy balance of this is compared to the two stage pyrolysis process modelled 
here. The energy balances are quite similar. 

Table 7-9 Fossil Energy Balance 

Fuel  Gasoline Upgraded Bio-oil Catalytic Pyrolysis 

Feedstock  Crude oil Wood Residues Wood Residues 

 Joules consumed/Joule produced 

Fuel dispensing 0.0028  0.0029  0.0028  
Fuel distribution, storage 0.0093  0.0100  0.0119  
Fuel production 0.1349  0.4562  0.4580  
Feedstock transmission 0.0222  0.0314  0.0272  
Feedstock recovery 0.0902  0.0085  0.0109  
Feedstock Upgrading 0.0029  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.0000  0.0000  
Co-product credits -0.0001  0.0000  -0.0218  
Total 0.2621 0.5089 0.4891 

 

The GHG emissions for the two variations of the pyrolysis pathway are shown Table 7-10.  

Table 7-10 GHG Emissions Bio-oil Fuels 

Fuel  Gasoline  Upgraded Bio-oil Catalytic Pyrolysis 

Feedstock  Crude Oil Wood Residues Wood Residues 

 g CO2eq/GJ 

Fuel dispensing 346  350  347  
Fuel distribution and storage 910  800  985  
Fuel production 10,860  40,994  28,505  
Feedstock transmission 2,307  4,185  2,171  
Feedstock recovery 5,933  767  989  
Feedstock upgrading 187  0  0  
Land-use changes, cultivation 15  0  0  
Fertilizer manufacture 0  0  0  
Gas leaks and flares 1,600  0  0  
CO2, H2S removed from NG 0  0  0  
Emissions displaced -8  0  -2,346  
Total 22,151  47,096  30,650  
Fuel Combustion 64,736 2,344 2,344 
Grand Total 86,887 49,440 32,994 

% Change - -43.1 -62.0 
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The GHG emissions of the catalytic fast pyrolysis are lower than the two stage process as 
one would expect. The development of the catalytic pyrolysis process is not as advanced as 
the two stage pyrolysis process but it would appear to offer some advantages. 
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8. HYBRID APPROACHES 

Several companies are developing hybrid approaches to converting biomass to biofuels. 
These technologies use both biochemical and thermochemical processes. There are two 
ways that these systems can be configured, the thermochemical part can be done first, 
followed by a biochemical conversion, or the system can be configured in the opposite way, 
the biochemical portion first, followed by the thermochemical conversion. Both configurations 
are considered here. These systems can also produce multiple products. 

8.1 THERMOCHEMICAL – BIOCHEMICAL APPROACH 

One of the process developers identified in the Task 39 database is INEOS Bio. This 
company has published some details on their process as part of their permitting processes 
and other activities. 

8.1.1 Lifecycle Description  

INEOS Bio is focussed on using waste and non-food crop biomass as feedstock. We will 
model corn stover as the feedstock to provide a basis for comparison to some of the other 
processes studied. The system boundaries are shown in Figure 8-1. 

Figure 8-1 System Boundaries – Hybrid Process 

 

http://www.ineosbio.com/57-Welcome_to_INEOS_Bio.htm
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8.1.2 Process Overview 

The hybrid process employed by INEOS Bio uses an oxygen blown two stage gasification 
unit followed by fermentation of the syngas to ethanol. The process is shown in Figure 8-2. 

Figure 8-2 INEOS Hybrid Process 

 

Source: INEOS 

The naturally-occurring bacteria used in the process have evolved to efficiently convert 
carbon monoxide and hydrogen to ethanol. They are maintained in a healthy state with the 
help of small amounts of essential nutrients to achieve a high yield of ethanol.  

The fermentation times are very short but the ethanol concentrations achievable are low so 
extra energy is used for the distillation process. The organism is a bacterium, which are 
usually more difficult fermentations to operate and this organism naturally produces acetic 
acid and must be stressed to produce ethanol. Fermentation rates are limited by the mass 
transfer rate between the syngas and the liquid medium that the organism must survive in. 

The fermentation vessel operates at slightly above ambient temperatures (37°C) but at 
moderate pressure (3 bar) so that reaction rates are increased. The organism belongs to the 
clostridium family. It is claimed that the organism is stable and able to recover after a 
process upset. The organism consumes carbon monoxide, carbon dioxide, and hydrogen to 
produce ethanol and acetic acid. The acetic acid production is minimized by the recycling of 
distillation bottoms containing some acid back to the fermenter. It has been reported that the 
pathways are; 

6CO + 3H2O → C2H5OH + 4CO2  and 

6H2 + 2CO2 → C2H5OH + 3H2O 

The reactions would indicate that carbon dioxide is also produced along with the ethanol. 
The fermenter will produce an excess of cell mass over time that will have to go either to a 
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treatment plant or possibly, after de-watering, back to the gasifier. There may also be a small 
water stream that must be discharged to maintain the water balance.   

8.1.3 Mass and Energy Balance 

The first plant is being constructed in Indian River, Florida. Some information is available 
from the Environmental Impact Assessment that was undertaken for the project (INEOS New 
Planet BioEnergy, LLC, 2010). It will produce 30 million litres/year of ethanol and a gross 
1.58 kWh/litre of electric power. It will consume 136,000 tonnes of waste for feedstock. 

In addition to the power generated using steam produced by waste heat from the gasifier, the 
plants will combust vent gases from the fermenters and produce more steam. The vent gas 
boiler may be supplemented by landfill gas in this project. The environmental assessment 
indicates that it is expected that the plant will be self-sufficient in electric power with the 
potential to export up to one third of the produced power. For the base case, we will assume 
that the supplementation is minimal and that no power is available to export to the grid. 
Power export will be investigated as a sensitivity case. 

The modelling assumptions are shown Table 8-1. We have made some assumptions about 
the quantity of diesel fuel, caustic, and nutrients required. 

Table 8-1 Process Inputs – Hybrid Ethanol Process 

Input  

Biomass, kg/litre ethanol 4.51  

Diesel fuel, litre/litre ethanol 0.003 

Caustic, kg/litre ethanol 0.006 

Nutrients, kg/litre ethanol 0.0005 

 

8.1.4 Lifecycle Energy Balance 

The total energy balances for the process and for gasoline derived from crude oil are shown 
Table 8-2. The fuel production process has a high energy requirement but almost all of that 
is supplied by biomass.  

Table 8-2 Total Energy Balance – Hybrid Ethanol 

Fuel  Gasoline Ethanol 

Feedstock  Crude oil Corn Stover 

 Joules consumed/Joule produced 

Fuel dispensing 0.0040  0.0063  
Fuel distribution, storage 0.0108  0.0143  
Fuel production 0.1397  2.6202  
Feedstock transmission 0.0256  0.0393  
Feedstock recovery 0.0980  0.0726  
Feedstock Upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.1223  
Co-product credits -0.0001  0.0000  
Total 0.2810 2.8749 
EROEI, joules 
delivered/joules consumed 

3.56 0.35 
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When the fossil energy balance is considered, the biomass energy that is supplied to the 
plant is not included and the energy balance is much improved and is much better than the 
existing gasoline performance.  

Table 8-3 Fossil Energy Balance – Hybrid Ethanol 

Fuel  Gasoline Ethanol 

Feedstock  Crude oil Corn Stover 

 Joules consumed/Joule produced 

Fuel dispensing 0.0028  0.0044  
Fuel distribution, storage 0.0093  0.0139  
Fuel production 0.1349  0.0072  
Feedstock transmission 0.0222  0.0390  
Feedstock recovery 0.0902  0.0721  
Feedstock Upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.1196  
Co-product credits -0.0001  0.0000  
Total 0.2621 0.2562 
FER, joules 
delivered/joules consumed 

3.81 3.90 

 

8.1.5 Lifecycle GHG Emissions 

The lifecycle GHG emissions are shown Table 8-4 and compared to those of gasoline. This 
base case scenario reduces the emissions by 69% compared to gasoline. About half of the 
emissions are related to feedstock production and transportation, which won’t be applicable 
to the first plant that will be processing wastes diverted from an adjacent landfill. This would 
increase the GHG emission reduction to about 88%. 

