
ABSTRACT 
 

DAYSTAR, JESSE SKY. Environmental Impacts of Cellulosic Biofuels Made in the South East: 

Implications of Impact Assessment Methods and Study Assumptions. (Richard Venditti, Stephen 

Kelley, Ronalds Gonzalez, and James McCarter). 

National and state governments have responded to the potential threats of climate change by 

mandating the use of renewable fuels and energy sources.  The Renewable Fuel Standard 2 

(RFS2) legislation put into law in 2007 required the production of 36 billion gallons of renewable 

fuel by 2022 with specified GHG reductions as compared to gasoline (EISA 2007).  The original 

legislation required petroleum producers to purchase 6 billion ethanol equivalent gallons of 

cellulosic biofuels in 2013, however, this mandate was recently adjusted to 810,184 ethanol 

equivalent gallons due to insufficient supply.  The insufficient supply of cellulosic biofuels can be 

attributed to high delivered biomass cost, high conversion process capital requirements, and 

insufficient technology to profitably convert cellulosic biomass to biofuels.   

In addition to technical difficulties, there is controversy surrounding the environmental impacts of 

biofuels and the methods used to calculate these environmental impacts.  The environmental 

impacts of biofuels made from a range of cellulosic feedstocks using numerous emerging 

conversion technologies are difficult to compare due to inconsistent life cycle assessment (LCA) 

methods and data.  Conversion pathways with the lowest environmental impacts can be identified 

through implementing the most robust LCA methods, using consistent study assumptions, and 

using consistent biomass LCA data.  Increased consistency in biofuel LCA methodology will 

develop more evidence characterizing the environmental impacts of biofuels. 

The goal of this dissertation work is to fill in some of the missing pieces mentioned above by 

providing focused research projects.  This will be done using a series of associated studies.  The 

first study determines the delivered cost and environmental impacts of cellulosic biomass grown 

in the South East with consistent assumptions and data. Results from this study enable more 

consistent technology comparisons as the environmental impacts and financial performance of 

each feedstock were determined using consistent data and assumptions.  On a cradle-to-gate 

basis, forest based feedstocks were determined to have lowered delivered costs and lower 

environmental impacts due to no storage requirements, lower management intensity, and less 

frequent harvesting.  Direct land use change (LUC) was shown to increase biomass GHG 



emissions when converting forest to agriculture lands and shown to reduce GHG emissions when 

converting agriculture lands to forest. 

In the third and fourth study, the environmental impacts of cellulosic biofuels made with the 

thermochemical and biochemical conversion pathways.  Global warming impacts (GWI) of forest 

based biofuels were lower than agriculture based feedstocks, however, all biofuel scenarios 

reduced GWI and energy use compared to gasoline. When examining additional impact 

categories, environmental tradeoffs were present when comparing biofuels to gasoline.  A 

multivariate analysis determined the effects of weighting methods and study assumptions on the 

analysis conclusions.  Single weighted score biofuel scenario ranking was different than the GWI 

scenario ranking as GWI contributed minimally to the single weighted score; carcinogens and 

non-carcinogens related to process chemical production dominated the single score result.   

Biofuel scenario ranking based on GWI was sensitive to LUC and co-product treatment methods, 

however, the single score ranking was not, except in one LUC scenario of converting natural 

forest to agricultural lands.  Impact weighting methods did not to influence the biofuel scenario 

single score ranking.  

The implications of GHG accounting method in the context of biofuel GWI was explored in the 

fifth study.  Dynamic GHG accounting using consistent time horizons (TH) was compared to 

traditional global warming potential (GWP) method with a 100 year TH.  Biofuel scenario 

ranking was sensitive to TH and the starting condition assumption of biomass planting or 

harvesting.   Biofuel scenario GWI was more sensitive to these study assumptions when biomass 

types with longer growth cycles were used.   
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1 Introduction 

1.1 Cellulosic biofuels 

The United States government has identified cellulosic biofuels as a means to reduce greenhouse gas 

(GHG) emissions, increase energy security, and bring financial assistance to rural economies.  To 

promote the production and use of biofuels, the Energy and Security Act of 2007 (EISA) and the 

Renewable Fuels Standards 2 (RFS2) set mandated fuel production volumes of 36 billion gallons of 

blended renewable transportation fuels by 2022.  As there is much controversy over the GHG 

reductions due to first generation biofuels production and use (Davis et al. 2009); EISA also required 

the EPA to apply life cycle GHG threshold standards to ensure reductions through the use of biofuels.  

Through following these threshold requirements, 60% GHG reduction for cellulosic ethanol and 20% 

for other biofuels, the use of biofuels will decrease anthropogenic GHG emissions and create a more 

sustainable path forward.   

To date, the development of a mature second generation biofuels industry has been plagued with a 

myriad of technical hurdles and difficult market conditions. In addition to this, the environmental 

benefits of biofuels have been debated.  Due to these difficulties, the RFS2 mandated biofuels yearly 

production volumes have not been met. To overcome these challenges and concerns, the Department 

of Energy and other governmental agencies have funded research focused on reducing capital cost, 

biomass cost, risk, and increasing biomass conversion yields, system integration, and understanding 

of the logistics surrounding biofuels production and use.   

This research funding has fueled the development of many conversion technologies using different 

pretreatment methods, process configurations, and system integrations (Spath et al. 2005, Phillips et 

al. 2007, Sequeira et al. 2007, Foust et al. 2009, Dutta et al. 2012).  Thermochemical and biochemical 

fuel conversion pathways are the two major classifications converting cellulosic biomass to biofuels.  

Previous studies have determined the techno-economic feasibility of these two pathways (Humbrid et 

al. 2011, Phillips et al. 2007), however, few studies have determined the influence of biomass 

feedstock choices on the environmental impacts of biofuels.  Additionally, due in part to inconsistent 

biomass delivered cost and environmental burdens, objectively comparing the performance of 

conversion technologies can be difficult.  Both conversion pathways are briefly reviewed below to 

provide the reader with a basic understanding of biomass-to-ethanol conversion methods. 
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1.2 Biomass feedstocks 

Biofuel feedstocks play a central role in determining GHG emissions, the financial performance, and 

technological feasibility of biofuel production processes. Previous studies have revealed feedstock 

production and delivery as the single largest contributor to the financial feasibility of bioenergy 

technologies, accounting for 35 to 45% of the total production cost (Tao and Aden 2009; Gonzalez et 

al. 2011a, b, d; Pirraglia et al. 2012).  Significant research and funding have focused on understanding 

the relationship between biomass productivity, supply system costs, conversion technology CAPEX, 

operation, and yield of bioenergy and biofuel products. Confirmed by unsuccessful commercial 

facilities, high feedstock and conversion costs have been identified as a major barrier to the 

commercial success of cellulosic biofuels. Consequently, the success and sustainability of the 

bioenergy industry critically depends on the optimization of the biomass supply system.  

1.3 Biofuel conversion pathways 

To provide a basis for technology comparison, Humbird et al. (2011) at the National Renewable 

Energy Laboratory (NREL) performed a robust techno-economic analysis of a biochemical 

conversion route utilizing dilute acid pretreatment, enzymatic hydrolysis, and fermentation to convert 

cellulosic feedstocks to ethanol (Humbird et al. 2011).  This method employs dilute sulfuric acid to 

solubilize hemicelluloses, which can be directly fermented and to decrease the recalcitrance of native 

biomass through altering both the chemical and physical aspects of the biomass (Humbrid et al. 2011, 

Bower et al. 2008, Kootstra 2009, Qi et al. 2010, Waldron et al. 2010, and Castro et al. 2011).  The 

remaining biomass residues after fermentation are burned to provide process energy and electricity, 

which in some cases can be sold to the grid. 

Technical aspects of the indirect gasification pathway have been explored by many researchers 

including those at the U.S. Department of Energy (Phillips et al. 2007, Carpenter et al. 2010, Swanson 

et al. 2010, and Dutta et al. 2011, Jett 2011).  The indirect gasification process produces a mixture of 

carbon monoxide and hydrogen gas referred to as synthesis gas (syngas).  Raw syngas contains 

catalyst-fouling contaminants that must be removed before fuel synthesis.  The clean syngas is then 

converted to mixed alcohols or other fuels by a catalyst.  Power requirements for alcohol conversion 

processes are provided by combined heat and power facilities burning waste, biomass, char or 

produced syngas or ethanol (Balan et al. 2012).  
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One advantage of the thermochemical conversion pathway is that it can use a wider range of 

feedstocks than biochemical conversion and produce reasonable alcohol yields (Dutta and Phillips 

2009, Dutta et al. 2011, Dutta et al. 2012).  Unlike the biochemical process, the thermochemical 

process is not adversely affected by lignin in the biomass, however, biomass feedstock moisture and 

ash content heavily influences alcohol yields and emissions with the thermochemical process 

(Daystar et al. 2014). The thermochemical pathway has also been shown to be capable of producing a 

wide variety of fuels beyond ethanol.   

1.4 Biofuel life cycle assessment 

1.4.1 GHG analysis 

There is little consensus in the literature surrounding emissions from emerging biomass conversion 

technologies due in part to rapid innovation and the lack of existing large-scale commercial 

conversion facilities or common facility designs (Banerjee et al. 2010).  To help develop mythology 

and a central comparison point, in 2001 the Argonne National Laboratory developed the Greenhouse 

Gases, Regulated Emissions, and Energy Use in Transportation (GREET) model to analyze the GHG 

emissions and global warming impact (GWI) from the biofuels life cycle, utilizing many different 

production pathways and blending options (Wang 2001).  Data created with the GREET model have 

added significantly to our understanding of biofuel GWIs, but do not encapsulate all biofuel 

conversion routes and only allow for the model user to incorporate limited conversion process data 

and feedstock options.  Despite the non-specific nature of GREET model, it serves as an excellent 

platform for comparing GWIs from a select set of common production processes and feedstocks. The 

GREET model, however, cannot calculate other environmental impacts beyond global warming 

impacts (GWI) and fossil fuel use which could encourage burden shifting (Daystar et al. 2012). 

1.4.2 Dynamic GHG accounting 

The International Panel on Climate Change (IPCC 2007) defined an accounting method to determine 

the environmental impacts of various greenhouse gases with different warming potentials.  The global 

warming potential (GWP) method relates the warming potential, in [W*m2], of various greenhouse 

gases to the warming effect of CO2 over a time horizon of 100 years (GWP(100)).  When applying 

this method, all emissions occurring over the life cycle of a product, service or good, are summed and 

calculated as if they occur in year zero (Pennington et al. 2004).  In reality, these emissions could 

occur over many years; this fact is fundamentally ignored by many biofuels studies.  By following the 
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GWP(100) method and ignoring emission timing, the realized global warming impacts of emissions 

over the time horizon can be different than the impacts using a dynamic GWP method with consistent 

temporal boundaries.  Additionally, the calculated impacts of GHG emissions over shorter analytical 

time horizons are often more sensitive to methodology decisions leading to different study 

conclusions, (Kendall 2009, Levasseur et al. 2009, O’Hare, 2009). 

1.4.3 Biofuel environmental tradeoffs and single score results 

Mandated Environmental Protection Agency biofuel qualifications focused on greenhouse gas 

emissions and fossil fuel use are limited in perspective and have the potential to encourage burden 

shifting. When a broader host of environmental impacts are examined, environmental tradeoffs often 

exist when biofuels are compared to gasoline. Understanding the implications of environmental 

tradeoffs can be difficult and subject to a wide variety of perspectives based on different values 

systems. Performing life cycle impact assessment (LCIA) beyond mid-point indicators can help 

decision makers identify scenario options with the lowest environmental impacts, however, the 

practice of normalization and weighting is inherently subjective.  Multivariate analysis methods 

examining a wide variety of value systems and methodology assumptions can be used to objectively 

determine process design options with the lowest overall environmental impact (Rogers and Seager, 

2009).  Additionally, multivariate analysis can determine the influence subjective weighting methods 

on the overall study conclusions. 

1.5 Overview 

This dissertation will first present a study examining the delivered cost and environmental impacts of 

biomass produced in the South East in Chapter 2.  Then it will present studies examining the 

environmental impacts bioethanol from different regionally important cellulosic feedstocks processed 

in both the thermochemical and biochemical conversion pathways in Chapters 3, 4, and 5. The 

implications of LCA methodological decisions and impact assessment methods using a single 

environmental score are also explored in Chapter 5.  The implications of GHG accounting methods 

and additional assumptions are examined in chapter 6. 

1.6 Objectives 

A reader of this dissertation will: 1) become familiar with the different processing steps required for 

biofuel production, 2) understand the drivers biomass production environmental impacts and 

delivered cost 3) understand how LCA methodology and study assumption influence the calculated 
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environmental impacts of biofuels 4) understand the basics of global warming impact calculations and 

how GHG accounting methods influence study results, 5) understand how the work presented in this 

dissertation will be used to inform the body of knowledge.  
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2 Economics, Environmental Impacts, and Supply Chain Analysis of 

Cellulosic Biomass for Biofuels in the Southern US: Pine, Eucalyptus, 

Unmanaged Hardwoods, Forest Residues, Switchgrass, and Sweet 

Sorghum  

2.1 Abstract 

The production of six regionally important cellulosic biomass feedstocks, including pine, eucalyptus, 

unmanaged hardwoods, forest residues, switchgrass, and sweet sorghum, was analyzed using 

consistent life cycle methodologies and system boundaries to identify feedstocks with the lowest cost 

and environmental impacts. Supply chain analysis was performed for each feedstock, calculating 

costs and supply requirements for the production of 453,592 dry tonnes of biomass per year. Cradle-

to-gate environmental impacts from these modeled supply systems were quantified for nine mid-point 

indicators using SimaPro 7.2 LCA software. Conversion of grassland to managed forest for bioenergy 

resulted in large reductions in GHG emissions due to carbon uptake associated with direct land use 

change. By contrast, converting forests to cropland resulted in large increases in GHG emissions. 

Production of forest-based feedstocks for biofuels resulted in lower delivered cost, lower greenhouse 

gas (GHG) emissions, and lower overall environmental impacts than the agricultural feedstocks 

studied. Forest residues had the lowest environmental impact and delivered cost per dry tonne.  Using 

forest-based biomass feedstocks instead of agricultural feedstocks would result in lower cradle-to-

gate environmental impacts and delivered biomass costs for biofuel production in the southern U.S.  

Daystar, J., Gonzalez, R., Reeb, C., Venditti, R., Treasure, T., Abt, R., & Kelley, S. (2014). 

Economics, Environmental Impacts, and Supply Chain Analysis of Cellulosic Biomass for Biofuels 

in the Southern US: Pine, Eucalyptus, Unmanaged Hardwoods, Forest Residues, Switchgrass, and 

Sweet Sorghum. BioResources, 9(1). 