Table 8-4 GHG Emissions – Hybrid Ethanol 

Fuel  Gasoline Ethanol 

Feedstock  Crude Oil Corn Stover 

 g CO2eq/GJ 

Fuel dispensing 346  539  
Fuel distribution and storage 910  1,109  
Fuel production 10,860  4,818  
Feedstock transmission 2,307  3,114  
Feedstock recovery 5,933  6,520  
Feedstock upgrading 187  0  
Land-use changes, cultivation 15  0  
Fertilizer manufacture 0  7,337  
Gas leaks and flares 1,600  0  
CO2, H2S removed from NG 0  0  
Emissions displaced -8  0  
Total 22,151  23,437  
Fuel Combustion 64,736 2,008 
Grand Total 86,887 25,445  
% Change - -70.7 
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The fuel production emissions are from the chemicals used in the process plus methane and 
N20 from drying the feedstock and combustion of the unconverted syngas in the power 
generation units and the fuel gas boilers. 

8.1.6 Sensitivity Analysis 

Corn stover may require less feedstock drying than other waste feedstocks and this 
feedstock may allow less electric power to be used. This would allow some electric power to 
be exported to the grid. The impact of this on the GHG emissions is shown in Figure 8-3. 
Exporting about one third of the power produced reduces the lifecycle emissions to about 
10,000 g/GJ. 

Figure 8-3 Sensitivity to Power Export 
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While the GHG emissions are quite good for this pathway, the ethanol yield is lower than 
some of the other processes. The impact of yield on the GHG emissions is shown in Figure 
8-4 (the base case is 4.51 kg/litre). 
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Figure 8-4 Sensitivity to Yield 

0

10,000

20,000

30,000

40,000

50,000

60,000

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Feedstock, kg/litre

G
H

G
 E

m
is

s
io

n
s

 

g
 C

O
2

e
q
/G

J

 
 

This figure just shows the impact of yield on the GHG emissions, holding all of the other 
inputs and outputs constant. In reality, processes that use more feedstock per litre of ethanol 
may be able to produce more electric power, improving the overall GHG emission 
performance but there is not enough information available about the process to make those 
determinations at this time. 

8.1.7 Discussion 

This pathway has one of the lower ethanol yields of the pathways that have been analyzed. 
With the limited amount of data it is not possible to determine if this is a function of the 
gasifier performance, or the performance of the organism used to produce the ethanol, or a 
combination of the two factors. 

Coskata is another company that is developing a similar process. They are using a different 
gasifier and presumably different organisms in order to avoid IP issues. They have operated 
a demo plant in Pennsylvania for the past two years and are planning a 200 million litre/year 
commercial facility in Alabama. Some environmental assessment work was undertaken by 
the USDA and the company for this project (USDA, 2011) but there is not enough detail to do 
full modelling here, as the quantity of surplus electric power is not identified. One of the 
exhibits available is some GREET modelling undertaken by Argonne National Laboratory 
(2008). It identifies GHG emission reductions of 73-81% for a standalone facility but this is 
based on information available from before their demo plant was operating. 

Table 8-5 compares the results for three pathways: the bio-chemical, the thermo-chemical, 
and this hybrid approach to the emissions for gasoline and for corn ethanol. The thermo-
chemical pathway is producing a mix of ethanol and methanol, which is why the dispensing 
and distribution emissions are slightly higher than the other ethanol pathways. 

http://www.coskata.com/
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Table 8-5 Comparison of Ethanol Production Pathways 
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 g CO2eq/GJ 

Fuel dispensing 346  539  539  555  539  
Fuel distribution and storage 910  1,109  1,109  1,139  1,109  
Fuel production 10,860  31,990  29,565  2,797  4,818  
Feedstock transmission 2,307  1,423  2,085  2,259  3,114  
Feedstock recovery 5,933  5,258  4,365  1,029  6,520  
Feedstock upgrading 187  0  0  0  0  
Land-use changes, cultivation 15  19,722  0  0  0  
Fertilizer manufacture 0  7,599  4,913  0  7,337  
Gas leaks and flares 1,600  0  0  0  0  
CO2, H2S removed from NG 0  0  0  0  0  
Emissions displaced -8  -14,454  -13,140  0  0  
Total 22,151  53,186  29,436  7,778  23,437  
Fuel Combustion 64,736 2,008       2,008  2,008 2,008 
Grand Total 86,887 55,194 31,444  9,786 25,445  
% Change - -36.5 -63.8 -88.7 -70.7 

 

The performance of the hybrid pathway could be higher if the system has surplus electricity 
to sell to the grid. If one third of the power produced is available for export to the grid, then 
the performance becomes equivalent to the thermo-chemical system. 

8.2 BIOCHEMICAL-THERMOCHEMICAL APPROACH 

One of the advanced technologies being considered in the NABC is the catalysis of 
lignocellulosic sugars. This is also a hybrid approach where the sugars are produced bio-
chemically and then they are converted to hydrocarbons thermo-chemically. 

Virent Inc. is developing this technology. They have a 40,000 litre/year pilot plant in Madison 
Wisconsin. They claim that the technology has the advantage of being fast and robust, 
energy efficient, feedstock flexible and that it can produce premium fungible fuels. The 
technology can be used to produce fuels and chemicals. 

Virent claims that life cycle assessment is part of their development process but they have 
not released any detailed data on their process or their LCA performance. It is possible to get 
some understanding of the energy and GHG emission performance of the process based on 
what is known about the process steps that are common to other technologies and the 
information that Virent has released. This is one of the NABC process strategies. 

http://www.virent.com/
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8.2.1 Lifecycle Description  

We will study a system that utilizes wood from logging residues to produce gasoline. The 
system boundaries are shown in Figure 8-5. They are similar to some of the other processes 
with the exception that no electricity is produced as none of the documentation found on the 
Virent system mentions the production or export of electricity to the grid. 

Figure 8-5 System Boundaries – Catalysis of Sugar 

 

8.2.2 Process Overview 

The Virent process is shown in Figure 8-6. The process takes the sugars and other by-
products of the pretreatment process and through a series of processing steps converts 
them to transportation fuel components. The lignin from the process is used to supply the 
process heat. Hydrogen for the processing is supplied from the aqueous phase reforming 
stage of the process and is used both upstream and downstream of this processing stage. 
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Figure 8-6 Virent Process 

 
Source: Virent 

8.2.3 Mass and Energy Balance 

The only statements made with respect to mass and energy balance of the process by the 
company are that the hydrocarbon contains 65% of the sugar carbon and 94% of the energy 
on a lower heating value basis (Cortright, 2009). The equation provided is: 

3.58 C6H12O6 →C14H30 + 7.5 CO2 + 6.5 H2O 

The theoretical yield of sugar from hardwood is 620 kg/tonne of feedstock. While this is 
unlikely to be achieved, the process is reported to also be able to convert sugar degradation 
products to fuels. It will be assumed that the pretreatment process can produce 560 kg of 
sugars and products per tonne of wood. This would suggest that the quantity of gasoline 
produced from a tonne of feedstock is 230 litres (355 litres of ethanol equivalent). 

The same paper has a bio-gasoline PFD that indicates that 1 tonne of sugar produces 0.27 
tonnes of gasoline and 1.24 MM BTU of light ends. There is a note that the electric power 
requirements are 123 kWh per tonne of gasoline (0.091 kWh/litre). The gasoline yield on this 
basis is 204 l/tonne plus the light ends (equivalent to an additional 38 litres of gasoline). 

This plant will require some of the same chemical inputs as the biochemical ethanol plant 
such as enzymes to produce sugars from the cellulose. What isn’t clear is if this plant 
produces its own electric power and what chemicals are required for waste water treatment. 
For the base case it will be assumed that the plant is self-sufficient in power and heat and 
that no waste water chemicals are required. As sensitivity cases, power and waste water 
chemicals will be added. The process inputs are summarized Table 8-6. The biomass input 
is based on the calculations above and the other inputs are scaled from the NREL bio 
chemical assuming that the inputs are the same per unit of energy output. 
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Table 8-6 Mass Balance – Catalysis of Sugar 

Input Kg/litre gasoline 

Feedstock (dry) 4.90 

Glucose  0.132 

Sulphuric acid 0.108 

Corn steep liquor  0.072 

Ammonia  0.065 

Lime  0.050 

Diammonium phosphate 0.008 

Host nutrients  0.003 

Sorbitol 0.003 

Sulphur dioxide 0.002 

Boiler chemicals  0.000 

Light Ends (LPG)(litres) 0.27 

 

8.2.4 Lifecycle Energy Balance 

The total energy balances for the process and for gasoline derived from crude oil are shown 
Table 8-7. The fuel production process has a high energy requirement but almost all of that 
is supplied by biomass. 