 

2.2 Introduction 

The U.S. government’s goals for the production and use of bioenergy have catalyzed unprecedented 

incentives for research and development (R&D) of second-generation biofuels and other bio-based 

products (EPA 2012). Cellulosic biofuels are expected to reduce the nation's dependence on foreign 
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energy sources, improve rural economies, and reduce greenhouse gas (GHG) emissions, compared to 

conventional transportation fuels (Demirbas 2008, 2009).  

To ensure GHG reductions and a sustainable bioenergy industry, the Energy Independence and 

Security Act (EISA) established life cycle GHG reduction thresholds (against gasoline) compared to a 

2005 baseline. The EISA dictates 20% reductions for renewable fuels, 50% for advanced fuels, 50% 

for biomass-based fuels, and 60% for cellulosic biofuels (EPA 2012). The feedstock type plays a 

central role in determining GHG emissions and the financial and technological feasibility of biofuel 

production. Previous studies have revealed feedstock production and delivery as the single largest 

contributor to the financial feasibility of bioenergy technologies, accounting for 35 to 45% of the total 

production cost (Tao and Aden 2009; Gonzalez et al. 2011a, b, d; Pirraglia et al. 2012). Private firms 

have conducted R&D in search of technological processes capable of converting lignocellulosic 

biomass to liquid biofuels and bioproducts at lower operational costs and capital expenditures 

(CAPEX) (Frederick et al. 2008b; Gonzalez et al. 2011a, d). Significant research and funding have 

focused on understanding the relationship between biomass productivity, supply system costs, 

conversion technology CAPEX, operation, and yield of bioenergy and biofuel products. Confirmed 

by unsuccessful commercial facilities, high feedstock and conversion costs have been identified as a 

major barrier to the commercial success of advanced (second generation) biofuels. Consequently, the 

success and sustainability of the bioenergy industry critically depends on the optimization of the 

biomass supply system and effective use of capital investments.  

In this study, supply chain logistics, delivered cost (the price a biomass processing facility would pay 

for delivered biomass), and environmental burdens of these feedstocks were qualified and quantified 

from cradle-to-gate for eucalyptus, loblolly pine, unman-aged hardwood, forest residues, switchgrass, 

and sweet sorghum. Delivered cost per million BTU (LHV), cost per tonne of carbohydrate, and cost 

per bone-dry tonne (equivalent) are the main cost metrics reported herein, reflecting important 

information for specific conversion pathways (Gonzalez et al. 2011a, c).   

The pulp and paper industry has proven the feasibility of forest-based biomass supply systems by 

optimizing infrastructure and methodologies to provide consistent and cost-effective biomass supplies 

to facilities. The infrastructure and supply system are less developed for agricultural energy crops. 

The agricultural biomass supply chain is more complex due to reduced harvesting windows, generally 

lower biomass density compared to forestry feedstock (often limiting transportation capacity by 
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volume instead of weight), year-round storage requirements to provide a consistent supply due to 

narrower harvest windows, and associated costs related to biomass degradation and working capital 

during storage (Jackson et al. 2010; Gonzalez et al. 2011a, c). To better understand and improve the 

biomass supply systems, integrated analysis of the supply chain, delivered cost, and environmental 

impacts must be conducted. 

Previous studies have compared biomass supply systems for bioenergy production based on financial, 

logistical, and environmental assessments for feedstocks including switchgrass, willow, corn stover, 

corn grain, sugarcane and sugarcane bagasse, soybeans, and microalgae (Keoleian and Volk 2005; 

Kim and Dale 2005; McLaughlin and Kszos 2005; Botha and von Blottnitz 2006; Sanderson et al. 

2006; Volk et al. 2006; Kumar and Sokhansanj 2007; Lardon et al. 2009; Mani et al. 2010; Morey et 

al. 2010; Roberts et al. 2010; Singh et al. 2010; Sokhansanj et al. 2010; Campbell et al. 2011; Mobini 

et al. 2011; Yang et al. 2011). These studies present delivered cost estimates for biomass ranging 

from $81 to $90 per metric tonne of biomass. A comparison between data from the literature and the 

results from supply systems modeled in this study reveals a similarity between the cost data, though 

previous studies show less detailed financial analysis and do not integrate environmental burden data.  

The Billion Ton Study presented delivered costs ranging from $33 to $111 per dry tonne of feedstock 

(Perlack 2011).  However, these costs did not include all costs up to the conversion facility gates, as 

are included in this work. 

Previous studies have also compared non-food lignocellulosic and agricultural biomasses to 

conventional energy sources, such as coal and natural gas (Wu et al. 2006; Mu et al. 2010; Zhang et 

al. 2010; Guest et al. 2011). However, life cycle scope and assumptions were not consistent between 

studies and did not integrate financial, supply chain, and environmental analyses.  Consequently, 

feedstock comparisons were not possible through a literature review prior to this study. While it is 

beneficial to determine which feedstock has the lowest delivered cost, most feasible supply chain 

system, and lowest environmental burden, a detailed discussion of which processes contribute most to 

the cost or environmental burden is also presented. 

The goal of this work is to present data and recommendations to guide policy-makers, bioenergy 

producers, and feedstock producers in policy and investment decisions. Using consistent study 

assumptions, biomass types with the lowest delivered costs and environmental burdens are identified 
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and recommended for use in the appropriate conversion technologies.  Environmental “hot spots or 

process stages with significant environmental impacts are discussed. 

2.3 Materials and Methods 

2.3.1 Supply chain systems 

This study analyzed six biomass supply systems: plantation loblolly pine (Pinus taeda), bioenergy-

grown eucalyptus (Eucalyptus sp.), mixed unmanaged hardwoods, forest residues, and the bioenergy 

crops switchgrass and sweet sorghum.  Financial indicators, energy usage, and environmental impact 

for each type of biomass were calculated up to the point of delivery to a processing facility. 

2.3.2 Feedstocks 

This study examines several feedstocks with industrial processing potential in the southern United 

States, as identified through extensive literature review and communications with bioenergy and 

biomass experts. Each biomass supply system was extensively modeled in a production scenario 

including the activities associated with the production, harvest, storage, and transportation of each 

feedstock.  Characteristics considered integral to the selection of regional bioenergy feedstocks for 

this analysis (Gonzalez et al. 2011a) include: 

1. High biomass productivity, measured in dry metric tonnes per hectare per year 

2. High carbohydrate content sufficient for biochemical conversion of sugars to ethanol 

3. Current and consistent regional availability of published plant characteristics data 

(productivity, carbohydrate content, bulk density, moisture content at harvest) and cost of 

establishment, maintenance, and harvest 

4. Reasonable performance data for existing and proposed cellulosic ethanol conversion 

technologies  

A review of literature and industry data identified biomass feedstock species meeting these criteria 

grown in the Southern U.S.  In addition to these identified feed-stocks, forest residues and unmanaged 

hardwoods were also investigated. A brief description of each is presented here; more detail can be 

retrieved from Gonzalez et al.’s work (2009, 2011a). 
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2.3.2.1 Loblolly pine 

Loblolly pine (Pinus taeda) is the most prominent commercial forest species in the southern U.S., 

covering almost 29 million acres (11.7 million ha) and accounting for over 50% of the standing pine 

volume in 2007 (Baker and Langdon 2008). In 2002, this species provided nearly 73% of the total 

roundwood softwood volume produced in the southern U.S. (Johnson et al. 2003). Loblolly pine grows 

naturally from central Florida, north to Delaware and New Jersey, and west to east Texas and southeast 

Oklahoma (Schultz 1999). In Georgia intensively managed short-rotation (10 to 12 years) plantations 

with stand densities between 608 and 652 trees per acre have been reported, producing approximately 

26.6 m3 ha-1 year-1 (12.8 dry tonnes ha-1 year-1) of pulpwood (Borders and Bailey 2001).  In another 

study, the FASTLOB model was used by Gonzalez et al. (2011a) resulting in a yield of 17.1 tonnes ha-

1 year-1 (Amateis et al. 2001). It has been suggested that commercial ethanol production from loblolly 

pine may be more economically viable than ethanol from corn stover and other lignocellulosic materials 

(Frederick et al. 2008b). Improvement in enzymatic hydrolysis and conversion of polysaccharides into 

monomeric fermentable sugars in the presence of high lignin contents found in pine (for biochemical 

conversion) still requires more research to ensure technical and economic success commercially 

(Frederick et al. 2008b).  

2.3.2.2 Eucalyptus 

Eucalyptus (Eucalyptus sp.) is among the fastest growing hardwoods in the world and has been used 

for bioenergy and fiber production in numerous countries, such as Australia, USA (Hawaii), South 

Africa, Brazil, Uruguay, Portugal, and Venezuela (Lopes et al. 2003; Gonzalez et al. 2008, 2009; 

Hinchee et al. 2009; Keffer et al. 2009). The native habitat of eucalyptus is primarily Australia, with a 

few species native to Indonesia and Papua New Guinea. Eucalyptus plantations in the southern U.S. 

can be successfully established using freeze-tolerant seedlings. They are typically grown in regions 

such as Florida, Georgia, Alabama, Texas, and South Carolina, where appropriate climate conditions 

exist. 

Rotation length and yield for pulpwood can be 5 to 8 years with a mean annual increment (MAI) of 8 

to 16 green tonnes acre-1 year-1 (10 to 20 dry tonne ha-1 year-1).  MAI is the annual productivity per 

acre per year calculated by dividing the above-ground biomass per hectare at time of harvest by the 

age of the biomass. The rotation length  between eucalyptus harvesting can be 3 to 4 years with a 

MAI of 10 to 18 green tonnes per acre per year (12.3 to 22.4 dry tonne ha-1 year-1) (Gonzalez et al. 
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2009, 2011a). In addition to ethanol production, eucalyptus has been investigated for pellet 

production for bioenergy purposes (Ferrari et al. 1992; Gonzalez et al. 2011a, b). 

2.3.2.3 Unmanaged hardwood 

Unmanaged hardwood forests are known for low productivity and high biomass cost. They were 

studied in this work to provide a full spectrum of biomass options.  Unmanaged hardwood forests 

were modeled to have a rotation length of 50 years and stand productivities of approximately 2.2 dry 

tonne ha-1 year-1 (Gonzalez et al. 2011a). As a result of the low productivity, larger collection areas 

are needed to provide an adequate biomass supply compared to other, more productive feedstocks. 

With a larger collection area, larger biomass transportation distances are required, which result in 

increased delivered costs. The increased transportation costs and environmental burdens are, in part, 

offset by the lack of the establishment and maintenance costs. Despite the low productivity and large 

collection area, use of such feedstocks for first rotation length may be necessary prior to the 

establishment of intensively managed plantations or energy crops. Additionally, unmanaged 

hardwoods are more easily converted to ethanol than softwoods using the biochemical conversion 

process. Cellulosic bioethanol produced using unmanaged hardwoods is not considered a renewable 

fuel, according to the latest renewable fuel standards (EISA 2007). 

2.3.2.4 Forest residues 

Forest residues, consisting of tops, small branches, and leaves of harvested trees, are often left on the 

ground after harvesting. This non-commercial feedstock can only be removed at the time of harvest or 

after harvesting and represents around 20% of the above-ground biomass of softwood, specifically 

loblolly pine (Daystar et al. 2012).  Thus the supply forest residue (no burdens) system feedstock 

scenario does not include any activities prior to collection of the residues. Depending on the forest 

characteristics and machinery technology, 50-65% of the total residues can be expected to be collected 

(Perlack et al. 2005). The percent of residues collected and biomass chemical composition will depend 

both on the tree species and the age of the forest stand. It is important to emphasize that the availability 

of forest residues is dependent on biomass harvesting, which may be limited by stumpage costs, wood 

product prices at market, and other factors influencing a landowner’s decision to sell. A typical yield 

of 1.0 metric dry tonnes hectare-1 year-1 was assumed for forest residues based on the loblolly pine 

yield, the ratio of above-ground biomass left as forest residues, and the expected percentage of residues 

collected (Gonzalez et al. 2011a, USDA 2012). 
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2.3.2.5 Switchgrass 

Switchgrass (Panicum virgatum L.), a perennial grass native to North America, has been identified as 

a potential biomass feedstock for bioenergy and has been extensively studied to understand optimal 

growing conditions and production (Cundiff and Marsh 1996; Epplin 1996; Wiselogel et al. 1996; 

McLaughlin and Kszos 2005; Kumar and Sokhansanj 2007; Austin 2010). For this study, no annual 

tilling activities were administered for the modeled supply systems (Parrish and Fike 2005; Rinehart 

2006; Sanderson et al. 2006); however, tilling was included in the initial establishment of the energy 

cropland. The best commercial varieties have been managed successfully with a 10 year rotation, 

resulting in growth yields ranging from 5.6 to 22.4 dry tonne ha-1 year-1 (McLaughlin and Kszos 2005; 

Perrin et al. 2008; Austin 2010, Gonzalez et al. 2011a);). For annual harvests in the southern U.S., 

typical dry matter production varies from around 13.5 to 22.4 dry tonne ha-1 year-1 (Sanderson et al. 

2006; Bennett and Anex 2008; Bennett and Anex 2009).  

2.3.2.6 Sweet sorghum 

Sweet sorghum (Sorghum sp.), an annual biomass crop, has a sugar monomeric content similar to that 

of sugarcane. This high sucrose (sugar) content can be combined with cellulosic carbohydrate material 

in the bagasse for biofuel conversion. The sucrose within the pressed sweet sorghum juice can be 

fermented to ethanol with minimal pretreatment (Gnansounou et al. 2005; Reddy et al. 2005; Prasad et 

al. 2007; Almodares and Hadi 2009). Yet, due to a short harvest window and significant biomass 

degradation during post-harvest storage (~14% dry matter loss), the use of sweet sorghum for bioenergy 

applications has been limited (Bennett and Anex 2008, 2009). Sweet sorghum is assumed to yield 15.7 

metric dry tonnes of biomass hectare-1 year-1 (Irvin et al. 2001; Bennett et al. 2008; 2009; Gonzalez et 

al. 2011a). Past studies have confirmed this value with a reported range in yield between 10 and 20 

metric dry tonnes hectare-1 year-1, depending on region and intensity of maintenance (Bennett and Anex 

2009; Wortmann et al. 2010). For this study, annual tilling activities were modeled as part of normal 

cropland maintenance (Rajagopal and Zilberman 2007; Srinivasa et al. 2009; Smith 2011; Salvino and 

Messing 2012), as opposed to switchgrass, for which no soil disturbance was assumed other than in 

establishment.  

2.3.3 Feedstock chemical composition 

Chemical compositions and energy contents for all analyzed feedstocks are listed in Table: 2-1. The 

chemical compositions were used to calculate the percentage of carbohydrate in the biomass, 

delivered costs, and the environmental burden of delivering one tonne of carbohydrates of each 
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feedstock. Additionally, the heating value (in million BTU) per dry tonne was used to calculate cost 

and environmental burden per million BTU. 