Table 8-7 Total Energy Balance – Catalysis of Sugar 

Fuel  Gasoline Catalysis of Sugar to Gasoline 

Feedstock  Crude oil Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0040  0.0040  
Fuel distribution, storage 0.0108  0.0153  
Fuel production 0.1397  2.0445  
Feedstock transmission 0.0256  0.0362  
Feedstock recovery 0.0980  0.0146  
Feedstock Upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  -0.0227  
Total 0.2810 2.0919 
EROEI, joules 
delivered/joules consumed 

3.56 0.48 

 

When the fossil energy balance is considered, the biomass energy that is supplied to the 
plant is not included, and the energy balance is much improved and is much better than the 
existing gasoline performance.  
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Table 8-8 Fossil Energy Balance – Catalysis of Sugar 

Fuel  Gasoline Catalysis of Sugar to Gasoline 

Feedstock  Crude oil Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0028  0.0028  
Fuel distribution, storage 0.0093  0.0148  
Fuel production 0.1349  0.2680  
Feedstock transmission 0.0222  0.0360  
Feedstock recovery 0.0902  0.0145  
Feedstock Upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  -0.0208  
Total 0.2621 0.3153 
FER, joules 
delivered/joules consumed 

3.81 3.17 

 

8.2.5 Lifecycle GHG Emissions 

The lifecycle GHG emissions for the gasoline from the catalysis of sugar are compared to the 
emissions from gasoline from crude oil Table 8-9. 

Table 8-9 GHG Emissions Catalysis of Sugar to Gasoline 

Fuel  Gasoline 
Catalysis of Sugar to 

Gasoline 

Feedstock  Crude Oil Wood Residue 

 g CO2eq/GJ 

Fuel dispensing 346  347  
Fuel distribution and storage 910  1,216  
Fuel production 10,860  11,420  
Feedstock transmission 2,307  2,873  
Feedstock recovery 5,933  1,309  
Feedstock upgrading 187  0  
Land-use changes, cultivation 15  0  
Fertilizer manufacture 0  0  
Gas leaks and flares 1,600  0  
CO2, H2S removed from NG 0  0  
Emissions displaced -8  -14,197  
Total 22,151  2,968  
Fuel Combustion 64,736 2,334 

Grand Total 86,887 5,302 

% Change - -93.9% 

 

With the assumptions that no electric power is required and there is no waste water to treat, 
the GHG emission performance of this pathway is quite good. The co-product credit provided 
by the LPG offsets most of the emissions from the rest of the process. 
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8.2.6 Sensitivity Analysis 

The impact of waste water treatment chemicals (0.1 kg NaOH/litre gasoline) and an electric 
power requirement of 0.5 kWh/litre of gasoline are shown Table 8-10. Both uncertainties add 
significant emissions. 

Table 8-10 GHG Emissions Catalysis of Sugar to Gasoline 

Fuel  Gasoline Catalysis of Sugar to Gasoline 

Feedstock  Crude Oil Wood Residue 

  
Base Case 

 
Plus WW 

Chem 
Plus 

Electricity 

 g CO2eq/GJ 

Fuel dispensing 346  347  347  347  
Fuel distribution and storage 910  1,216  1,216  1,216  
Fuel production 10,860  11,420  15,825  21,579  
Feedstock transmission 2,307  2,873  2,873  2,873  
Feedstock recovery 5,933  1,309  1,309  1,309  
Feedstock upgrading 187  0  0  0  
Land-use changes, cultivation 15  0  0  0  
Fertilizer manufacture 0  0  0  0  
Gas leaks and flares 1,600  0  0  0  
CO2, H2S removed from NG 0  0  0  0  
Emissions displaced -8  -14,197  -14,197  -14,197  
Total 22,151  2,968  7,373  13,128  
Fuel Combustion 64,736 2,334 2334 2,334 

Grand Total 86,887 5,302 9,707  15,230 

% Change - -93.9 -88.8 -82.5 

 

8.2.7 Discussion 

There are several biomass to gasoline pathways that have been analyzed and they are 
compared Table 8-11. The sugar catalysis pathway has similar emissions to the syngas 
pathway if no waste water treatment chemicals and no external power is required. 
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Table 8-11 Comparison of Gasoline Production Pathways 
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 g CO2eq/GJ 

Fuel dispensing 346  347  350  347  347  
Fuel distribution and storage 910  792  800  1,216  1,216  
Fuel production 10,860  3,469  40,994  11,420  25,985  
Feedstock transmission 2,307  2,557  4,185  2,873  2,873  
Feedstock recovery 5,933  1,165  767  1,309  1,309  
Feedstock upgrading 187  0  0  0  0  
Land-use changes, cultivation 15  0  0  0  0  
Fertilizer manufacture 0  0  0  0  0  
Gas leaks and flares 1,600  0  0  0  0  
CO2, H2S removed from NG 0  0  0  0  0  
Emissions displaced -8  -8,834  0  -14,197  -14,197  
Total 22,151  -504  47,096  2,968  17,533  
Fuel Combustion 64,736 2,334 2,344 2,334 2334 
Grand Total 86,887 1,830  49,440 5,302 19,867  
% Change - -97.9 -43.1 -93.9 -77.1 
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9. HYDROPYROLYSIS 

Pyrolysis oils have some undesirable properties: they contain water, they are incompatible 
with the metallurgy used in many energy systems, upgrading them to make fungible fuels 
requires significant quantities of hydrogen and, depending on how the hydrogen is produced, 
they produce GHG emissions only slightly better than conventional biofuels. The feedstocks 
for pyrolysis systems also need to be relatively dry, potentially adding capital and operating 
costs for feedstock dryers. 

Gas Technology Institute (GTI) has invented and patented a technology, Integrated 
Hydropyrolysis and Hydroconversion (IH2), which can use lignocellulosic and algal biomass 
with higher moisture contents and produce fuels that are direct replacements to the 
conventional hydrocarbon fuels (gasoline, jet, and diesel) in an integrated process (GTI, 
2011). They claim reduced GHG emissions as a result of an efficient conversion route. GTI 
has licensed IH2 to CRI Catalyst Company (CRI), an international company headquartered 
in Houston, TX, for worldwide deployment.  

GTI recently added a new pilot-scale IH2 Plant. It will demonstrate biomass handling and 
conveyance for multiple feedstocks and produce product in sufficient quantities for fuels 
certification and engine testing. The second-generation pilot plant is able to operate 
continuously and process 50 kilograms of dry biomass per day. 

This is one of the NABC process strategies. It is being led by RTI International. Very little 
process information was found for this consortium so most of the modelling data is from GTI. 

9.1 LIFECYCLE DESCRIPTION  

We have modelled a system using wood (logging residues), although corn stover has also 
been tested by GTI in their pilot unit. The system boundaries are shown in Figure 9-1. 

Figure 9-1 System Boundaries – Hydropyrolysis 

 

http://www.gastechnology.org/webroot/app/xn/xd.aspx?it=enweb&xd=gtihome.xml
http://www.cricatalyst.com/
http://www.rti.org/page.cfm/Biomass_and_Biofuels
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9.2 PROCESS OVERVIEW 

The IH2 process produces its own hydrogen and a surplus of water to be self-sufficient, it 
can operate in a stand-alone configuration anywhere there is sufficient biomass feed for 
conversion. The process schematic is shown below. 

Figure 9-2 Hydropyrolysis Process 

 
Source: Gas Technology Institute 

There is some char that is exported from the system but all of the fuel gas produced is used 
to make hydrogen for the process. 

The temperature in the hydropyrolysis reactor is in the range of 100° – 600°C. The hydrogen 
pressure in the system is between 700 and 3,500 kPa. 

Produced fuels have been analyzed by CRI. Products from the first pilot plant have had 
excellent traits: oxygen content is less than 1%, it contains the same molecules as refined 
petroleum products, and the gasoline octane number is around 85. Second generation 
products using improved catalysts have demonstrated that product quality can be managed 
effectively. 

Like the pyrolysis process, the hydropyrolysis process produces a product that is a blend of 
gasoline and diesel fuel. The energy allocation process is used for modelling so that the 
results for gasoline can be developed for comparison. 

The composition of the final product is a function of the feedstock and of the operating 
conditions. The high lignin content of the wood feedstock yields a gasoline product that is 
higher in aromatics than the product produces from agricultural residues. The gasoline 
fraction can be as high as 75% of the liquid product if the process is optimized for gasoline 
and as low as 54% if the process is optimized for diesel. 