 

Table: 2-1 Chemical compositions and energy values [Lower Heating Value (LHV)] for the 

biomass feedstocks on a dry basis. (Note: compositions not summing to 100% were normalized to 

sum to 100%) 

Chemical 
Composition 

Loblolly 
Pine a 

Eucalyptus b Unmanaged 
Hardwoods C 

Forest 
Residues d 

Switchgrass e Sweet 
Sorghum f 

Glucose (%)           48 

Glucan (%) 44 45 43 39 33 20 

Arabinan (%) 2 0.3 0.5 2 3 0 

Xylan (%) 7 13 15 12 22 12 

Mannan (%) 11 0.5 2 10 0 0 

Galactan (%) 2 0.5 1 3 1 0 

Uronic acid (%) 4 7 5 0 1 0 

Extractives (%) 3 4 3 5 13 8 

Ash (%) 1 0.3 0.3 1 5 1 

Lignin (%) 27 30 28 29 18 10 

Total Carbs (%) 70 66 67 66 60 80 

Carbon (%) 51.6 51 49.7 50.2 47 44.9 

LHV (BTU/kg) 3,770 3,748  3,736  3,957  3,541  3,692  

LHV (MJ/kg) 19.3 19.2 19.2 20.3 18.2 18.9 

 

Sources: a = Frederick et al. 2008a, b, DOE 2010; b = Gomides et al. 2006, Gonzalez et al. 2011a, 

DOE 2010; c = Tunc and van Heiningen 2008, DOE 2010; d = Kadam et al. 2000, DOE 2010; e = 

DOE 2010; f = Prasad et al. 2007, Carrillo et al. 2013 

 

2.3.4 Supply chain and delivered cost 

A supply chain can be defined as a set of organizations or individuals directly involved in the flow of 

products, services, finances, and information from a source to a customer (Mentzer et al. 2001). The 

effective integration of supply chain systems and bioenergy production facilities is critical to the 

economic success of a cellulosic biomass processing facility or biorefinery (Gold and Seuring 2011; 

Gonzalez et al. 2011c,d). With supply chain system analysis it is possible to identify stakeholders and 

weigh their relative importance to project success. Additionally, technical and economic limitations 

can be identified and addressed to avoid disruptions across the supply chain. For each biomass supply 

system, establishment and maintenance of the cropland or plantation forestry operations, harvest, 
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storage (when required), and transportation were considered. However, for unmanaged hardwood and 

forest residues, no forest establishment was required.  Figure 2-1 depicts the three supply systems 

modeled in this study. 

 

 

Figure 2-1: Biomass supply systems for forest and agricultural feedstocks.  Process stages not 

inside a box were not included in this study. 

 

2.3.4.1 Annual supply 

A constant biomass supply of 500,000 bone dry short tons (equivalent [BDT]) year -1 (453,592 metric 

tonnes year-1) was assumed for all biomass delivery systems. The functional unit was set to one bone-

dry tonne delivered to the biorefinery for each feedstock scenario.  This supply level has been shown 

to be financially feasible in a mid-sized conversion facility (Gonzalez 2011).  Collection area, land 

use, transportation distance, land use change, and other aspects of each scenario were calculated 

based on a supply rate of 500,000 BDT annually delivered to a biorefinery. 

2.3.4.2 Delivered cost 

Integrated supply chain and financial models facilitated the calculation of the delivered cost, biomass 

transportation distance, hectares of land used for continuous supply, and other variables for each of the 

supply chain systems. Figure 2-3 presents the major model input and output variables. Major 
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assumptions and values used to estimate feedstock delivered costs are presented in the Biomass 

Productivity and Management section. 

2.3.4.2.1 Loblolly pine and eucalyptus delivered cost 

The minimum revenue selling price per green metric tonne (and price per BDT) for stumpage was 

calculated by integrated biomass supply chain and economic models. Stumpage costs were paired 

with harvesting and freight costs models to determine delivered biomass costs. 

Supply chain operation costs were obtained from personal communication with current logging 

companies and forest managers in the southern U.S. (D. Dougherty 2009; D. Duncan 2009; M. Mark 

2009), as well as from published references (Bradfield and Levi 1984; De La Torre and Abt 2010).  

Establishment and maintenance costs were simulated based on yearly free cash flow with a project 

life of 30 years. These costs were the result of the following activities for the first year of the 

plantation: land preparation, chemical weed control, seedling cost, plantation establishment, 

fertilization, and mechanical weed control. Plantation maintenance for the second year included both 

mechanical and chemical weed control. The financial analysis was performed based on short tons and 

acres as well as dry metric tons (dry tonne equivalents) and hectares. 

2.3.4.2.2 Forest residues and unmanaged hardwood delivered cost 

The delivered cost of the forest residues was based on the cost per green tonne [cost of biomass at the 

biomass loading point for transportation to the bioprocessing facility, or free on board (FOB)] and 

transportation cost using average values from the third quarter 2010 and second quarter 2011 data 

from Timber Mart South (TMS 2011). The estimated average delivered cost was similar to the price 

paid for hog fuels in several locations in the southern U.S. as of the third quarter 2011 as reported by 

industry contacts. 

2.3.4.2.3 Switchgrass and sweet sorghum delivered cost 

The delivered cost for switchgrass and sweet sorghum included payment to the farmer for growing and 

harvesting the biomass, transportation costs, storage costs, and biomass degradation cost during storage. 

The financial evaluation for switchgrass was carried out for 10 years (which coincided with the rotation 

length for this crop) and the cash flow evaluation for sweet sorghum was one year (the first year 

incurred all costs and revenues, resulting in positive cash flows). 
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2.3.4.3 Harvesting costs 

A harvesting cost of $24.80 metric tonne-1 (dry equivalent) was used for loblolly pine and eucalyptus. 

This harvest cost is an average cost supplied by active logging companies in the southern U.S., 

obtained from Timber Mart South (TMS) as of 2011 and scaled to 2012, using a 2% per year inter-

annual multiplier (TMS 2011). Switchgrass and sweet sorghum harvesting costs were taken from the 

literature (Vadas et al. 2008; Bennett and Anex 2009; Mooney et al. 2009; Larson et al. 2010; Kim 

and Day 2011).  Unmanaged hardwood harvest costs were based on adjustments to the TMS value for 

loblolly pine. Harvesting times per hectare were assumed to be the same for loblolly pine and 

unmanaged hardwoods, resulting in similar equipment and labor costs for harvesting (Nesbit et al. 

2011; Gonzalez et al. 2012). Forest residues have no harvest cost, however, a collection cost was 

calculated (Junginger et al. 2001; Koch 2008; Dirkswager et al. 2011; Khachatryan et al. 2008). 

2.3.4.4 Freight costs 

Transportation costs were based on freight distance (estimated from percentage of covered area with 

the specified feedstock, biomass productivity per hectare, and rotation length), as well as vehicle 

operation costs (Gonzalez et al. 2011a). Covered area, an important parameter for transportation 

distance, represents the percentage of planted land surrounding the biorefinery that is available for 

biorefinery use at a point in time. Transportation costs were obtained from Timber Mart South (TMS 

2011). Tortuosity values (a value that accounts for the winding nature of roadways) were incorporated 

into the maximum collection radius (a radius of a simple circular collection area based on land use 

and covered area values) and together accounted for the natural transportation routes. Ravula (2007) 

determined that the average tortuosity factor had a standard deviation of 0.17, with a minimum value 

of 1.00 and a maximum value of 1.98 for the southern U.S. The average of these calculations 

provided the 1.31 tortuosity multiplier with a standard deviation of 0.17, which was used in this study 

(Ravula 2007). 

For all feedstocks except switchgrass, a minimum haul rate (minimum fee for transportation of 

biomass to the facility even if the transportation distance was lower than this threshold) of $0.13 per 

green short ton-loaded mile was used, with an incremental haul rate (the fee per ton-mile for all 

distances exceeding the minimum haul rate) of $0.12 per green short ton-loaded mile. For 

switchgrass, a minimum haul rate (fee per short green ton-loaded mile) of $0.26 was used, with an 

incremental haul rate of $0.24 per short green ton-loaded mile as indicated by personal 

communication with S. Jackson (personal communication, Jackson 2011). Switchgrass had higher 



 

 

19 

 

transportation costs due to volumetric loading constraints, as opposed to mass limited per truck as 

modeled for the other scenarios. For all supply systems, an average minimum haul distance of 61 

kilometers (equivalent to approximately 38 miles) was used (TMS 2011). 

2.3.4.5 Storage costs 

Storage costs were estimated for sweet sorghum and switchgrass, as these feed-stocks are grown 

seasonally and therefore require storage to ensure a year-round supply to the year-round operations of 

a conversion facility. A tarped hoop storage structure was modeled, based on specifications and costs 

obtained from Duffy’s work (2008). It was assumed that only 70% of the original biomass required 

year-round storage (30% was consumed during harvesting time and used as backyard biomass 

inventory). The CAPEX of the tarped hoop was assumed to be $12 square foot-1 (Duffy 2008) and 

depreciation was estimated on a 10 year straight line schedule with a financial evaluation horizon of 

15 years. Land rent cost was estimated at $50 per acre and assumed to increase 2% year-1. The 

minimum storage cost was back-calculated to achieve an 8% internal rate of return (IRR) on the 

overall storage operations. The storage fee estimated per tonne (estimated for 70% of the total 

biomass delivered) was then distributed to 100% of the annual supply input. 

2.3.4.6 Biomass degradation costs 

The cost of biomass degradation during storage was calculated through adjusted yield as additional 

green biomass purchased to maintain the 459,532 metric tonne (500,000 BD ton) annual feedstock 

supply. Degradation was assumed to occur for agricultural feedstocks due to long storage times; 

however, it was not modeled for woody biomass as the storage times were much shorter, preventing 

large degradation losses. The percentage of biomass loss due to degradation was 7% for switchgrass 

and 14% for sweet sorghum.  

2.3.5 Biomass productivity and management 

Biomass productivity (dry tonne equivalent per hectare), rotation length, plantation/crop management 

data for each of the biomass systems are listed in Table 2-2 Figure 2-1. 
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Table 2-2: Feedstock productivity, management, and moisture content, assuming medium 

productivity and 10% covered area 

Description Loblolly 
pine a 

Eucalyptus b Unmanaged 
hardwoods c 

Forest 
residues d 

Switchgrass e Sweet 
sorghum f 

Productivity (dry 
tonne ha-1 year-1) 17.1 17.6 2.2 1.0 17.9 15.7 

Rotation length 12 4 50 n/a n/a n/a 

Harvesting window 
Year-
round 

Year-round Year-round Year-round Three months 
Three 

months 

Moisture content 45% 45% 45% 45% 16% 74% 

Delivery form Logs Logs Logs Chips Square bales Cane 

Trees per ha 2,965 1,400 n/a n/a n/a n/a 

Establishment cost 
($/ha) 638 552 n/a n/a 182 416 

Maintenance cost 
($/ha) 

62.4 1 62.4 1 n/a n/a 85.3 2 n/a 

1 = Second year of plantation; 2 = Maintenance cost per year, year 2 through 10   

Sources: a = Amateis et al. 2001, Gonzalez et al. 2011a; b = Gonzalez et al. 2011a; c = SunGrant-

Bio Web 2008, USDA 2012, Gonzalez et al. 2011a; d = Gonzalez et al. 2011a; e = McLaughlin and 

Kszos 2005, Sanderson et al. 2006, Perrin et al. 2008, Austin 2010a, b, Gonzalez et al. 2011a; f = 

Irvin et al. 2001, Bennett and Anex 2008, 2009, Gonzalez et al. 2011a 
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Figure 2-2: Inputs and outputs of the biomass supply chain model 

 

2.3.6 Financial analysis methodology 

The structure of the income statement, central to the financial analysis, includes income after taxes or 

EBIT (earnings before interest and taxes) less taxes. The following financial terms and indicators 

were used in this study to determine the financial feasibility of the various scenarios (Fazzari and 

Petersen 1993; Edmonds et al. 2007): 

1. Landowners received revenue for selling biomass (stumpage costs). 

2. An 8% internal rate of return (IRR) for landowners was used to calculate the delivered 

biomass price. 

3. Direct costs for feedstock production, including payroll, depletion, and rent for cropland 

or farmland not owned directly by the biomass supplier were sourced from industry-

supplied best estimates.  

4. The indirect costs that were modeled included research and development and other fixed 

costs. 

5. The difference between the revenue and total cost was represented as EBIT. 

6. Both state and federal taxes (15% for forest biomass and 35% for agricultural biomass) 

were modeled including depletion and ‘tax carry forward’ incentives (holding over losses 

from CAPEX and research and development as a tax write-off in later years). 
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7. EBITDA (earnings before interest, taxes, depreciation, depletion, and amortization) was 

used to measure the earnings, including non-cash costs (Edmonds et al. 2007). 

8. New fixed capital and deferred charges included investments in new plantations. However, 

they were not counted as a cost for that current taxable period. 

9. Cash flow reported the EBIT plus non-cash costs, including depreciation, amortization, 

and depletion. 

10. The net cash flow available per year for new investments was represented as the free cash 

flow, which was calculated by the difference between cash flow and deferred charges, to 

pay debts or to pay dividends. Free cash flow was used to measure the internal rate of return 

(IRR) because it is the real available cash per year in the project. 

 

A sensitivity analysis was performed for different biomass productivity levels using three different 

multipliers: low (0.75), medium (1.00), and high (1.25), relative to a central assumption of biomass 

productivity per hectare per year. Biomass productivity is presented here in metric tonnes (dry tonnes) 

and in some cases, data is also presented as bone dry short ton equivalent. 

The economic indicators used to compare growth and investment scenarios were measured in U.S. 

dollars per dry metric tonne delivered and internal rate of return (IRR) as a percentage. The IRR 

financial indicator was calculated based on the free cash flow for each project scenario (Brealey and 

Myers 1996). The delivered cost per dry tonne included the cost of growing the biomass (also called 

depletion), profit for the farmer (estimated at 8% IRR), harvesting cost, and freight cost. The price per 

dry tonne delivered was calculated to achieve a specific IRR, which ensured a profit for the 

landowner.  

The IRR as used here is the rate of return on investment (CAPEX and R&D) that produces a zero net 

present value (NPV) for a proposed project or investment (Edmonds et al. 2007). An 8% IRR was 

used for all feedstock supply chain models. The NPV is the difference between capital invested and 

the current worth of future cash inflows at the specified discount rate (Edmonds et al. 2007). The 

discount rate (the opportunity cost of using capital for a specific investment, often called the ‘hurdle 

rate’) used in the analysis was 8% (Brealey and Myers 1996; Ross et al. 2004). The base year for the 

analysis, prices (real dollars), and costs were based on the first quarter 2012. 