9.3 MASS AND ENERGY BALANCE 

GTI claim that the yields of product fuels have ranged from 26 to 46% depending on 
feedstock (Marker et al, 2010). The yields on wood feedstock have been reported to be 
between 23 and 30%. We will model 25%. The process is reported to be self-sufficient in 
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energy, so no external energy is input. All of the process gas produced is utilized within the 
system boundaries. The only process input, other than the feedstock, is catalyst make-up, 
which is expected to be small and has not been included in the analysis of any of the 
thermochemical pathways. 

The outputs are the liquid fuel, water and some char. The water may require some treatment 
before disposal but no details on the water quality are known at this time. The char may have 
value as a soil supplement but it is treated as a waste product in this analysis. The inputs 
and outputs are summarized Table 9-1. 

Table 9-1 Mass Balance – Hydropyrolysis 

Input Kg/litre gasoline 

Feedstock (dry) 4.00 

Char product  0.30 

Water produced 1.32 

 

9.4 LIFECYCLE ENERGY BALANCE 

The total energy balances for the process and for gasoline derived from crude oil are shown 
Table 9-2. The fuel production process has a high energy requirement but almost all of that 
is supplied by biomass. 

Table 9-2 Total Energy Balance – Hydropyrolysis 

Fuel  Gasoline Hydropyrolysis 

Feedstock  Crude oil Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0040  0.0040  
Fuel distribution, storage 0.0108  0.0153  
Fuel production 0.1405  1.2861  
Feedstock transmission 0.0257  0.0296  
Feedstock recovery 0.0974  0.0119  
Feedstock Upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  0.0000  
Total 0.2810 1.3469 
EROEI, joules 
delivered/joules consumed 

3.56 0.74 

 

When the fossil energy balance is considered, the biomass energy that is supplied to the 
plant is not included, and the energy balance is much improved and is much better than the 
existing gasoline performance.  
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Table 9-3 Fossil Energy Balance – Hydropyrolysis 

Fuel  Gasoline Hydropyrolysis 

Feedstock  Crude oil Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0028  0.0028  
Fuel distribution, storage 0.0093  0.0148  
Fuel production 0.1349  0.0365  
Feedstock transmission 0.0222  0.0294  
Feedstock recovery 0.0902  0.0118  
Feedstock Upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  0.0000  
Total 0.2621 0.0954 
FER, joules 
delivered/joules consumed 

3.81 10.48 

 

9.5 LIFECYCLE GHG EMISSIONS 

The lifecycle GHG emissions for the gasoline from hydropyrolysis are compared to the 
emissions from gasoline from crude oil Table 9-4. The emissions are very low. 

Table 9-4 GHG Emissions Hydropyrolysis 

Fuel  Gasoline Hydropyrolysis 

Feedstock  Crude Oil Wood Residue 

 g CO2eq/GJ 

Fuel dispensing 346  347  
Fuel distribution and storage 910  1,216  
Fuel production 10,860  6,824  
Feedstock transmission 2,307  2,346  
Feedstock recovery 5,933  1,069  
Feedstock upgrading 187  0  
Land-use changes, cultivation 15  0  
Fertilizer manufacture 0  0  
Gas leaks and flares 1,600  0  
CO2, H2S removed from NG 0  0  
Emissions displaced -8  0  
Total 22,151  11,801  
Fuel Combustion 64,736 2,334 

Grand Total 86,887 14,135 

% Change - -83.7 

9.6 SENSITIVITY ANALYSIS 

The energy balance and GHG emissions are very low for this process, as an effect of the 
hydrogen being self-generated and the system being able to produce all of its own electric 
power. The emissions will increase if supplemental hydrogen or electric power is required. 
The impact of electric power requirements from zero to one kWh/litre is shown in Figure 9-3. 
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Figure 9-3 Impact of Electric Power on GHG Emissions 
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9.7 DISCUSSION 

Conceptually, this process is quite attractive. It is an integrated process that produces a 
fungible product with little to no inputs other than the feedstock. The process is at a relatively 
early stage of development. The need for supplemental electricity and/or electric power will 
have a negative impact on the GHG emissions and energy balance. 
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10. HYDROTHERMAL LIQUEFACTION 

Hydrothermal liquefaction entails processing biomass in liquid-phase media at temperatures 
of 300°– 400°C and at pressures fixed by the vapour pressure of the media. In biomass 
hydrothermal liquefaction, water is usually the medium, and the temperature is held at or 
below the critical temperature of water (374°C), resulting in a pressure of 17.5 –21.0 MPa. 

The biomass is converted to a heavy organic liquid containing a mixture of hydrocarbons, 
which is called 'biocrude'. After processing, with the refinery technology called catalytic 
hydro-de-oxygenation (HDO), a liquid biofuel can be produced that is similar to fossil diesel. 
It reportedly can be blended with fossil diesel in any proportion without the necessity of 
engine or infrastructure modifications. 

There is an HTU pilot plant located in the Netherlands, where research on the HTU process 
has been ongoing for several decades. The research was initially undertaken by Shell, but is 
now done by independent companies. Research activities focus on the complex chemical 
properties of the reactions of the HTU process, the feeding pump to achieve the required 
pressure, and testing of several feedstock types.  

This is one of the NABC process strategies with a consortium lead by Pacific Northwest 
National Laboratory (PNNL). PNNL have a small pilot plant and produce biocrude in litre 
quantities. 

10.1 LIFECYCLE DESCRIPTION  

The LCA modelling is based on the use of wood in the form of logging residues. The system 
boundaries are shown in Figure 10-1. 

Figure 10-1 System Boundaries  - Hydrothermal Liquefaction 
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10.2 PROCESS OVERVIEW 

In order to produce transportation fuels, a two-step process is required, where the biocrude 
is produced in the first stage and then it is hydro-processed in the second stage to produce a 
fuel with the required quality. 

Figure 10-2 Hydrothermal Liquefaction Process 

 

Source:NABC 

Catalysts such as alkali carbonate can be used to speed the radical capping and hydrogen 
transfer reactions. Product oils from hydrothermal liquefaction of biomass have low water 
content and are lower in oxygen (ca. < 20%) than oils from fast pyrolysis, but they have other 
undesirable physical-chemical properties such as high viscosity. The properties of 
hydrothermal oils are compared to those of pyrolysis oils Table 10-1 (UOP). 

Table 10-1 Hydrothermal Oils vs. Pyrolysis Oils 

Parameter Pyrolysis Oil Hydrothermal Oil 

Water, wt% 15-25 3-5 

Insoluble Solids, % 0.5-0.8 1 

Carbon, % 39.5 72.6-74.8 

Hydrogen, % 7.5 8 

Oxygen, % 52.6 16.3-16.6 

Nitrogen, % <0.1 <0.1 

Sulphur, % <0.05 <0.05 

Ash, % 0.2-0.3 0.3-0.5 

HHV, MJ/kg 17 30 

Density, g/ml 1.23 1.1 

Viscosity, cp 10-150 @50°C 3,000-17,000 @60°C 

 

It can be seen that the hydrothermal oils are closer to fossil oils in their composition. The 
lower oxygen content should make it easier to hydro-process this oil into finished diesel fuel. 

10.3 MASS AND ENERGY BALANCE 

The public data that is available from the NABC is not yet sufficient to model the GHG 
emissions for the product but a techno-economic evaluation was undertaken by de Faber 
and Gielen (1999) that can be used to develop the modelling inputs. They presented 
information for several stages of development. They modelled a two stage process, the 
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production of a biocrude and the hydrocracking of that crude to diesel fuel. The 
hydrocracking stage was based on data for hydrocracking petroleum and is probably too 
optimistic for processing a biocrude that still contains about 10% oxygen. The modelling 
scenario developed from the Gielen information is shown below. It is typical of their mid 
range assumptions with the exception that a lower upgrading yield is assumed because of 
the oxygen content of the crude oil. 

Table 10-2 Mass and Energy Balance Hydrothermal Liquefaction 

 Per litre of diesel 

Wood 2.51 kg 

Electricity 0.44 kWh 

Hydrogen 0.033 kg 

 

These mid range assumptions are very good and there is a much better yield than the 
preliminary results from the NABC work. The oil yield here is 40% by mass whereas the oil 
yield achieved by NABC is only 30% to date. One of the significant findings from the 
preliminary NABC work is that the aqueous effluent from the process has a very high COD, 
44,000 ppm. This will require some energy and process chemicals to process to the point 
where it can be re-used or re-cycled. 

10.4 LIFECYCLE ENERGY BALANCES 

The total energy balances for the process and for diesel derived from crude oil are shown 
Table 10-3. The fuel production process has a high energy requirement due in large part to 
the hydrogen requirement.  

Table 10-3 Total Energy Balance – Hydrothermal Diesel 

Fuel  Diesel Hydrothermal Diesel 

Feedstock  Crude oil Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0041  0.0039  
Fuel distribution, storage 0.0110  0.0090  
Fuel production 0.1394  0.6487  
Feedstock transmission 0.0259  0.0177  
Feedstock recovery 0.0993  0.0071  
Feedstock Upgrading 0.0030  0.0000  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  0.0000  
Total 0.2826 0.6864 
EROEI, joules 
delivered/joules consumed 

3.54 1.46 

 

When the fossil energy balance is considered, the biomass energy that is supplied to the 
plant is not included and the energy balance is slightly improved but it is again influenced by 
the high hydrogen consumption.  
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Table 10-4 Fossil Energy Balance – Hydrothermal Diesel 

Fuel  Diesel Hydrothermal Diesel 

Feedstock  Crude oil Wood Residue 

 Joules consumed/Joule produced 

Fuel dispensing 0.0029  0.0028  
Fuel distribution, storage 0.0094  0.0088  
Fuel production 0.1346  0.2787  
Feedstock transmission 0.0225  0.0176  
Feedstock recovery 0.0914  0.0071  
Feedstock Upgrading 0.0029  0.0000  
Ag. chemical manufacture 0.0000  0.0000  
Co-product credits -0.0001  0.0000  
Total 0.2636 0.3148 
FER, joules 
delivered/joules consumed 

3.79 3.18 

10.5 LIFECYCLE GHG EMISSIONS 

The lifecycle GHG emissions are shown Table 10-5 and compared to those of diesel fuel. 
The overall reduction is about 70%. 

Table 10-5 GHG Emissions - Hydrothermal Diesel 

Fuel  Diesel Hydrothermal Diesel 

Feedstock  Crude Oil Wood Residue 

 g CO2eq/GJ 

Fuel dispensing 351  340  
Fuel distribution and storage 922  699  
Fuel production 10,390  22,566  
Feedstock transmission 2,337  1,402  
Feedstock recovery 6,001  639  
Feedstock upgrading 189  0  
Land-use changes, cultivation 15  0  
Fertilizer manufacture 0  0  
Gas leaks and flares 1,598  0  
CO2, H2S removed from NG 0  0  
Emissions displaced -8  0  
Total 21,796  25,646  
Fuel Combustion 70,276 1,728 

Grand Total 92,072 27,374 

% Change - -70.3 

 

10.6 SENSITIVITY ANALYSIS 

Recent public process data on this pathway is not available so the impact of some of the 
uncertainties will be investigated. In Figure 10-3, the impact of a lower product yield is 
shown. This has a rather small impact on the GHG emissions with this feedstock. 
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Figure 10-3 GHG Emissions vs. Yield 
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This process operates at a high pressure (200 atm) and this should increase the power 
requirements compared to some other processes so the impact of higher power consumption 
is shown in Figure 10-4. 

Figure 10-4 GHG Emissions vs. Power 
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The process also requires hydrogen to produce a final finished fuel. The impact of higher 
hydrogen use is shown in Figure 10-5. 

Figure 10-5 GHG Emissions vs. Hydrogen Use 
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10.7 DISCUSSION 

This process has a good energy balance with the process parameters modelled and good 
GHG emissions. The performance of the process is quite dependent on the quantity of 
purchased power and hydrogen. Given that it is an aqueous based process, there may be 
wastewater issues that need to be dealt with and these could have negative implications on 
the energy balance and GHG emissions as we have seen with some of the other pathways. 
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11. FERMENTATION OF SUGARS 

Amyris and other companies are developing modified organisms that convert sugars directly 
to hydrocarbons. One of the advantages of this biofuel pathway is that it produces a “drop-in” 
fuel, eliminating the blend wall that is a problem for biofuels like ethanol. 

Amyris has developed this technology to pilot stage for pristine sugar streams from corn or 
cane sugars. They are working with the NABC on testing the platform of sugar streams 
derived from lignocellulosic feedstocks. In February 2012 Amyris announced that they had 
stopped the development of their technology for fuels production citing issues in achieving 
the kind of yields seen in lab tests in large-scale production. Amyris’s technology may still be 
used to make renewable fuels, but this will happen not at Amyris, but under joint ventures 
established with Total and Cosan. 

11.1 LIFECYCLE DESCRIPTION  

Amyris is initially focussed on the use of sugar from sugar cane as the process feedstock. As 
shown below, they are considering other sources of fermentation substrate including sugar 
from sweet sorghum and lignocellulosic sugars. In this work we will consider two pathways, 
one using sugar cane and the other using corn stover. The corn stover system boundaries 
are shown below. 

Figure 11-1 System Boundaries – Fermentation of Sugar 

 

http://www.amyris.com/
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11.2 PROCESS OVERVIEW 

The Amyris process is shown in Figure 11-2. It produces diesel fuel and a biogas or 
electricity. A small portion of the biogas would be used to produce hydrogen for chemical 
cleaning of the farnesene produced by the organism. As seen in this figure, Amyris is looking 
at a number of feedstocks for this technology. 

Figure 11-2 Amyris Process 

 
Source:Amyris 

Amyris have released very little information about the performance of their system. Liebsch 
(2010) reported that they had achieved a product yield of 16.8% and the recovery rate was 
95%. It is not stated if the basis of the yield is mass or energy.  

The NABC have reported (NABC, 2011) a mass yield of 12.7%, which would suggest a yield 
of 150 litres/tonne of sugar. The NABC reported that the carbon efficiency was on the order 
of 60% and that the remainder could be used for energy production. About 400 litres of 
methane can be produced per kilogram of feed from sugar beets. This would suggest that 
160 m

3
 of methane (6 GJ) can be produced along with the diesel. Converting 90% of this to 

electricity at 40% conversion would produce 87 kWh of power per tonne of sugar. The 
energy ratio of the products is about one to one diesel to methane and 2.65 energy units of 
diesel fuel for every energy unit of electricity. 

Some of the electricity will be required for the process. The fermentation is aerobic so more 
power is required for air compression than is typically found in a fuel ethanol plant. It will be 
assumed that 90% of the power is available for export to the grid. 

The modelling assumptions for the sugar cane to diesel process are summarized Table 11-1. 
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Table 11-1 Sugar Cane to Diesel Modelling Parameters 

Input  

Sugar cane 21 l diesel/tonne cane 

Electricity production 4.14 kWh/litre diesel 

 

While economics are not part of this report, the mass balance in the table above could be 
compared to ethanol production. Ethanol from sugar cane will yield 85-90 litres/tonne. The 
current price for ethanol in Brazil is about $0.65 per litre. To produce the same revenue, the 
diesel selling price would have to be $2.60 per litre, far above the world price of about $0.85 
per litre. 

Considering the front end requirements for producing sugar from corn stover, the process 
inputs are summarized Table 11-2. The biomass input is based on the calculations above 
and the other inputs are scaled from the NREL bio chemical assuming that the inputs are the 
same per unit of energy output. The glucose requirement has been removed and the product 
yield is slightly lower to account for some sugar being used to produce enzymes rather than 
diesel fuel. 

Table 11-2 Mass Balance – Fermentation of Sugar from Corn Stover 

Input Kg/litre diesel 

Feedstock (dry) 12.0 

Sulphuric acid 0.216 

Corn steep liquor  0.144 

Ammonia  0.13 

Lime  0.1 

Diammonium phosphate 0.016 

Host nutrients  0.006 

Sorbitol 0.006 

Sulphur dioxide 0.004 

Boiler chemicals  0 

Electricity, kWh/litre 4.14 

 

The lignin and un-converted portions of the stover are used to generate power in a corn 
stover to ethanol biorefinery. It is possible that the power production for this system could be 
higher than is shown here and that would positively impact the energy balance and GHG 
emission profile. 