For the forestry biomass except unmanaged hardwood (loblolly pine and eucalyptus), two scenarios 

were analyzed. One included land rent and the other did not (rentless assumptions evaluate scenarios 

for which the investor owns the land used for biomass production). 
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2.3.7 Life cycle assessment approach 

The goal of this study was to identify feedstocks with the lowest environmental burdens and delivered 

costs. An attributional life cycle assessment was performed to determine the environmental impacts 

of each supply system.  Additionally, process stages producing the largest environmental burdens 

were identified. Many ISO 14044 standard methods were followed to enable comparison to other life 

cycle assessments and to ensure accuracy of the data.  LCA software SimaPro 7.2 was used as a tool 

to compile database records, perform uncertainty analyses, and perform impact assessments (Pré 

2010). 

2.3.7.1 System boundary 

A cradle-to-gate (crop establishment to raw materials delivered at conversion facility gate) boundary 

was used. Upstream emissions of raw materials as well as direct emissions due to biomass production 

were included within these boundaries. System boundaries for each biomass scenario are indicated by 

the dashed line perimeters in Figure 2-3, Figure 2-4, and Figure 2-5 for forestry biomass, forest 

residues, and agricultural biomass, respectively. 

 

 

Figure 2-3: Production stages and system boundary of forestry biomass production and delivery 
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Figure 2-4: Production stages and system boundary of forest residue collection and delivery 

 

 

Figure 2-5: Production stages and system boundary of agricultural biomass production and 

delivery; note: degradation emissions and CO2 uptake during growth are shown separately for 

clarification 
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biomass (root system). Only the carbon harvested from above-ground biomass was counted as a credit 

or a negative emission for this study (Rabl et al. 2007). However, it is worth noting that if the studied 

biomass is to be used for energy, this carbon will eventually be released back into the atmosphere.   

The biomass percent carbon and molecular weight ratios were used to convert dry biomass to tonnes 

of CO2 absorbed during photosynthetic growth. Equation 2-1 was used to convert biomass loss to 
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CO2 emissions during degradation, as well as carbon uptake from biomass growth with the fractional 

carbon content denoted [Carbon].  

 

𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =  𝐵𝑖𝑜𝑚𝑎𝑠𝑠 (𝑡𝑜𝑛𝑛𝑒𝑠) × [𝐶𝑎𝑟𝑏𝑜𝑛] × 
3.67 𝑡𝑜𝑛𝑛𝑒𝑠 𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒

𝑡𝑜𝑛𝑛𝑒 𝑐𝑎𝑟𝑏𝑜𝑛 
    (2-1) 

 

2.3.7.3 Land use change  

Previous studies suggest that effects of land use change can represent a substantial share of life cycle 

burdens for biomass to bioenergy systems (Walsh 2003; Gnansounou et al. 2009; Mathews and Tan 

2009; Malca and Freire 2012). Many bioenergy LCA studies provide some analysis of the impact of 

land use change (LUC). These studies, however, do not distinguish between LUC of different 

feedstocks nor do they model before and after scenarios in great detail (Farrell 2006; Adler et al. 

2007).  

The Integrated Biomass Supply and Logistics (IBSAL) biomass model (Sokhansanj et al. 2006, 2009; 

Sokhansanj and Hess 2009) is effective for techno-economic analysis; however, it does not 

incorporate biogeochemical inputs, which are necessary for effective analysis of soil CO2 loss due to 

cultivation and vegetation removal. The Suppose model, produced by the U.S. Forest Service as a 

forest vegetation simulator, does not model pre- and post-conversion species to the resolution 

achieved in this study (Dixon 1999). Some studies avoid detailed LUC modeling and simplify land 

use change CO2 loss equations by estimating a single value for the amount of CO2 lost from the soil 

during land clearing (Guo and Gifford 2002; Murty et al. 2002; Searchinger et al. 2008). 

Herein, 20 LUC scenarios were modeled using the Forest Industry Carbon Assessment Tool (FICAT; 

NCASI, 2011) to develop a better understanding of the range of possible impacts that land use change 

could have on the net life cycle burdens (Parigiani et al. 2011). The values used for land use change 

in FICAT are based on the Intergovernmental Panel on Climate Change data (IPPC, 2007).  A 100 

year time period was used to model these impacts in FICAT. Additionally, to be consistent with the 

LUC burden time scope, feedstock environmental burdens were quantified per hectare over 100 years. 

Table 2-3 provides values and assumptions used in the FICAT models. The results of LUC analysis 

are reported in terms of tonnes of CO2 emitted per hectare over 100 years, due to the land use change 

and resulting soil disturbance, quantity of standing biomass, and amount of carbon dioxide removed 
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from the air during photosynthesis.  The LUC GHG emissions are recognized to occur soon after the 

land use conversion; however, these impacts are normalized over a production period of 100 years, 

the time during which GHGs are considered to be persistent in the environment (IPCC 2007). 

Biomass produced in the year of land use change may have higher GHG emissions. However, when 

the land use changed impacts are normalized over a 100 year time period, the increased impacts per 

year were reduced and reported in the results section. 

 

Table 2-3: Assumptions used for the FICAT land use change emissions model 

BD tonnes per year 453,592 Atmospheric moisture Humid 

Carbon content (%) See Table: 2-1 Soil type Highly active clay 

Moisture content (%) See Table: 2-1 Soil moisture Humid 

Scope of analysis (years) 100 Low uncertainty multiplier 0.5 

Collection area (Ha) See Table 2-7 High uncertainty multiplier 1.75 

Climate type Temperate - warm   

 

 

Four pre-conversion scenarios were considered: 1) from cropland, 2) from grassland, 3) from 

deciduous natural forest, and 4) from coniferous natural forest. These scenarios were chosen because 

they represent much of the land in the southern United States (Lubowski et al. 2006). These scenarios 

were analyzed for all feedstocks except forest residues because the latter are a byproduct of other 

forestry operations. 

2.3.7.4 Establishment, maintenance, harvest, and transportation 

Emissions related to forest establishment and maintenance, harvesting, and collection were calculated 

using U.S. LCI data. Data used to create these records were based on softwood in the southern U.S.; 

however, these emission factors were also applied to eucalyptus and unmanaged hardwood. To check 

data consistency, U.S. LCI emissions factors used in this study were compared to recent literature 

(Rajagopal and Zilberman 2007; Nesbit 2008; Smeets et al. 2009; de Vries et al. 2010; Luo et al. 

2010; Gonzalez-Garcia et al. 2012). 

Emissions resulting from switchgrass and sweet sorghum cropland cultivation, maintenance, harvest, 

and collection were calculated using diesel fuel use data for each scenario and U.S. LCI data for 

combustion emissions. Fuel consumption rates, harvest, transport, and storage costs, as well as 
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commodity prices for switchgrass were based on experimental data from University of Tennessee at 

Knoxville and personal communication with S. Jackson (personal communication, Jackson 2011), 

commodity average spot prices (EIA 2012), and peer-reviewed literature sources (TMS 2011). Sweet 

sorghum composition data was referenced from Prasad et al. (2007). Diesel fuel combusted in 

industrial equipment and the average U.S. diesel fuel mixture from U.S. LCI records (NREL 2003) 

were used to calculate emissions resulting from the use of diesel in cultivation machinery. 

Transportation data was sourced from Timber Mart South (TMS 2011) and used in SimaPro to 

determine emissions for each scenario. The U.S. LCI combination diesel truck emission values were 

used to calculate transportation emissions. Table 2-4outlines the energy content and emissions 

associated with forest operations and transportation fuel usage. 

 

Table 2-4: Heating value and combustion emissions of fuels used for transportation and forest 

operations 

  Energy Content Global Warming Potential Source 

Fossil Fuel Data MJ/L kg CO2/L 

Diesel 36.3 3.9 1,2 

Gasoline 35 2.75 1,2 

1: EV World 2004, 2: NREL 2003   

 

Environmental burdens associated with upstream chemical consumption emissions (fertilizers, 

herbicides, and pesticides) were included for all feedstocks except forest residues and unmanaged 

hardwoods. The emission factors in Table 2-5 are based on the U.S. Life Cycle Inventory (NREL 

2003; You et al. 2012) and the Ecoinvent database (Curran 2006; Sonne 2006; Ecoinvent Centre 

2007; Neupane et al. 2011), where electricity usage was changed from European sources to world 

average to reflect production from different locations around the world.  
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Table 2-5:  Fertilizer and pesticide emission factors and energy usage 

Chemical  kg CO2/kg Chemical Energy MJ per Unit Source 

Glyphosate 16.86 221 kg 1 

Herbicide 7.93 221 kg 2 

Lime 0.01 7.3 kg 2 

Pesticide 7.93 224 l 2 

Phosphorus  2.29 5.8 kg 2 

Potassium  0.37 5.8 kg 2 

Potash 0.37 5.8 kg 2 

Pursuit 7.90 7.3 l 2 

Urea 14.90 5.8 kg 2 

Dipel 7.93 224 l 2 

Alzarine  90 DF 7.93 221 l 2 

         Sources: 1: SCLCI 2010, 2: NREL 2003 

 
 

2.3.8 Life cycle inventory inputs 

A life cycle inventory was compiled for each feedstock scenario based on the inputs and outputs of 

the supply system (Table 2-6). All inputs are expressed based on the functional unit: dry tonne of 

biomass delivered. A second functional unit was used for additional analysis purposes incorporating 

land use efficiency: one managed hectare over 100 years. The life cycle inventory data was used as 

input data for the SimaPro modeling software, which calculated direct and indirect emissions due to 

chemical use, transportation, electrical use, and storage emissions (Glew et al. 2012; Gonzalez-Garcia 

et al. 2012; You et al. 2012). The ecoinvent database (ecoinvent Centre 2007, Neupane et al. 2011) 

and the U.S. Life Cycle Inventory database (You et al. 2012) were used to calculate a cradle-to-gate 

life cycle inventory. In future research this cradle-to-gate model will be combined with biochemical 

and thermochemical conversion models, fuel distribution systems, and combustion emission values to 

produce full cradle-to-grave life cycle assessments. 

2.3.8.1 Biomass storage 

With seasonal growing periods, sweet sorghum and switchgrass crops must be stored to provide a 

year-round supply to a biorefinery. During this storage period, the biomass’ aerobic and anaerobic 

decomposition releases GHGs. In this study, only aerobic decomposition was considered, as little data 

exits describing emissions related to anaerobic biomass decomposition during storage (Wortmann et 

al. 2010). It is recognized that biomass handling practices will influence the decomposition of the 
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materials, possibly resulting in anaerobic decomposition and methane emissions, but this was not 

considered in the scope of this study (Wang et al. 2002; Palviainen et al. 2004; Vavrova et al. 2009). 

The feedstock-specific biomass carbon content was used to calculate the GHG emissions. Molecular 

weight ratios were used to convert biomass loss to carbon loss and carbon dioxide emissions 

(Equation 2-1). 

2.3.9 Life cycle impact assessment approach 

The Tool for the Reduction and Assessment of Chemical and other Environmental Impacts 2.0 

(TRACI 2) impact assessment method (Bare 2002; Bare et al. 2003; Jolliet et al. 2004; Bare 2011) 

was used to analyze global warming potential, acidification, eutrophication, carcinogens, non-

carcinogens, respiratory effects, ozone depletion, eco-toxicity, and smog. The global warming 

equivalents for methane and dinitrogen monoxide were updated to the most recent IPCC report values 

for global warming equivalency to CO2 (IPCC 2010). 

In the TRACI 2 life cycle assessment results, corn grain was included as a baseline against which to 

compare the modeled biomass supply scenarios.  These impacts were calculated using the TRACI 2 

method and the ecoinvent dataset modified with the United States electricity data (ecoinvent Centre 

2007).  The exact record used for this analysis, “Corn, at field/kg NREL/US,” was modified to allow 

a more equal comparison with the biomass feedstock scenarios herein.  The corn data record 

accounted for direct field emissions to the soil and air. However, the study herein did not account for 

nutrient runoff and direct emissions from the field, other than CO2 and N2O.  Due to the study 

limitation herein, all direct emissions from the field were removed from the corn grain LCI except for 

CO2 and N2O.  It is noted that nutrient runoff and emissions from the field would likely be higher for 

the corn scenario than the biomass scenarios due to higher levels of nutrients and chemical 

applications.  Additionally, all impacts of the corn grain process were attributed to the corn grain 

alone, even though stover was produced as a by-product.  A 50 km transportation distance was used 

for the baseline corn grain scenario. 

2.3.10 Uncertainty analysis 

Data used in LCA studies are often drawn from databases, literature, and expert opinions that are 

prone to uncertainty. The uncertainty within this study was addressed in two ways. The biomass 

productivity (variations in rate of growth and resulting available biomass) uncertainty was addressed 

by applying 0.75 and 1.25 multipliers to all medium productivity scenario costs and emission values 
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for each feedstock, representing low and high productivity, respectively. The uncertainty surrounding 

productivity was thus taken into account by the creation of error ranges for all cost and environmental 

impact values. 

Pedigree analysis (Huijbregts et al. 2001; Heijungs and Huijbregts 2004) was used to categorize data 

and generate standard deviation values. Pedigree analysis ranks the data source quality and 

categorizes sources using a score of 1 to 5, one being low accuracy data sources and five being the 

most accurate data sources. Using this method, ecoinvent life cycle inventory data were analyzed to 

generate environmental impact standard deviation values, included with the ecoinvent database 

(ecoinvent Centre 2007). A uniform uncertainty distribution was used for chemical usage and 

feedstock yields, modeled in SimaPro.  These uncertainty values were used for a Monte Carlo 

uncertainty analysis in SimaPro. 

2.4 Results and Discussion 

2.4.1 Maximum transportation distance for feedstock delivery 

The maximum transportation distance used in each of the supply chain systems was estimated for two 

levels of feedstock-covered area, 10% and 25% (Figure 2-6). For each productivity scenario (low, 

medium, and high for each feedstock), a distinct maximum transportation distance value was 

calculated.  The maximum transportation distances were calculated using a spatial diameter of 

biomass collection, using radius values as one-way transportation distances and assuming the 

conversion facility is located at the center of the circular collection area. The collection area is the 

spatial scope of harvest and collection activities that is necessary to ensure the appropriate supply of 

biomass to the conversion facility year-round. The area required to supply 500,000 BD short tons per 

year (Table 2-7) was used to calculate transportation distances. 