11.3 LIFECYCLE ENERGY BALANCES 

The total energy balances for the two systems are compared to that of conventional diesel 
fuel Table 11-3. The overall energy balance for the sugar feedstock is very good due to the 
co-product credit from the electricity production. The corn stover energy balance is not as 
good due to the low yield per tonne of stover. 
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Table 11-3 Total Energy Balance – Diesel from Sugar Fermentation 

Fuel  Diesel Diesel from Sugar Fermentation 

Feedstock  Crude oil Sugar Cane Corn Stover 

 Joules consumed/Joule produced 

Fuel dispensing 0.0041  0.0041 0.0041 
Fuel distribution, storage 0.0110  0.0143  0.0182  
Fuel production 0.1394  2.3474  15.0523  
Feedstock transmission 0.0259  0.0423  0.1703  
Feedstock recovery 0.0993  0.0483  0.3147  
Feedstock Upgrading 0.0030  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.1078  0.5302  
Co-product credits -0.0001  -2.3547  -2.3547  
Total 0.2826 0.2095 13.7351 
EROEI, joules 
delivered/joules consumed 

3.54 4.77 0.07 

 

When the fossil energy balance is considered, the biomass energy that is supplied to the 
plant is not included and the energy balance is much improved and is much better than the 
existing diesel performance. The energy balance for the sugar feedstock is negative because 
of the co-product credit for the power. The corn stover fossil energy balance is also very 
good and could be even better if more power output was modelled. 

Table 11-4 Fossil Energy Balance – Diesel from Sugar Fermentation 

Fuel  Diesel Diesel from Sugar Fermentation 

Feedstock  Crude oil Sugar Cane Corn Stover 

 Joules consumed/Joule produced 

Fuel dispensing 0.0029  0.0029  0.0028  
Fuel distribution, storage 0.0094  0.0139  0.0088  
Fuel production 0.1346  0.0037  0.1727  
Feedstock transmission 0.0225  0.0420  0.1692  
Feedstock recovery 0.0914  0.0480  0.3127  
Feedstock Upgrading 0.0029  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.1047  0.5184  
Co-product credits -0.0001  -1.6576  -1.6576  
Total 0.2636 -1.4424 -0.4730 
FER, joules 
delivered/joules consumed 

3.79 - - 

 

 

11.4 LIFECYCLE GHG EMISSIONS 

The lifecycle GHG emissions are shown Table 11-5 and compared to those of diesel fuel. 
The emissions are negative for the sugar feedstock, again due to the large co-product credit 
for the electricity produced. 
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Table 11-5 GHG Emissions – Diesel from Sugar Fermentation 

Fuel  Diesel Diesel from Sugar Fermentation 

Feedstock  Crude Oil Sugar Cane Corn Stover 

 g CO2eq/GJ 

Fuel dispensing 351  340  340  
Fuel distribution and storage 922  699  699  
Fuel production 10,390  12,039  55,301  
Feedstock transmission 2,337  3,353  13,499  
Feedstock recovery 6,001  4,336  28,266  
Feedstock upgrading 189  0  0  
Land-use changes, cultivation 15  10,923  0  
Fertilizer manufacture 0  6,903  31,804  
Gas leaks and flares 1,598  0  0  
CO2, H2S removed from NG 0  0  0  
Emissions displaced -8  -178,893  -178,893  
Total 21,796  -140,300 -48,984 

Fuel Combustion 70,276 1,728 1,728 

Grand Total 92,072 -138,572 -47,256 

% Change - -250.4 -151.3 

 

11.5 SENSITIVITY ANALYSIS 

The system currently produces as much electric power as it does liquid transportation fuel. 
This fact results in very attractive energy balances and GHG emissions. If the liquid fuel yield 
increases, then the amount of power produced will decline. We have modelled a case where 
the liquid fuel carbon efficiency increases from 60% to 90%, 50% more liquid fuel is 
produced but the power production drops by 300%, as only 10% of the input carbon is 
available for power production instead of 40%. The GHG emission results are shown below 
for the sugar cane feedstock. They are still very good but perhaps more reasonable than the 
base case. 
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Table 11-6 GHG Emissions vs. Liquid Fuel Yield – Sugar Cane 

Fuel  Diesel Diesel from Sugar Fermentation 

Feedstock  Crude Oil Sugar Cane 

  
60% Carbon 

Efficiency 
90% Carbon 

Efficiency 

 g CO2eq/GJ 

Fuel dispensing 351  340  340  
Fuel distribution and storage 922  699  699  
Fuel production 10,390  12,039  8,246  
Feedstock transmission 2,337  3,353  2,233  
Feedstock recovery 6,001  4,336  2,887  
Feedstock upgrading 189  0  0  
Land-use changes, cultivation 15  10,923  7,272  
Fertilizer manufacture 0  6,903  4,595  
Gas leaks and flares 1,598  0  0  
CO2, H2S removed from NG 0  0  0  
Emissions displaced -8  -178,893  -44,591  
Total 21,796  -140,300 -18,319 

Fuel Combustion 70,276 1,728 1,728 

Grand Total 92,072 -138,572 -16,591 

% Change - -250.4 -118.0 

 

The same case is modelled with the corn stover feedstock Table 11-7. The results are not as 
attractive since they are not that much better than traditional corn ethanol. The power 
production is still very important from a GHG emission perspective and, as noted earlier, an 
optimized process may produce more power than has been modelled here. 
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Table 11-7 GHG Emissions vs. Liquid Fuel Yield – Corn Stover 

Fuel  Diesel Diesel from Sugar Fermentation 

Feedstock  Crude Oil Corn Stover 

  
60% Carbon 

Efficiency 
90% Carbon 

Efficiency 

 g CO2eq/GJ 

Fuel dispensing 351  340  340  
Fuel distribution and storage 922  699  699  
Fuel production 10,390  55,301  43,231  
Feedstock transmission 2,337  13,499  8,999  
Feedstock recovery 6,001  28,266  18,844  
Feedstock upgrading 189  0  0  
Land-use changes, cultivation 15  0  0  
Fertilizer manufacture 0  31,804  21,203  
Gas leaks and flares 1,598  0  0  
CO2, H2S removed from NG 0  0  0  
Emissions displaced -8  -178,893  -44,591  
Total 21,796  -48,984 48,725 

Fuel Combustion 70,276 1,728 1,728 

Grand Total 92,072 -47,256 50,453 

% Change - -151.3 -45.2 

 

11.6 DISCUSSION 

This fuel production pathway has generated considerable interest in the past several years. 
There is limited information available in the public domain considering the performance of the 
process but the modelling parameters used here are believed to be representative of current 
performance and a future performance scenario has also been developed. The GHG 
emissions from both the existing and future performances are quite good, with the possible 
exception of the corn stover, future performance case. This case also has the greatest 
uncertainty with respect to the model input parameters. 

The electric power production aspect of the process is an important component of the energy 
balance and GHG emission performance. The results are therefore dependent on the 
assumptions made about what power is displaced by the new production. There are 
locations in the world where the incremental source of power may have a lower carbon 
intensity than has been modelled and the GHG emission performance of this pathway will 
not be as attractive as modelled here. 
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12. DISCUSSION AND CONCLUSIONS 

A number of advanced biofuel pathways have been examined with respect to their energy 
balances and GHG emission performance. Some of these pathways have relatively detailed 
public techno-economic modelling studies that are available and on which the energy and 
GHG lifecycle modelling have been based. However, there is a continuum of the quality of 
the publicly available data and, for some of the pathways, a significant number of 
assumptions have had to be made in order to generate the results. Some caution is therefore 
required when the results of different systems are compared. Furthermore, none of the 
modelling data is based on actual operating systems. 

The bio-chemical ethanol pathway has the most detailed data of all of the pathways, as it 
includes a detailed design of the wastewater treatment system, as well as the ethanol 
manufacturing process. The base case GHG emissions for this pathway are only 13% better 
than the traditional corn ethanol process and a large part of the disappointing performance is 
due to the embodied emissions that are in the chemicals used for wastewater treatment. This 
is an area of uncertainty for many of the other processes. It is expected that the thermo-
chemical processes will have lower quantities of waste water to deal with but there are some 
other pathways that can be expected to have significant quantities of waste water and little 
has been done to investigate what will be required for these systems. This is an area that will 
require significant investigation as these processes move towards commercialization. 

12.1 PERFORMANCE SUMMARIES 

The key system parameters in terms of feedstock requirements, energy requirements, 
energy balance and GHG performance are shown in the following tables. An assessment of 
the data quality is made on a scale of one to four. Four indicates commercial systems with 
high quality data inputs, three is for the systems with a highly developed, public, techno-
economic model, two is for systems with a public, partially developed techno-economic 
model and one is for systems with limited public data. 