Transportation distances ranging from 20 to 40 kilometers were required for loblolly pine, eucalyptus, 

switchgrass, and sweet sorghum. Forest residues and unman-aged hardwood required the longest 

transportation distances, ranging from 45 to 180 kilometers (almost four times greater than the other 

feedstock supply scenarios). These maximum distances were calculated using a tortuosity factor of 

1.31 (Ravula 2007). 
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2.4.2 Required area  

Land required for each feedstock production system at low, medium, and high productivity levels is 

presented in Table 2-7. Forest residues and unmanaged hardwoods required the largest areas, ranging 

from 145,700-242,800 hectares (360,000-600,000 acres), mainly due to the low biomass yield (0.70 

and 2.24 bone dry tonnes per hectare per year for forest residues and unmanaged hardwoods, 

respectively) (Gonzalez et al. 2011a). Loblolly pine, eucalyptus, switchgrass, and sweet sorghum 

production areas were lower due to higher biomass productivity. 
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Table 2-6: Life cycle inventory inputs for establishment, maintenance, harvest, and transportation for low (L), medium (M), and high (H) 

productivity scenarios assuming 500,000 BDT/year (453,592 metric tonnes) and 10% covered area 

 

 

Productivity level → L M H L M H L M H L M H L M H L M H

Fuel use

Fuel consumption, 

collection
- - - - - - - - - 0.05 0.04 0.03 - - - - - -

Plantation establishment 

and maintenance, diesel
0.86 0.65 0.52 2.47 1.85 1.48 - - - 0.61 0.45 0.36 - - - - - -

Plantation establishment 

and maintenance, gasoline
0.04 0.03 0.03 0.12 0.09 0.07 - - - 8.0 6.0 4.8 3.93 2.95 2.36 - - -

Harvesting, diesel 10.1 7.58 6.06 10.1 7.58 6.06 10.1 7.6 6.1 - - - 6.02 4.51 3.61 4.13 3.1 2.48

Storage 0.6 0.6 0.6 0.84 0.84 0.84

Transportation

Forest to facility 79 69 62 78 67 60 219 190 170 327 283 253 - - -

Farm to storage - - - - - - - - - - - - 51 44 39 175 152 136

Storage to facility - - - - - - - - - - - - 9.5 9.5 9.5 31 31 31

Fertilizer

Urea 2.1 1.6 1.3 2.9 2.2 1.7 - - - 0.13 0.1 0.08 - - -

Phosphorus - - - - - - - - - - - - 1.6 1.2 0.96 3.43 2.57 2.06

Potassium - - - - - - - - - - - - 15.83 11.88 9.5 1.7 1.27 1.02

Lime - - - - - - - - - - - - 62.28 46.71 37.37 - - -

Nitrogen - - - - - - - - - - - - 8.47 6.36 5.08 8.50 6.37 5.10

Herbicide

General herbicide, glyphosate 0.03 0.01 0.01 0.08 0.04 0.03 - - - 0.002 0.001 0.001 - - - - - -

Pursuit - - - - - - - - - - - - 2.36 1.77 1.41 - - -

MSO - - - - - - - - - - - - 3.31 2.48 1.99 - - -

2,4-D - - - - - - - - - - - - 1.14 0.85 0.68 - - -

Alzarine 90 DF - - - - - - - - - - - - - - - 0.19 0.14 0.11

Dipel ES - - - - - - - - - - - - - - - 0.2 0.15 0.12

Dry tonne*km Dry tonne*km Dry tonne*km

kg per dry tonne kg per dry tonne kg per dry tonne kg per dry tonne kg per dry tonne kg per dry tonne

kg per dry tonne kg per dry tonne kg per dry tonne kg per dry tonne kg per dry tonne kg per dry tonne

Loblolly Pine Eucalyptus Unmanaged Hardwood Forest Residues Switchgrass Sweet Sorghum

Liter per dry tonne Liter per dry tonne Liter per dry tonne Liter per dry tonne Liter per dry tonne Liter per dry tonne

Dry tonne*km Dry tonne*km Dry tonne*km
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Table 2-7: Feedstock production land use requirements (in hectares) for delivering 500,000 BDT 

(453,592 metric tonnes) for low, medium, and high productivity, assuming 10% covered area 

Description Loblolly 

Pine 
Eucalyptus Unmanaged 

Hardwood 
Switchgrass Sweet 

Sorghum 

Forest 

Residues 

Total (low) 35,300 33,700 269,900 33,700 38,600 599,800 

Per rotation (low) 2,900 8,400 5,400   24,000 

Total (medium) 26,500 25,300 202,400 25,300 28,900 449,800 

Per rotation (medium) 2,200 6,300 4,000   18,000 

Total (high) 21,200 20,200 162,000 20,200 23,100 359,900 

Per rotation (high) 1,800 5,100 3,200   14,400 

 

 

2.4.3 Delivered costs 

The calculated biomass delivered cost was reported using three different units: cost per dry metric 

tonne of biomass, cost per million BTU, and cost per tonne of carbohydrates. The delivered cost per 

dry metric tonne of biomass is pertinent to fiber processing and thermochemical conversion facilities 

(e.g., MDF, particle board, and pellet facilities and thermochemical conversion to bioethanol). The 

delivered cost per million BTU is pertinent to biomass-to-energy production facilities (such as bio-

power and wood-pellet producers). The delivered cost per tonne of carbohydrate is pertinent to bio-

chemical conversion pathways that utilize carbohydrates to produce fermentable sugars. 
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Figure 2-6: Maximum freight transportation distances from biomass source to processing facility, 

assuming 500,000 BDT/year (453,592 metric tonnes/year), feedstock-specific productivity, and 

covered area values as indicated. All transportation distances include a tortuosity factor of 1.31 km 

transported per linear km of distance from point of biomass harvest to biorefinery (Ravula 2007). 

 

2.4.3.1 Delivered cost per bone dry tonne 

The delivered cost per dry tonne equivalent (at the moisture content listed in Table 2-2) was 

calculated for each of the productivity levels (low, medium, and high), as shown in Figure 2-7. Forest 

residues had the lowest delivered cost, ranging from $51.20 to $56.70 BD tonne-1, followed by 

loblolly pine with values ranging from $51.30 to $61.40 BD tonne-1.  

Despite the higher transportation costs of forest residues, the delivered cost was lower due to no 

establishment and maintenance costs and lower biomass costs. For example, renting the land for 

biomass growth increased the pine and eucalyptus delivered costs by 10 to 20%, compared to the no-

rent scenario. These values are similar to those found in the literature, which do not incorporate 

financial analysis calculations such as internal rate of return (IRR), net present value (NPV), discount 

rate, etc. (Eriksson and Gustavsson 2008; Schnepf 2010). Schnepf (2010) calculated a delivered cost 
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per ton of $40 to $56 for corn stover, another potential biomass source for biofuels, and these values 

are similar to or higher than the values determined in this study. 

 

 

Figure 2-7:  Delivered cost per BDT for all feedstock scenarios, displaying the low, medium, and 

high productivity spread for each feedstock, assuming 500,000 BDT/year (453,592 metric 

tonnes/year) and 10% covered area. R denotes that the land has a rental cost. 

 

Sweet sorghum and switchgrass supply systems had larger delivered costs per BD tonne than forest 

biomass feedstocks. Duffy (2007) determined that switchgrass has a cradle-to-gate delivered cost of 

$103.11 tonne-1, which is higher than the low productivity switchgrass delivered cost of $92.20 tonne- 

2.4.3.2 Delivered cost per tonne of carbohydrate 

Delivered cost per ton of carbohydrate for each of the supply systems is presented in Figure 2-8. The 

same trends seen in Figure 2-7 for delivered cost per BD tonne were observed here, with the 
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exception that the cost per tonne of carbohydrates for sweet sorghum was comparable to the cost per 

tonne of carbohydrate for forest biomass scenarios, mainly due to the high carbohydrate content of 

sweet sorghum (80%).  It is also noteworthy that the carbohydrate content of forest resources is 

almost entirely made of polysaccharides (difficult for enzymes to hydrolyze), whereas sweet sorghum 

has a combination of polysaccharides and monomeric sugars (readily hydrolyzed by enzymes). 

Conversely, the cost per tonne of carbohydrates from switchgrass was larger, despite a similar 

delivered cost per dry tonne, due to the low carbohydrate content (Mani et al. 2004; Li et al. 2005; 

Zhan et al. 2005). 

2.4.3.3 Delivered cost per million BTU 

The delivered cost per million British thermal units (MMBTU) for each of the supply chain systems 

is presented in Figure 2-9.  Forest-based feedstocks have a lower cost per MMBTU due to greater 

heating values and lower delivered cost per bone-dry tonne relative to agricultural biomass scenarios 

(Mani et al. 2004; Li et al. 2005; Bennett and Anex 2009; Sokhansanj et al. 2009; Carpenter et al. 

2010; Gonzalez et al. 2011a). Forest residue is clearly the most inexpensive BTU source and a likely 

candidate for combustion applications. 
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Figure 2-8: Delivered cost per BDT of carbohydrate for all feedstock scenarios, displaying the low, 

medium, and high productivity spread for each feedstock, assuming 500,000 BDT/year (453,592 

metric tonnes/year) and 10% covered area. R denotes that the land has a rental cost. 
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Figure 2-9: Delivered cost per MMBTU for all feedstock scenarios, displaying the low, medium, 

and high productivity spread for each feedstock, assuming 500,000 BDT/year (453,592 metric 

tonnes/year) and 10% covered area. R denotes that the land has a rental cost. 
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from the biomass if calculated for a cradle-to-grave cost analysis. Further, there are advantages in the 

handling, combustion, and transportation of gaseous fuel over solid fuels which are not reflected in 

the costs.  In several studies, moisture content was identified as an important factor in 

thermochemical conversion and combined heat and power processes due to an increased heat of 

vaporization (Caputo et al. 2005; Phillips et al. 2007; Laser et al. 2009; Dutta et al. 2011; Gonzalez et 

al. 2012; Verma et al. 2012). 

 

Figure 2-10: Henry Hub natural gas spot prices per MMBTU for 2002-2012 and projected prices 

through 2032 (EIA 2012) 
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contrast, energy crops, such as sorghum and switch-grass, are not as optimized or commercially 

operated. Additionally, storage of forest biomass is not an issue. 

 For annually grown and harvested agricultural crops, biomass degradation results in decreased cost 

efficiency and emissions. Forest-based feedstocks have a higher density than agricultural feedstocks, 

resulting in mass-limited rather than volume-limited transportation (switchgrass is volume-limited) 

and therefore lower transportation costs and emissions. 

2.4.4 Greenhouse gas analysis 

Greenhouse gas emissions on a cradle-to-gate basis were calculated for each biomass product stage, 

including establishment and maintenance, biomass growth, harvest and storage, and transportation 

(Figure 2-11and Table 2-8).  
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Figure 2-11: Greenhouse gas emissions per product stage for biomass feedstocks delivered at a rate 

of 500,000 BDT/year (453,592 metric tonnes/year), assuming medium productivity and 10% 

covered area 

 

 

The sum of all these product stages represents the net carbon released, minus the carbon absorbed 
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with the Intergovernmental Panel on Climate Change (IPCC) global warming potential values, was 

used to calculate the CO2 equivalents for each product stage. The global warming potential impact is 

a measure of how much thermal energy is trapped in the troposphere by a standardized volumetric 

quantity of a specific gas, thus increasing the global climate temperature (IPCC 2007). 
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Table 2-8: Global warming potential (GWP) life cycle stage contribution (all values In %) 

assuming delivered quantity of 500,000 BDT/year (453,592 metric tonnes/year), medium 

productivity, and 10% covered area 

Feedstock 
Biomass 

Growth 

Establishment/ 

Maintenance 
Harvest/Storage Transportation 

Pine -103 1.47 1.32 0.35 

Eucalyptus -104 2.22 1.34 0.35 

Unmanaged hardwood -103 0.00 1.35 1.39 

Forest residuals -102 0.00 1.04 1.43 

Forest residuals w. burdens -103 0.09 1.07 1.43 

Forest feedstock avg. -104 1.84 1.33 0.35 

Switchgrass -114 6.78 6.48 0.33 

Sweet sorghum -116 1.85 12.71 1.20 

Agricultural feedstock avg. -115 4.31 9.59 0.76 

 

 

Because biomass feedstocks are typically sold by mass, a functional unit of one metric tonne of dry-

equivalent biomass was used (Kline et al. 2008; Galik et al. 2009; Swanson et al. 2010; Langholtz et 

al. 2012). During biomass growth, atmospheric CO2 is taken up through photosynthesis to create 

plant matter. The uptake of CO2 during biomass growth for all analyzed scenarios contributed a large 

negative GHG emission in the overall life cycle (Gnansounou et al. 2009; Lippke et al. 2011; 

McKechnie et al. 2011). Since the carbon (more specifically CO2) taken up during growth was based 

on the chemical composition (percent carbon) of each species, the forest-based feedstocks with higher 

carbon contents captured more carbon per dry tonne than the agricultural biomass feedstocks. 

Biomass establishment and maintenance GHG emissions are a function of rotation length and 

chemical resources used to plant, fertilize, and manage biomass production. The life cycle inventory 

for this study outlines the direct emissions from feedstock production activities in Table 2-6. Forest-

based feedstocks, which have rotation lengths of 4 to 12 years, require less fertilizer and energy than 

the annually planted and harvested sweet sorghum and even the perennial switchgrass scenarios 

(Malmsheimer et al. 2008; Schmer et al. 2008; Wortmann et al. 2010).  Establishment and 

maintenance emissions for pine and eucalyptus were similar; however, forest residues and unmanaged 

hard-woods were significantly lower and zero. Emissions from forest residue production were 

calculated on a no burden basis (attributes no emissions from establishment and maintenance to forest 

residues) and a mass allocated burden basis (allocates establishment and maintenance burdens at 
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11%, based on a 20% mass ratio between main tree stem biomass, the forest residues, and residue 

collection rates of 50%). In both allocation scenarios, forest residue establishment and maintenance 

emissions were insignificant compared to the net GHG emissions. On average, establishment and 

maintenance of forest-based feedstocks, representing 1 to 2% of the net GHG emissions, were not a 

differentiating factor when comparing different scenarios for biomass supply. 

Agricultural feedstock (switchgrass and sweet sorghum) establishment and maintenance emissions 

were greater than forest-based feedstocks due to annual agricultural practices requiring increased 

energy, fertilizer, herbicide, and pesticide inputs. This resulted in establishment and maintenance 

emissions which were, on average, 5.7% of the total life cycle emissions, compared to 1 to 2% for the 

forest feedstocks.   

Feedstock harvest and storage GHG emissions contributed less than 2% of the overall emissions for 

all feedstocks except switchgrass and sweet sorghum. Forest-based feedstocks harvested year-round 

do not require the long-term storage that switchgrass and sweet sorghum require to ensure a constant 

biomass supply. Sweet sorghum harvest and storage GHG emissions represented 11.3% of the net 

emissions. This analysis, however, assumes that only sweet sorghum would be fed to processing 

facilities, enduring long storage times; this might be alleviated through the use of a conversion 

process, utilizing multiple biomass types. Switchgrass decomposition (7% loss by dry mass) was less 

than that of sweet sorghum (14% loss by dry mass) due to lower moisture content and slower 

decomposition rates, in agreement with findings by Sanderson et al. (2006), Cherubini and Jungmeier 

(2010), Robertson et al. (2011), and Balan et al. (2012). 

Transportation GHG emissions were a minor component in the overall GHG emissions for analyzed 

feedstocks. Transportation emissions were dependent on biomass productivity (tonnes biomass 

produced per hectare per year), biomass moisture content, transportation distance, feedstock 

production level (500,000 bone dry tons or 453,592 metric tonnes), truck capacity (truck volume 

limitations occur in the switchgrass scenario), and covered area (Srinivasa et al. 2009; Sokhansanj et 

al. 2009; Sokhansanj and Hess 2009; Banerjee et al. 2010; Inman et al. 2010; Miao et al. 2011; 

Perlack and Stokes 2011; Gonzalez et al. 2011a; Miao et al. 2012).  Pine, eucalyptus, and switchgrass 

had lower transportation GHG emissions, while forest residues, unmanaged hardwoods, and sweet 

sorghum had higher transportation GHG emissions (Figure 2-11) due to lower productivity values 

and moisture contents (Table 2-2).  Forest residue and unmanaged hardwood transportation GHG 
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emissions were 1.43% and 1.39%, respectively, of the net GHG emissions as a result of low land 

productivity and increased transportation distances required to collect the biomass. 

2.4.5 Greenhouse gas emissions per hectare over 100 years 

When GHG emissions per area are considered, the productivity of the land that produces the biomass 

of interest directly impacts the net GHG (kg CO2 eq.) per hectare managed for 100 years. Using a kg 

CO2 eq. dry tonne-1 functional unit does not directly incorporate the land-use benefits of enhanced 

biomass productivity. The biomass productivity does influence the transportation distance, but the 

effect is very small – less than 1.5% of the net GHG emissions. 

The net GHG emission values per hectare per 100 years for each feedstock are shown in Figure 2-12. 

GHG emissions for all biomass scenarios (except unmanaged hardwoods) were large and negative 

when using this functional unit. The negative emissions value from biomass growth dominates the net 

life cycle GHG emissions. The unmanaged hardwood scenario was still negative, but significantly 

smaller, as the productivity per hectare was about five times lower in the other five feedstock 

scenarios (Table 2-2). The “forest residues with pine” scenario, which combined residues from 

plantation loblolly pine (with no burdens from establishment and maintenance assumed) and the main 

pine stem for bioenergy production, resulted in the largest GHG capture in the biomass growth stage 

due to high biomass productivity, collection rates, and high carbon content. The eucalyptus and pine 

scenarios followed closely with a similarly large net negative GHG emission value from cradle-to-

gate. Sweet sorghum had a less negative net GHG emission than switchgrass due to lower 

productivity. However, both agricultural scenarios had less negative emissions than the forest-based 

feedstocks, with the exception of unmanaged hardwood.   

These results indicated that the production of high productivity biomass (plantation forestry) can 

significantly reduce the net GHG emissions relative to low productivity biomass production 

(unmanaged hardwood). Environmental factors apart from GHG emissions, however, may play an 

increased role in net environmental burdens when productivity is increased per hectare through higher 

intensity management practices, due to increases in energy or chemical inputs for biomass production. 

This is discussed in more detail in the Life Cycle Impact Assessment section. 
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Figure 2-12: Net GWP (kg CO2 eq.) per hectare over 100 years organized by life cycle stage for all 

biomass feedstock scenarios, assuming 500,000 BDT/year (453,592 metric tonnes/year), medium 

productivity, and 10% covered area 

 

 

2.4.6 Land use change impacts 

Previous studies have shown that land use change (LUC) impacts, such as volatilization of soil carbon 

and soil nutrient stock depletion, should be taken into account when quantifying the net 

environmental burden of a biomass supply system (Fargione et al. 2008; Searchinger et al. 2008; 
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coniferous managed forestland to any of the analyzed feedstock species, the land use change resulted 

in a large, positive emission contribution. When converting deciduous or coniferous natural forestland 

to pine and eucalyptus, the land use change impact was negative. Conversion to unmanaged 

hardwood, switchgrass, or sweet sorghum species from deciduous or coniferous natural forestland 

resulted in a positive emissions contribution. 

 

Figure 2-13: Land use change GHG emissions from converting one hectare of land to biomass 

feedstock growth for bioenergy over 100 years. Also shown to the right is the net life cycle GHG 

emissions for each feedstock scenario with no LUC impacts considered, assuming 500,000 

BDT/year (453,592 metric tonnes/year), medium productivity, and 10% covered area. 
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Additionally, tillage activity releases root soil carbon in agricultural systems. From all the scenarios, 

it was determined that converting natural coniferous forests to switchgrass and sweet sorghum 

resulted in the largest increase in net GHG emissions. 

The land use change emissions, as previously indicated, can be significant in relation to the overall 

GHG emissions from the production of a biomass feedstock. Figure 2-14 incorporates LUC into the 

overall GHG emissions from the production of specified feedstocks for 100 years per hectare. The 

bars show the net GHG emissions from biomass delivery without taking into account the LUC 

impacts. The symbols represent the net GHG emissions for each of the LUC scenarios: from 

grasslands, from croplands, from natural deciduous forest, and from natural coniferous forest. Both 

the absolute values of the GHG emissions and the percent change relative to the no LUC considered 

cases are shown for the different LUC scenarios. The conversion of agricultural land, such as tobacco 

fields, which are common in the southern U.S., to pine and eucalyptus plantations results in the 

largest negative GHG emissions over a hectare for 100 years. LUC impacts reduced GHG emissions 

for pine and eucalyptus by up to 18% compared to the no LUC net GHG emissions. 

The cradle-to-gate GHG emissions value for unmanaged hardwoods was very sensitive to LUC 

emissions, which influenced the overall impact by as much as -108%, relative to the net GHG 

emissions without LUC considerations. This was mainly due to the low productivity of unmanaged 

hardwoods. Switchgrass and sweet sorghum net GHGs were basically unchanged when grassland or 

cropland were converted. However, increases of approximately 15 to 20% in net GHGs were 

observed when converting from forestland to these feedstock scenarios. It is clear that LUC is 

significant in many cases and should be considered in developing land use policies. 
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Figure 2-14:  Land use change implications for the net GHG emissions per hectare over 100 years 

of biomass feedstock growth for bioenergy. The table included with the figure displays the percent 

change of considering LUC effects for the calculations of net GHG emissions per hectare over 100 

years for all biomass feedstocks. Assumptions: 500,000 BDT delivered/year (453,592 metric 

tonnes/year), medium productivity, and 10% covered area.  Values included in the bar graph 

portion of Figure 2-14 represent the No-L/U Change data 
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2.4.7 Net energy ratio 

The ratio of fossil energy consumed to lower heating value (LHV) inherent in the produced biomass 

(NER) was determined for all six feedstock scenarios to examine the energy efficiency of biomass 

delivery (Figure 2-15). Previous biofuel and bioenergy studies have determined that NER is an 

effective method to compare feedstocks and account for efficiency of energy input to output (Tilman 

et al. 2006; Schmer et al. 2008; Liska et al. 2009; Lopez et al. 2010). The NER of unmanaged 

hardwood was the lowest, since no establishment or maintenance activities occurred. It was 

determined in this study that for woody biomass feedstocks (pine, eucalyptus, unmanaged hardwood, 

and forest residues), the NER was approximately 1:49. Sweet sorghum followed closely with 1:24 

and switchgrass represented the worst-case scenario with an NER of approximately 1:8. 

 

 

Figure 2-15: Net energy ratio (fossil energy inputs to biomass energy delivered) for each feedstock, 

assuming 10% covered area and 500,000 BDT delivered/year (453,592 metric tonnes/year).  Error 

bars display the range due to differences in feedstock productivity and yield. 
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establishment and maintenance activities, low heating value, and broadly elevated environmental 

burdens across the life cycle (Mooney et al. 2009; Sokhansanj et al. 2009; Larson et al. 2010). 

Switchgrass is a more appropriate candidate for carbohydrate production than for energy (MMBTU) 

value, relative to forest resources. 

2.4.8 Life cycle impact assessment 

Environmental and human health burdens due to each feedstock supply system extend beyond global 

warming potential. They were separated into eight additional impact categories using the TRACI 2 

method (Bare 2002, 2003, 2011) determined as shown in Table 2-9 and plotted in Figure 2-16.  Table 

2-9 gives the mid-point impacts for each of the nine TRACI 2 impact categories for each feedstock 

supply scenario modeled herein.   

 

Table 2-9: Life cycle impact assessment for biomass feedstocks assuming 500,000 BDT 

delivered/year (453,592 metric tonnes/year), medium productivity, and 10% covered area. All 

values are reported per dry tonne of biomass. 

Impact Category Unit Loblolly 

Pine 
Eucalyptus Unmanaged 

Hardwood 

Forest 

Residues 

*Forest 

Residues 
Switchgrass Sweet 

Sorghum 

Global warming kg CO2 eq -1833 -1753 -1797 -1845 -1793 -1517 -1423 

Acidification H+ moles eq 24 28 27 24 24 45 25 

Carcinogenic kg benzene eq 0.03 0.04 0.02 0.02 0.02 0.11 0.06 

Non carcinogenic kg toluene eq 359 432 351 323 328 1105 870 

Respiratory effects kg PM2.5 eq 0.03 0.04 0.03 0.03 0.03 0.12 0.06 

Eutrophication kg N eq 0.03 0.04 0.03 0.02 0.02 0.48 0.43 

Ozone depletion kg CFC-11 eq 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ecotoxicity kg 2,4-D eq 13 16 10 9 9 21 12.87 

Smog kg NOx eq 0.54 0.61 0.61 0.53 0.53 0.62 0.36 

*With burden scenario allocates emissions associated with the production and growth of the primary biomass product to the residues left behind 

 

To compare feedstocks in each impact category, the results were expressed as a percent of the highest 

emissions in each category (the feedstock with the highest emissions was expressed as 100%) (Figure 

2-16).   
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Figure 2-16: Environmental and human health impacts from SimaPro using the TRACI 2 impact 

assessment method for biomass feedstocks relative to the feedstock scenario with the highest 

impact for each impact category. Assumptions: 500,000 BDT/year (453,592 metric tonnes/year) 

delivered to a single facility, medium biomass productivity, and 10% covered area 

 

 

When displaying results in this way, however, it is difficult to gauge relevancy of the differences in 

each impact category.  To judge relevancy, Figure 2-16 should be interpreted with the magnitude or 

value of each impact category in mind, as listed in Table 2-9 relative to the global, national, regional, 

or per capita emissions of each category, but is not performed herein.   As a comparison to a baseline 

feedstock, delivered corn production was compared with the analyzed feedstock scenarios.  Corn has 

been the primary feedstock for first generation ethanol and serves as a baseline.  Since this study did 

not account for nutrient runoff and other emission due to field application of chemicals, the corn 

scenario from the ecoinvent database (ecoinvent Centre 2007) was modified by removing nutrient 

runoff and direct air emissions.  However, the N2O GHG emission for corn was not removed, as this 

emission was also accounted for in the other biomass scenarios. 
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All of the studied biomass scenarios were determined to have lower environ-mental impacts than the 

corn baseline scenario in all categories.  For the examined biomass scenarios, forest-based feedstocks 

had similar impacts in all categories. The minor differences in the impacts of forest-based feedstocks 

were considered to be within the range of uncertainty. This uncertainty was determined through 

Monte Carlo analysis within a SimaPro model. The growth of agricultural feedstocks, switchgrass, 

and sweet sorghum resulted in larger impacts in all categories compared to forest-based feedstocks, 

except for smog, which was similar to forest-based feedstocks. Higher fertilizer, pesticide, herbicide, 

and machinery fuel usage required for agricultural feedstocks resulted in increased impacts across 

most categories relative to forest-based feedstocks (Fu et al. 2003; Kim and Dale 2005; Goglio et al. 

2012). 

Because data surrounding nutrient runoff for these cultivation practices were not present in literature 

and are site dependent, nutrient runoff was not incorporated in this model. If these impacts were 

included, the eutrophication impact of agricultural feed-stocks is expected to increase by a larger 

percentage than forest feedstocks, due to the higher fertilizer application rates and more frequent soil 

disturbances (Schneider and McCarl 2003; West and Marland 2003; Reijnders and Huibregts 2009; 

de Vries et al. 2010). 

2.4.9 Greenhouse Gases and Delivered Cost 

Agricultural feedstocks, such as switchgrass and sweet sorghum, were determined to have a higher 

delivered cost per BDT and higher net GHG emissions compared to pine, eucalyptus, and forest 

residues (Figure 2-17). Unmanaged hardwood was determined to have similar net GHG emissions 

and a delivered cost per BD tonne as the managed forest-based biomass scenarios. For sweet 

sorghum, both GHG emissions and project financial performance were significantly diminished by 

biomass storage losses and establishment and maintenance operations and costs.  If net GHG 

emissions are based on per land per time functional units, as shown in Figure 2-18, the less productive 

unmanaged hardwood captured less carbon (as CO2) than the other feedstocks during feedstock 

production.  

Conversion facilities that use carbohydrates often compare viable feedstock sources on a cost per 

tonne of carbohydrates basis to account for conversion efficiency. The delivered cost per tonne of 

carbohydrates and net GHG emissions are plotted in Figure 2-19. In this comparison, switchgrass had 

a higher delivered cost per tonne of carbohydrate than all other biomass scenarios.  
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Figure 2-17: Delivered biomass cost for 500,000 BDT (453,592 metric tonnes) per year and GHG 

captured per tonne of biomass, assuming medium productivity and 10% covered area. The error 

bars represent the range of uncertainty due to feedstock productivity (low, medium, and high). 
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Figure 2-18: Delivered biomass cost per BD tonne and net GHG (kg CO2 eq.) per hectare over 100 

years, assuming 500,000 BDT (453,592 metric tonnes) delivered per year, medium productivity, 

and 10% covered area. The error bars represent the range of uncertainty due to feedstock 

productivity (low, medium, and high). 
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Figure 2-19: Delivered cost and net GHG (kg CO2 eq.) per BD tonne of carbohydrate assuming 

500,000 BDT (453,592 metric tonnes) per year and carbon captured per hectare over 100 years, 

assuming medium productivity and 10% covered area. The error bars represent the range of 

uncertainty due to feedstock productivity (low, medium, and high). 
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scenario had the highest delivery cost, primarily due to a lower heating value (Table: 2-1) and higher 
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Figure 2-20: Delivered cost and net GHG (kg CO2 eq.) per MMBTU assuming 500,000 BDT 

(453,592 metric tonnes) per year and carbon captured per hectare over 100 years, assuming medium 

productivity, and 10% covered area. The error bars represent the range of uncertainty due to 

feedstock productivity (low, medium, and high). 
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were modeled in SimaPro using the ecoinvent inventory database (ecoinvent Centre 2007). Other 

corn and sugarcane costs and GHG emissions were found in the literature and were used here for a 

basis of comparison (Kim and Dale 2005; Petrolia 2008; Pimentel and Patzek 2008; Vadas et al. 