Table 12-1 summarizes the performance of the ethanol production systems. The parameters 
identified partially explain some of the results. For example, the higher yield from the 
thermochemical system compared to the biochemical system is partially a result of the lack 
of power exported from the system. The yield difference between the thermochemical and 
the hybrid system impacts the different Fossil Energy ratios for the two systems. The 
systems are much more complex than can be explained in a summary table and more detail 
is provided on all of the systems in the report. 
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Table 12-1 Ethanol Performance Summary 

Fuel  Gasoline Ethanol 

Process 
  

Existing Bio-chem Thermo-
chem 

Hybrid 

Feedstock Crude oil Corn Corn Stover Wood Res Corn Stover 

kg feedstock/litre   2.4 3.05 2.55 4.51 

Power exported, kWh/l   0 0.50 0 0 

NG purchased   Yes No No No 

Data assessment 4 4 3 3 1 

Fossil Energy Balance, 
Joules consumed/Joule 
produced 

0.262 0.657 0.346 0.061 0.256 

FER, joules 
delivered/joules 
consumed 

3.81 1.52 2.89 16.40 3.90 

  g CO2eq/GJ 

Production GHG 22,151  53,186  29,46  7,778  23,437  

Fuel Combustion 64,736 2,008           2,008  2,008 2,008 

Grand Total GHG 86,887 55,194 31,444  9,786 25,445  

% Change - -36.5 -63.8 -88.7 -70.7 

 
Similar data for the systems that produce gasoline is shown in Table 12-2. The pyrolysis 
system produces the most fuel from a kilogram of feedstock but it requires purchased power 
and natural gas for the system, and this impacts the Fossil Energy Balance and the GHG 
emissions. The biomass to gasoline through syngas production has reasonable quality data 
and good energy and GHG performance. Care must be taken in comparing the feedstock 
requirements to the previous table that considered ethanol production technologies, as the 
energy content of the gasoline is 50% high than the energy content of ethanol. 
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Table 12-2 Gasoline Performance Summary 

Fuel  Gasoline 

Process Refining Syngas Pyrolysis Hybrid Hydro 
Pyrolysis 

Feedstock Crude oil Wood Res Wood Res Wood Res Wood Res 

kg feedstock/litre   4.36 2.14 4.9 4.0 

Power exported   0 Purchased 0 0 

NG purchased   No Yes No No 

Data Assessment 4   3 2  1  1  

Fossil Energy Balance, 
Joules consumed/Joule 
produced 

0.262 0.051 0.509 0.315 0.095 

FER, joules 
delivered/joules consumed 

3.81 19.60 1.97 3.17 10.48 

  g CO2eq/GJ 

Production GHG 22,151 -504  47,096 2,968 11,801 

Fuel Combustion 64,736 2,334 2,344 2,334 2,334 

Grand Total GHG 86,887 1,830  49,440 5,302 14,135 

% Change - -97.9 -43.1 -93.9 -83.7 

 
Table 12-3 compares the performance of the systems that produce diesel fuels. There are 
large differences in almost all aspects of these systems making comparisons and 
conclusions difficult. 

Table 12-3 Diesel Performance Summaries 

Fuel  Diesel 

Process Refining HT Syngas Hydrothermal 
Liquefaction 

Sugar 
Fermentation 

Feedstock 
Crude oil Wood 

Residues 
Wood Residues Corn Stover 

kg feedstock/litre   4.22 2.51 12 

Power exported   1.05 Purchased 4.14 

NG purchased   No Yes No 

Data Assessment  4 3 2 1 

Fossil Energy Balance, Joules 
consumed/Joule produced 0.264 -0.103 0.315 -0.473 

FER, joules delivered/joules 
consumed 

3.79 - 3.18 - 

  g CO2eq/GJ 

Production GHG 21,796 -13,675  25,646 -48,984 

Fuel Combustion 70,276 1,728 1,728 1,728 

Grand Total GHG 92,072 -11,947  27,374 -47,256 

% Change - -113.0 -70.29 -151.3 
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12.2 ENERGY BALANCE RESULTS 

All of the biofuel pathways consume significant quantities of energy in their lifecycles but in 
most cases a large portion of the energy is supplied by the biomass. A better measure of the 
energy balance is therefore the fossil energy balance, where the fossil energy into the 
system is compared with the fossil energy displaced by the biofuel. 

Table 12-4 summarizes the fossil energy balance data, by stage, for the ethanol production 
systems that have been analyzed. All of the advanced ethanol biofuels have better fossil 
energy balances than the commercial corn ethanol but due to the energy embedded in the 
waste water treatment chemicals, the biochemical pathway is only about 20% better. The 
thermochemical and hybrid systems have better fossil energy balances than gasoline 
produced from crude oil. Note the difference in the fuel production energy use between the 
systems, the thermochemical and the hybrid systems use very little fossil energy in the fuel 
production stage. 

Table 12-4 Summary of Fossil Energy Balance – Ethanol 

Fuel  Gasoline Ethanol 

Process  
Existing Bio-chem Thermo-

chem 
Hybrid 

Feedstock 
Crude oil Corn Corn 

Stover 
Wood Res Corn 

Stover 

 Joules consumed/Joule produced 
Fuel dispensing 0.0028  0.0044  0.0044  0.0045  0.0044  
Fuel distribution, storage 0.0093  0.0139  0.0139  0.0143  0.0139  
Fuel production 0.1349  0.4851  0.2948  0.0025  0.0072  
Feedstock transmission 0.0222  0.0178  0.0261  0.0283  0.0390  
Feedstock recovery 0.0902  0.0704  0.0483  0.0114  0.0721  
Feedstock Upgrading 0.0029  0.0000  0.0000  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.1230  0.0801  0.0000  0.1196  
Co-product credits -0.0001  -0.0574  -0.1218  0.0000  0.0000  
Total 0.2621 0.6573 0.3459 0.0610 0.2562 
FER, joules 
delivered/joules 
consumed 

3.81 1.52 2.89 16.40 3.90 

 

A number of advanced biofuel pathways produce fuels that are direct substitutes for 
gasoline. The fossil energy balances of these systems are compared to gasoline from crude 
oil Table 12-5. There are significant differences in the fossil energy consumption in the fuel 
production stage between the different production systems. The syngas to gasoline and 
hydropyrolysis routes have better energy balances than gasoline from crude oil. All of the 
fossil energy balances are better than the existing corn ethanol process. 
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Table 12-5 Summary of Fossil Energy Balance – Gasoline 

Fuel  Gasoline 

Process 
Refining Syngas Pyrolysis Hybrid Hydro 

pyrolysis 

Feedstock Crude oil Wood Res Wood Res Wood Res Wood Res 

 Joules consumed/Joule produced 
Fuel dispensing 0.0028  0.0028  0.0029  0.0028  0.0028  
Fuel distribution, storage 0.0093  0.0099  0.0100  0.0148  0.0148  
Fuel production 0.1349  0.0063  0.4562  0.2680  0.0365  
Feedstock transmission 0.0222  0.0320  0.0314  0.0360  0.0294  
Feedstock recovery 0.0902  0.0129  0.0085  0.0145  0.0118  
Feedstock Upgrading 0.0029  0.0000  0.0000  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.0000  0.0000  0.0000  0.0000  
Co-product credits -0.0001  -0.0129  0.0000  -0.0208  0.0000  
Total 0.2621 0.0510 0.5089 0.3153 0.0954 
FER, joules 
delivered/joules 
consumed 

3.81 19.60 1.97 3.17 10.48 

 

Some of the advanced biofuel processes produce a diesel fuel that is a direct substitute for 
diesel produced from crude oil. The fossil energy balance for these systems is summarized 
Table 12-6. Two of these systems produce significant quantities of electricity as a co-product 
and, as a result, end up with a “negative” energy balance. This results from the large 
amounts of electricity that are produced from biomass for these systems. 

Table 12-6 Summary of Fossil Energy Balance – Diesel 

Fuel  Diesel 

Process 
Refining HT Syngas Hydrothermal 

Liquefaction 
Sugar 

Fermentation 

Feedstock Crude oil 
Wood 

Residues 
Wood 

Residues 
Corn Stover 

 Joules consumed/Joule produced 
Fuel dispensing 0.0029  0.0028  0.0028  0.0028  
Fuel distribution, storage 0.0094  0.0088  0.0088  0.0088  
Fuel production 0.1346  0.0116  0.2787  0.1727  
Feedstock transmission 0.0225  0.0296  0.0176  0.1692  
Feedstock recovery 0.0914  0.0119  0.0071  0.3127  
Feedstock Upgrading 0.0029  0.0000  0.0000  0.0000  
Ag. chemical manufacture 0.0000  0.0000  0.0000  0.5184  
Co-product credits -0.0001  -0.1678  0.0000  -1.6576  
Total 0.2636 -0.1031 0.3148 -0.4730 
FER, joules 
delivered/joules 
consumed 

3.79 - 3.18 - 
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12.3 GHG EMISSION RESULTS 

The GHG emission results for the ethanol fuel systems are compared Table 12-7. The 
thermo-chemical and the hybrid approaches have the best GHG emissions performance. 
The bio-chemical pathway has GHG emissions that are 9% lower than the commercial corn 
ethanol pathway. This modest improvement could be improved if the chemical consumption 
of the process could be lowered or if some of the chemicals could be substituted for ones 
that had a lower carbon footprint. The thermochemical and hybrid systems have GHG 
emission performances that are considerably better than commercial corn ethanol and 
gasoline. 