2008; Wang et al. 2009; Crago et al. 2010; Mani et al. 2010; Morey et al. 2010; Sokhansanj et al. 

2010; Seabrea et al. 2011).   

Due to regional biomass growth characteristics, sugarcane would not be a suitable potential biomass 

for the southern U.S. Given these geographical restrictions, sugarcane production yields, delivered 

costs, and GHG emissions were similar to sweet sorghum. Not accounting for uncertainty of data, the 

sugarcane carbohydrates appeared to be slightly cheaper with larger GHG emissions. Corn, widely 

used for bioethanol production in the USA, had the highest cost per tonne of carbohydrate and also 

produced the largest GHG emissions per tonne carbohydrates.   

Many previous LCA studies and net energy calculations have shown that the corn feedstock 

production process often produces higher life cycle emissions than an equivalent volume or energy 

output of conventional fuel, such as gasoline (Berthiaume et al. 2001; Pimentel 2001; Graboski 2002; 

Shapouri et al. 2002; Pimentel 2003; Schneider and McCarl 2003). The sugarcane feedstock 

production system has been studied less than the corn production system; however, Macedo (1998) 

did calculate life cycle emissions and net energy ratio (NER) for the production system. The 

calculated NER for Brazilian sugarcane was 7.9, whereas the NER for American corn production 

(cradle-to-gate) was 1.3 at best. For comparison, American corn stover has an NER of 5.2 and Indian 

bagasse has an NER of 32 (von Blottnitz and Curran 2007). 

Biomass for electrical production is commercially viable in some locations in the USA, such as the 

Craven County, North Carolina waste biomass-to-heat facility. It is dependent on the biomass heating 

value (McKendry 2002; Caputo et al. 2005). Since thermochemical conversion processes are also 

sensitive to heating values, a comparison of feedstocks by heating value can provide valuable 

information about the feasibility of feedstock use for thermochemical conversion to ethanol. Figure 

2-22 compares pine, eucalyptus, unmanaged hardwoods, forest residues, and switchgrass to 

traditional fuel types, including natural gas and coal. This analysis only quantifies the incoming 

heating value of the dry biomass. The actual production of electricity will depend on moisture content 

and other biomass properties.  
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Figure 2-21: Delivered cost and CO2 emitted per tonne of carbohydrate for biomass feedstocks and 

literature references for corn and sugarcane carbohydrates (soluble sugars and lignocellulosic 

carbohydrates), assuming 500,000 BDT/year (453,592 metric tonnes/year), medium productivity, 

and 10% covered area.  Note: land use change impacts are not included in this figure. 

 

 

Pine, eucalyptus, switchgrass, and forest residues all resulted in similar GHG emissions per MM 

BTU. The delivered cost for switchgrass was significantly higher than the forest-based feedstocks, 

whereas forest residues were the cheapest. Biomass delivered cost per MM BTU was much higher 

than coal and similar to natural gas, ranging from one dollar more expensive than natural gas 

(switchgrass) to nearly one dollar cheaper than natural gas (forest residues). Natural gas, on the other 

hand, had significant positive GHG emissions in comparison to the negative GHG emissions for 

biomass feedstocks. Though the GHG emissions for coal were less than natural gas, they were still 

positive and much higher than the biomass feedstocks. Also, since the fossil fuels are not the end 

product, such as heat or electricity, combustion efficiencies and emissions must be considered when 

determining fuel sources with the overall lower impact. 
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Figure 2-22: Delivered cost and CO2 emitted per MM BTU for analyzed biomass feedstocks and 

comparable fossil fuels (coal and natural gas based on NREL 2003 emissions data), assuming 

500,000 BDT/year (453,592 metric tonnes/year), medium productivity, and 10% covered area 
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2.5.1 Supply chain 

The steps included in the biomass supply chain are critically important to the supply chain and the 

financial feasibility of each feedstock scenario. The agricultural biomass feedstocks had a higher 

delivered cost than the wood-based feedstocks due, in part, to a longer storage period, more frequent 

establishment and maintenance activities, and degradation of the biomass during storage. 

2.5.2 Delivered cost 

Table 2-10 was developed to better analyze the relative feasibility of the studied feedstocks for 

continuous supply to bioethanol and biopower producers in the southern U.S. From this comparison, 

it was evident that forest residues production was the lowest cost feedstock scenario for all three cost 

metrics, followed by loblolly pine and eucalyptus. The sweet sorghum production scenario resulted in 

higher values in the metrics of dry tonne cost, delivered energy cost, and environmental burdens. This 

relative comparison does not consider conversion costs which can be lower for sweet sorghum due to 

high soluble sugar concentrations suitable for biochemical conversion to ethanol. Forest residues 

appear to fulfill all requirements for being considered a good candidate for ethanol and power 

production, but the volume of feedstock available, cost, environmental impact, and convertibility of 

the feedstock must also be considered. 

 

Table 2-10: Scoring of analyzed feedstocks for delivered costs and net GHG emissions from lowest 

(top) to highest (bottom) 

  US$ / Dry Tonne US$ / Tonne Carb $ / MMBTU kg CO2 eq./ Tonne  

Lower --> Forest Residues Forest Residues Forest Residues Forest Residues 

 Pine Sorghum Pine Pine 

 Eucalyptus Pine Eucalyptus  Eucalyptus 

 Hardwood Eucalyptus Sorghum Hardwood 

 Sorghum Hardwood Hardwood Switchgrass 

Higher --> Switchgrass Switchgrass Switchgrass Sorghum 

 

 

Loblolly pine, eucalyptus, and forest residues can be supplied at a lower delivered cost per tonne than 

unmanaged hardwood, switchgrass, and sweet sorghum. Of the feedstocks analyzed, forest residues 

were determined to have the lowest delivered cost per dry tonne, per ton carbohydrate, and per 



 

 

 61 

MMBTU, and were the most financially attractive feedstock for bioethanol and bio-power 

production.   

All forest-based and agricultural lignocellulosic feedstocks had similar biomass growth and collection 

area, except for unmanaged hardwood and forest residues due to lower yield and productivity per 

hectare. Therefore, all feedstocks had a similar transportation distance except for forest residues and 

unmanaged hardwoods.  

Feedstock chemical compositions greatly differentiated agricultural feedstocks from lignocellulosic 

feedstocks, as was evident when the delivered cost per tonne of carbohydrate was compared. Forest-

based feedstock production allowed for lower delivered cost per carbohydrate and energy content. 

Switchgrass had the highest cost, due to lower carbohydrate content in the biomass and higher per 

tonne delivery costs. It is important to consider chemical composition alongside yield and 

productivity factors when predicting the cost per delivered tonne of carbohydrate. The same is true of 

cost per delivered MMBTU, since chemical composition plays a large role in the heating value of a 

feedstock. 

2.5.3 Environmental life cycle burdens 

This study determined that wood-based biomass feedstocks can lower impacts and emit less net GHG 

than agricultural biomass feedstocks (cradle-to-gate) when used for renewable energy production. It is 

also evident that increased productivity due to intensive management greatly reduces the cost and 

GHG emissions of a biomass supply system over 100 years of management. Land use change impacts 

further reduce the environmental burden of forest-based lignocellulosic biomass supply systems, 

whereas land use change impacts for agricultural biomass supply systems increase net life cycle 

impacts. 

While distinction between feedstocks for the establishment, maintenance, harvest, storage, and 

transportations stages is possible, the sum of these biomass life cycle stages on net GHG emissions 

represents a minimal fraction of the net life cycle emissions, due to the relatively large quantity of 

CO2 taken up during biomass growth. Additionally, land use change represents a significant portion 

of the net GHG emissions for all feedstock scenarios. Yield and productivity are much more 

important to the delivered cost and net GHG emissions in a feedstock scenario than the transportation 

distance, harvest time, and degradation upon storage.  
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2.6 Conclusions 

1. Forest-based feedstocks, especially forest residues, can be delivered at a lower cost and 

with a lower environmental burden than agricultural feedstocks. 

2. Agricultural feedstock storage resulted in significant GHG emissions and increased 

overall cost of feedstock production. 

3. Sweet sorghum, with a low delivered cost per ton of carbohydrate and soluble sugar 

content, is an advantageous feedstock choice for biochemical conversion pathways. 

4. Replacing fossil-based energy and fuel feedstocks with cellulosic biomass feedstocks 

would greatly reduce cradle-to-gate greenhouse gas emissions. 

5. All studied biomass scenarios had lower TRACI 2 environmental impacts than the corn 

baseline comparison. 

6. Agricultural biomass scenarios resulted in higher values than forest-based biomass in 

most TRACI 2 impact categories; however, there was some uncertainty determined, and 

many of these differences were not significant.  When comparing agricultural to forest 

biomass types, the impact categories of eutrophication, global warming, respiratory 

effects, and acidification (switchgrass) were most significantly different. 

7. Agricultural feedstocks require higher levels of chemical inputs, fossil fuel, and storage 

requirements than forest-based biomass, and these additional requirements increase 

environmental impacts and costs. 

8. These findings can be combined with a full cradle-to-grave LCA of biomass-to-biofuel 

production systems, such as biochemical conversion, thermochemical conversion, and 

combustion for power, to inform stakeholders about the economic, social, and 

environmental costs of renewable energy feedstock options for commercial facilities. 
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3 Life cycle assessment of bioethanol from pine residuals via biomass 

gasification to mixed alcohols  

3.1 Abstract 

The goal of this study was to estimate the greenhouse gas (GHG) emissions and fossil energy 

requirements from the production and use (cradle-to-grave) of bioethanol from the indirect 

gasification thermochemical conversion of loblolly pine residues.  Additional impact categories 

(acidification and eutrophication) were also analyzed.  Of the life cycle stages, thermochemical fuel 

production and biomass growth stages resulted in the greatest environmental impact for the 

bioethanol product life cycle.  The GHG emissions from fuel transportation and process chemicals 

used in the thermochemical conversion process were minor (less than one percent of conversion 

emissions).  The net GHG emissions over the bioethanol life cycle, cradle-to-grave, was 74% less 

than gasoline of an equal energy content, meeting the 60% minimum reduction requirement of the 

Renewable Fuels Standard (RFS) to qualify as an advanced (second-generation) biofuel.  Also, 

bioethanol had a 72% lower acidification impact and a 59% lower eutrophication impact relative to 

gasoline.  The fossil fuel usage was 96% less than gasoline, mainly due to crude oil used as the 

primary feedstock for gasoline production.  The total greenhouse gas emissions for the bioethanol life 

cycle analyzed in this study were found to be similar to the comparable scenario from the Greenhouse 

Gases, Regulated Emissions, and Energy Use in Transportation (GREET) model.  A sensitivity 

analysis determined that mass allocation of forest establishment burdens to the residues was not 

significant for GHG emissions but had significant effects on the acidification and eutrophication 

impact categories. 

Daystar, J., Reeb, C., Venditti, R., Gonzalez, R., & Puettmann, M. E. (2012). Life-Cycle 

Assessment of Bioethanol from Pine Residues via Indirect Biomass Gasification to Mixed 

Alcohols. Forest Products Journal, 62(4). 

3.2 Introduction 

The United States is the largest bioethanol producing country with 49.2 billion liters, as of 2010 (RFA 

2010).  Controversy around conventional biofuels, which are usually produced through the 

conversion of corn grain (USA) and sugar cane (Brazil) (Mitchell et al. 2008, Gonzalez et al. 2001), 

has prompted research and investment in advanced biofuels produced from non-food based 

feedstocks, including lignocellulosic material.  Additionally, lignocellulosic biomass is an important 
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feedstock for other types of bioenergy (wood pellet, briquettes, bio-power).  Studies suggest that the 

use of lignocellulosic feedstocks (e.g. agriculture and urban-derived residues and forest feedstocks) 

has clear benefits in the mitigation of greenhouse gas (GHG) emissions (Schneider and McCarl 2003, 

Zhang et al. 2009).  Greenhouse gases, primarily made up of CO2, N2O, CH4, H2O vapor and O3, are 

thought to be the active catalyst in the documented rising global temperatures (Oliver et al. 2009, 

Solomon et al. 2009). 

The U.S. Energy Independence and Security Act (EISA) (EISA 2007) outlined a set of goals to 

increase energy security and reduce GHG emissions.  Biofuels from lignocellulosic material have the 

potential to be an important component of the solution to reducing fossil fuel consumption and GHG 

emissions (Hahn-Hagerdal et al. 2006, Sims et al. 2010).  For this reason, the Renewable Fuels 

Standard (RFS) was passed into law by Congress in 2005 and requires commercial production of 

approximately 136 billion liters of blended renewable transportation fuels by the year 2022.  

However, there remains controversy surrounding the production of first generation biofuels and  

potential GHG savings as the production and use of conventional biofuels (e.g. corn grain-derived) 

can have a negative net energy ratio (NER), meaning that more fossil fuel energy may be used to 

produce and transport conventional biofuels than the energy produced (Davis et al. 2009).  

 The EISA also requires the EPA to create and enforce life cycle GHG threshold standards to ensure 

reductions through the use of renewable fuels.  By achieving these threshold requirements (60% GHG 

reduction for cellulosic bioethanol and 20% for other biofuels such as corn starch-derived bioethanol) 

the displacement of imported fossil fuel with domestic biofuel will decrease anthropogenic GHG 

emissions and promote more sustainable development in the energy sector of the U.S. economy. 

In 2001 the Argonne National Laboratory developed the Greenhouse Gases, Regulated Emissions, 

and Energy Use in Transportation (GREET) model to analyze the GHG emissions from the biofuels 

life cycle, utilizing many different production pathways and blending options (Wang 2001).  GREET 

was specifically designed for transportation emissions calculations however it incorporates life cycle 

concepts and data from raw material extraction and manufacturing up-stream emissions prior to the 

use phase also.  GREET has been the backbone for a large part of the existing knowledge surrounding 

biofuel GHG emissions.  Data created with the GREET model have added significantly to our 

understanding of biofuel GHG emissions, but do not encapsulate all biofuel conversion routes and 

only allow for the model user to incorporate limited conversion facility data.  Additional 
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incorporation of specific facility operational data may be required to attain an accurate depiction of 

GHG emissions for that facility. 