Table 12-7 Summary of GHG Emissions – Ethanol 

Fuel  Gasoline Ethanol 

Process 
Refining Existing Bio-chem Thermo-

chem 
Hybrid 

Feedstock Crude oil 
Corn Corn 

Stover 
Wood 
Res 

Corn 
Stover 

 g CO2eq/GJ 
Fuel dispensing 346  539  539  555  539  
Fuel distribution and storage 910  1,109  1,109  1,139  1,109  
Fuel production 10,860  31,990  29,565  2,797  4,818  
Feedstock transmission 2,307  1,423  2,085  2,259  3,114  
Feedstock recovery 5,933  5,258  4,365  1,029  6,520  
Feedstock upgrading 187  0  0  0  0  
Land-use changes, 
cultivation 15  19,722  0  0  0  
Fertilizer manufacture 0  7,599  4,913  0  7,337  
Gas leaks and flares 1,600  0  0  0  0  
CO2, H2S removed from NG 0  0  0  0  0  
Emissions displaced -8  -14,454  -13,140  0  0  
Total 22,151  53,186  29,436  7,778  23,437  
Fuel Combustion 64,736 2,008        2,008  2,008 2,008 
Grand Total 86,887 55,194 31,444  9,786 25,445  
% Change - -36.5 -63.8 -88.7 -70.7 

 

In Table 12-8 the GHG emissions for the advanced biofuel systems that produce direct 
gasoline replacements are summarized. The pyrolysis system has emissions similar to the 
bio-chemical approach, whereas the other systems produce about double the GHG emission 
reductions. The sugar catalysis and the hydropyrolysis systems are the least developed and 
have the greatest uncertainty with respect to the input parameters for modelling. 
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Table 12-8 Summary of GHG Emissions – Gasoline 

Fuel  Gasoline 

Process 

Refining Syngas Pyrolysis Hybrid 
(Sugar 

Catalysis) 

Hydropyro
lysis 

Feedstock Crude oil Wood Res Wood Res Wood Res Wood Res 

 g CO2eq/GJ 
Fuel dispensing 346  347  350  347  347  
Fuel distribution and 
storage 910  792  800  1,216  1,216  
Fuel production 10,860  3,469  40,994  11,420  6,824  
Feedstock transmission 2,307  2,557  4,185  2,873  2,346  
Feedstock recovery 5,933  1,165  767  1,309  1,069  
Feedstock upgrading 187  0  0  0  0  
Land-use changes, 
cultivation 15  0  0  0  0  
Fertilizer manufacture 0  0  0  0  0  
Gas leaks and flares 1,600  0  0  0  0  
CO2, H2S removed from 
NG 0  0  0  0  0  
Emissions displaced -8  -8,834  0  -14,197  0  
Total 22,151  -504  47,096  2,968  11,801  
Fuel Combustion 64,736 2,334 2,344 2,334 2,334 

Grand Total 86,887 1,830  49,440 5,302 14,135 

% Change - -97.9 -43.1 -93.9 -83.7 

 

In Table 12-9 the GHG emissions for the advanced biofuel systems that produce direct 
diesel fuel substitutes are summarized. As noted earlier in the fossil energy balance 
summary, two of these systems produce significant quantities of electricity as co-products 
and this has a very favourable impact on the GHG emissions performance. 
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Table 12-9 Summary of GHG Emissions – Diesel 

Fuel  Diesel 

Process 
Refining Syngas Hydrothermal 

Liquefaction 
Sugar 

Fermentation 

Feedstock Crude oil 
HT Wood 
Residues 

Wood 
Residues 

Corn Stover 

 g CO2eq/GJ 
Fuel dispensing 351  342  340  340  
Fuel distribution and storage 922  699  699  699  
Fuel production 10,390  3,646  22,566  55,301  
Feedstock transmission 2,337  2,359  1,402  13,499  
Feedstock recovery 6,001  1,075  639  28,266  
Feedstock upgrading 189  0  0  0  
Land-use changes, 
cultivation 15  0  0  0  
Fertilizer manufacture 0  0  0  31,804  
Gas leaks and flares 1,598  0  0  0  
CO2, H2S removed from NG 0  0  0  0  
Emissions displaced -8  -21,797  0  -178,893  
Total 21,796  -13,675  25,646  -48,984 

Fuel Combustion 70,276 1,728 1,728 1,728 

Grand Total 92,072 -11,947  27,374 -47,256 

% Change - -113.0 -70.29 -151.3 

 

12.4 SENSITIVITIES 

In many cases the sensitivity of the GHG emission results were investigated. This is 
necessary because of the uncertainty surrounding some of the important process and 
modelling parameters.  

12.4.1 Yield 

The yield of liquid biofuels per unit of feedstock was investigated for many of the processes. 
In general, this parameter has some impact on the energy balance but quite a small impact 
on the GHG emission performance. The feedstock used for the modelling, corn stover and 
wood residues, have low carbon footprints as delivered to the processing facility and even 
doubling those emissions is not enough to significantly change the overall GHG emissions. 

The sensitivity analysis for yield kept all other operating parameters constant. This may not 
be the case in actual practice. Lower fuel yield could result in more electricity being produced 
and this could actually improve the GHG emission performance, as we saw with the 
fermentation of sugar to produce diesel fuel. 

Yield will be important for other important parameters such as operating costs and capital 
costs. Low yield will negatively impact both of these critical issues. Low yield can also 
negatively impact the operability of the process due to issues such as increased fouling, or 
increased corrosion and erosion. 
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12.4.2 Electric Power 

Many of the systems rely on some electric power being produced as a co-product, either for 
use in the plant or for export to the grid. Electricity consumption is an important, but often 
overlooked, parameter in designing biofuel plants. 

The surplus available for sale to the grid generates a significant energy and GHG emission 
credit. However, the electrical energy requirements derived from process modelling can be 
difficult to transfer to the real world. There is always a tendency for plant designers to build in 
safety factors when plants are designed and, in the case of electric motors, this over design 
will come at the expense of increased power consumption, unless the motors are the more 
expensive variable speed type.  

Total power consumption of real world biofuel plants is quite insensitive to production 
throughput. At low levels of production, the liquid flows through pumps that are controlled 
with a control valve that increases the resistance to flow but the power consumption of the 
motor doesn’t really change as the lower mass throughput is offset by increased resistance. 
To demonstrate this, data from a real world ethanol plant is shown in Figure 12-1. This plant 
experienced a number of design and operational problems and took some time to reach 
design capacity. The daily average power consumption, in total and per unit of throughput, is 
plotted against the daily average throughput. The monthly averages are used for all 
parameters. 

Figure 12-1 Real World Power Consumption 
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Moving from 70% to 100% of design capacity saw the total power increase by about 10%, 
but this resulted in a 35% reduction in per litre power consumption. This is one of the 
reasons that the sensitivity of the GHG emissions to the net power position was investigated 
for many of the processes; it is very difficult to model this parameter accurately in process 
models and, as we have seen, it can have a significant impact on the GHG emission 
performance. This creates additional uncertainty with respect to the emission performance of 
many of these advanced biofuel pathways that are still in the development stage. 
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12.5 CONCLUSIONS  

A large number of advanced biofuel systems appear to offer attractive fossil energy balances 
and significant lifecycle GHG emission reductions based on the information that is available 
in the public domain. There are two areas of uncertainty for many of these developing 
systems: the electricity balance between the amount self-generated and the quantity 
required for the process, and the materials and energy required for wastewater treatment. 
The uncertainty will not be significantly reduced until there are large scale commercial 
operations that publish their operating performance. 

Given these two uncertainties, it is possible that specific companies may develop systems 
that offer better performance than is modelled here if they produce more power than they 
consume and they have efficient wastewater treatment systems. 

It is not possible to say that the thermo-chemical approach is better than the bio-chemical 
approach as there are really a number of different schemes within each of those broad 
categories. 
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