Despite the non-specific nature of GREET model output data, the GREET model serves as an 

excellent platform for comparing GHG emissions from a select set of common production processes.  

For emerging technologies, such as advanced gasification and synthesis of syngas, the GREET model 

and other similar tools become less useful as generic process emissions data will no longer apply to 

more optimized or unique unit processes or conversion technologies.  More discerning and robust 

methodologies and database values need to be developed to address these currently un-

commercialized technologies. 

Life cycle assessment (LCA) is the primary tool used to analyze the GHG emissions from 

transportation fuels, such as biofuel or gasoline.  The GHG emissions values for petroleum fuels are 

well established (Zhou et al. 2007, Nanaki and Koroneos 2012), however, there is not yet consensus 

in the literature surrounding emissions from emerging biomass conversion technologies due in part to 

rapid innovation and the lack of existing large-scale commercial conversion facilities or common 

facility designs (Banerjee et al. 2010, Gibbons and Hughes 2011). 

Forest residues, a waste product from forest logging and forest management activities, are available in 

the U.S. at an annual rate of 62 million metric dry tonnes (Perlack et al. 2005, Perlack and Stokes 

2011).  This forest residue is often described as biogenic, or carbon neutral, meaning that the carbon 

emissions associated with the direct burning of the biomass or products derived from the biomass are 

not considered greenhouse gases.  This disputed claim of carbon neutrality often found in literature 

associated with lignocellulosic bioethanol and other forest products has been recently questioned as a 

result of studies exploring the impact of land use change (LUC) and biogeochemical emissions from 

forest harvest and biomass removal (Fargione et al. 2008, Searchinger et al. 2008, Searchinger et al. 

2009).  This study, however, does not allocate LUC or harvest burdens to the forest residues or 

bioethanol production life cycle as the residues are herein considered a waste stream.  Thus, 

combustion emissions are also considered biogenic CO2 equivalent emissions and are offset with 

carbon captured during residue growth.  This assumption is justified as leaving forest residues after 

harvest, the alternative to collection of forest residues and biofuel production, releases atmospheric 

CO2 during natural decomposition on the forest floor (Sullivan et al. 2008). 
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From the 62 million metric dry tonnes, Perlack and Stokes (2011) estimated an annual availability of 

39 million metric dry tonnes at less than $91 per metric dry tonne ($100 per dry short ton) delivered, 

the indicated threshold for feedstock delivery feasibility.  Feedstock delivered cost and supply chain 

are currently being further explored and other feedstock types analyzed by the present authors 

(Daystar et al. 2012).  This biomass stream, in addition to others such as round-wood, municipal solid 

waste, recycled wood and paper, could supply the biomass required to feed the emerging bioenergy 

industry (Miao et al. 2012, You et al. 2012).  This study analyzed a base-case of processing forest 

residues from pine plantations only into bioethanol, however, for continual operation of a scaled-up 

facility, the residue availability, transportation distance, cost and environmental burdens would likely 

necessitate a mixture of feedstocks to be converted as part of the facility’s standard operating 

procedures.  This, in turn, would necessitate a flexible conversion process (Jameel et al. 2010). 

This study aims to quantify the environmental burdens of bioethanol produced from gasification of 

forest residues on a cradle-to-grave basis.  The findings from this study will enable policy makers, 

stakeholders and the emerging biofuels industry to make informed decisions surrounding the 

environmental impacts of large-scale biofuel production and use within the South East United States. 

3.3 Methods 

3.3.1 Goal and scope 

The goal of this study was to examine select environmental impacts resulting from the production and 

use of bioethanol manufactured from forest residues using a thermochemical conversion process on a 

cradle-to-grave basis.  The environmental impacts, calculated as GHG emissions (kg CO2 eq./MJ), 

eutrophication (N eq./MJ), acidification (H+ eq./MJ) and fossil based energy usage (MJ fossil fuel 

input/MJ fuel produced) were compared to those of gasoline.  This study also compared GHG 

emissions reductions to the required reductions outlined in EISA (EISA 2007) to predict the 

feasibility of using forest residues as part of the U.S. biofuels portfolio.  The Tool for the Reduction 

and Assessment of Chemical and Other Environmental Impacts (TRACI) (Bare et al. 2003, Jolliet et 

al. 2004) impact assessment method was used within the SimaPro 7.2 calculation framework to 

quantify environmental impacts (Pré 2010). 
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To compensate for differing fuel heating values, a functional unit of one MJ (higher heating value) of 

combusted transportation fuel was selected.  An energy based functional unit ensured an equal 

comparison by removing influences of energy density between fuel types (ORNL 2012). 

3.3.2 System boundaries 

In order to quantify the overall GHG emissions from the production and use of bioethanol produced 

via gasification of forest residues, a cradle-to-grave system boundary was selected.  The unit 

processes evaluated within this study include: carbon absorption during tree growth, residue 

collection after pine harvest, transportation of the biomass to a conversion facility, thermochemical 

conversion processes, transportation to end user, and combustion (Figure 3-1).  The dashed line 

encompasses the unit processes evaluated, while the unit processes outside the dashed line are 

associated with other forest products not considered within the scope of this study.  This system 

boundary was chosen in methodological agreement with previous life cycle assessment studies of 

biofuel production systems to exclude forest management prior to collection and to incorporate only 

first-tier up-stream burdens (Neupane et al. 2011, González-García et al. 2012).  Thus, some portion 

of the burdens associated with the manufacture of the motor that transports the chipped forest residues 

within the conversion facility was not allocated to the production of the bioethanol product, as an 

example.  System expansion was used where possible and allocation was used for sensitivity analysis 

of the impact of system expansion to net emissions only. 

Avoiding allocation of possibly unfair credits or burdens, the biomass thermochemical conversion 

process was simulated to neither consume electricity nor return electricity to the U.S. electrical grid 

due to co-production of syngas or char from the gasification process.  Previous techno-economic 

studies, both modeled and bench-scale, have shown that co-combustion of biomass or produced 

syngas can normalize the energy balance and make the biomass conversion facility energy self-

sufficient requiring no additional fossil based energy inputs (Kumar 2009, Dutta et al. 2011).  This 

assumes that char from the gasification process and a percent of un-cleaned syngas are combusted for 

combined heat and power on-site (Whitty et al. 2008, Seiler et al. 2010, Jett 2011).    The amount of 

syngas and char diverted from the alcohol synthesis process to the on-site boiler scales with on-site 

steam and electricity needs.  In this way allocation issues surrounding grid electricity, coal and natural 

gas energy use or creation during the conversion process were avoided. 
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Figure 3-1: Cradle-to-grave system boundaries (note: “T” represents transportation processes) 

 

 

3.3.3 Life cycle impact assessment method 

Process simulation models in Aspen Plus (see below) were used to generate inventory results for the 

thermochemical conversion process used in the life cycle impact assessment (Phillips et al. 2007).  

TRACI impact assessment method was used, as it is a U.S.-specific impact assessment method (Bare 

et al. 2003).  SimaPro® was used to calculate the final impacts using USLCI data and the TRACI 

impact assessment method (Pré 2010).  SimaPro is a life cycle assessment calculation software 

program which utilizes the U.S. Life Cycle Inventory of emissions and impact data from the US 

DOE’s National Renewable Energy Laboratory (NREL) and uses the TRACI impact assessment 

method to interpret the quantified impacts 

3.3.4 Life cycle stages description and assumptions 

3.3.4.1 Data quality 

As no commercial biomass gasification to mixed alcohols conversion facilities currently exists, 

process simulations, reports, studies, and the USLCI database provided the necessary data.  Processes 

and emission factors specific to the United States were used, with the exception of magnesium oxide 

emissions which were taken from European data.   
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3.3.4.2 Study assumptions 

 Pine plantations are sustainably managed, meaning no change in productivity from year to 

year, and no land use changes. 

 Forest residues are considered to be a waste stream of timber/pulp wood production  

 Pine forest establishment, maintenance and harvest environmental burdens were allocated 

completely to the timber/pulp products for the base-case. 

 Below ground carbon and biomass is considered to be at steady state with no biogeochemical 

carbon loss due to use of forest residues, since residues are considered a waste stream. 

 Avoided residue decomposition emissions from alternative use of residues not allocated as a 

credit to the bioethanol life cycle.  

 Higher heating value of gasoline assumed to be 35 MJ/liter (43.8 MJ/kg) (ORNL 2012)  

 Higher heating value of bioethanol assumed to be 24 MJ/liter (29.8 MJ/kg) (ORNL 2012)  

3.3.4.3 Feedstock production 

Forest residues consist of the tops, small branches and leaves of the harvested trees deemed unusable 

for pulpwood or saw timber. This unmerchantable material is collected from the forest at the time of 

harvest utilizing timber harvesting roadways.    Depending on the forest characteristics and machinery 

technology, a removal rate of the total residues of 50-65% is expected (Perlack and Stokes 2005).  

Plant material including leaves and other smaller material are left in the forest to decompose, partially 

into soil carbon and other nutrients required for tree growth and partially as biogenic atmospheric 

CO2. 

Loblolly pine plantations grown in the Southeastern United States are primarily intensively managed 

and privately owned (Andreu et al. 2011).  Forest operations for these intensively managed 

plantations typically include site preparation, seedling planting, fertilization, and herbicide 

applications (Jokela et al. 2010).  Another common technique includes forest thinning, removing a 

portion of the biomass at mid-production cycle (Jokela et al. 2010, Andreu et al. 2011).  These forest 

operations, along with timber harvesting, will produce GHG emissions prior to collection of the forest 

residues.  For this study, GHG emissions from forest operations (to grow and harvest the wood) were 

100% allocated to the main products (timber or pulp logs).  The forest residues were assumed to be a 

waste stream therefore allocation of the LUC, establishment, maintenance, and harvest GHG 

emissions to the biofuel production from forest residues process were not included for the base-case 

scenario.   
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Several recent studies have suggested that land use change (LUC), establishment and maintenance 

activities should be considered when calculating life cycle burdens due to nutrient and carbon flux in 

soil after removal of residue (Repo et al. 2011), however, these findings are heavily dependent upon 

the assumption of a relatively slow forest residue decomposition rate for which consensus has not 

been reached (Eriksson et al. 2007, Wall 2008, Luiro et al. 2010).  On the contrary, other studies have 

found decomposition rates to be fairly rapid (Wang et al. 2002, Palviainen et al. 2004, Sathre and 

Gustavsson 2011) which would support the assumption that emissions from pre-collection activities 

should be taken into account.  Due to this uncertainty, a sensitivity analysis was conducted which 

allocates pre-collection emissions to the bioethanol life cycle based on mass ratios. 

Although activities associated with the management of intensive pine plantations emit GHGs, CO2 is 

captured from the atmosphere and stored as wood and plant material during tree growth.  Therefore, 

carbon dioxide captured within the biomass is accounted for within this study as a negative emission, 

offsetting GHG emissions from other life cycle stages.  This technique has been utilized by previous 

studies with broad acceptance when used consistently (Lemus and Lal 2005, Farrell et al. 2006, 

Tilman et al. 2006, Liebig et al. 2008).  To calculate the carbon dioxide stored in the biomass during 

growth, the forest residues were estimated from literature to be 50% carbon (Kilpelainen et al. 2011).  

Using molecular weight ratios, the CO2 absorption was calculated per tonne and included as a 

negative emission in the net GHG emissions calculation. 

3.3.4.4 Feedstock collection 

Emissions from feedstock production and harvesting originate from fuels and lubricants used by 

equipment required for residue collection and chipping.  The equipment used during collection 

included:  skidder, feller/buncher, and chipper.  Equipment manufacturing emissions were determined 

to be outside the scope of the study and were not included.  The USLCI record name used for these 

calculations was “whole tree biomass chipping” submitted by the Consortium for Research on 

Renewable Industrial Materials (CORRIM) (Johnson et al. 2012). 

3.3.4.5 Feedstock transportation 

Transportation distances were assumed to be 80.4 kilometers (50 miles) from forest to facility.  The 

actual transportation distance will depend on biomass availability and facility processing rates.  An 

assumption of 80.4 kilometers (50 miles) for 700,350 metric dry tonne equivalents per year was 

calculated using the methods described in Gonzalez et al. (2012).  Emissions from empty trucks 



 

 

 85 

returning from the facility gate to the point of collection were assumed using a separate emissions 

value for the empty truck transport and the same transportation distance of 80.4 kilometers.  More 

detailed biomass feedstock production model studies from the authors have recently been published 

(Gonzalez et al. 2012) and are in manuscript (Daystar et al. 2012).  GHG, eutrophication and 

acidification emissions factors for a diesel combination truck were taken from the USLCI database 

(NREL 2003). 

3.3.4.6 Thermochemical conversion process and Aspen model 

The National Renewable Energy Laboratory (NREL) thermochemical bioethanol production process 

(Phillips et al. 2007) was the conversion pathway used for this analysis and simulated in Aspen Plus.  

Aspen Plus is a chemical engineering and energy production process simulation software program 

which enabled the authors to explore the constraints and parameters of an industrial scaled 

gasification process for specific biomass feedstock inputs and operational parameters (AspenTech 

2012).  Simulation modifications were required to meet the unique needs of this study as described in 

Gonzalez et al. (2012).  The continuous feedstock supply was set at 700,350 metric dry tonne 

equivalents of forest residue biomass per year (772,000 dry short tons/year) and a moisture content of 

45% was assumed from literature (Jameel et al. 2010, Patterson et al. 2011).  Both ultimate and 

proximate analyses of the feedstock were required to run the model (Table 3-1).  Compositions of 

loblolly pine (DOE 2005, Jameel et al. 2010) and hybrid poplar (the NREL base-case feedstock 

shown for general reference) are listed in Table 1.  Residues were considered to have similar 

composition as compared to the rest of the tree although a sensitivity analysis of this assumption 

should be conducted in future work, using pine residues composition data taken from literature 

(Frederick et al. 2008, Kilpelainen et al. 2011). 

Table 3-1: Loblolly and hybrid poplar ultimate and proximate analysis compositions 

 

 
Note: Moisture is as delivered (%, wet basis)    

Source: (DOE 2005; Phillips et al. 2007) 

Feedstock type C H N O S Ash

Percent 

Fixed 

Carbon

Percent 

Volatile 

Matter

Percent 

Ash

Moisture 

Content

Hybrid Poplar (NREL) 51 6.0 0.2 42 0.1 0.9 15 84 0.87 45

Loblolly Forest Residues 52 6.5 0.0 41 0.0 0.4 14 85 0.40 45

Ultimate Analysis (wt %, dry basis) Proximate Analysis (wt%, dry basis)
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The thermochemical process is separated into seven major process areas within the Aspen Plus 

simulation (Figure 3-2).  Each process area is comprised of multiple unit processes such as reactors, 

separations, heat exchangers, and other operations that alter the matter within the process.  These 

major process areas are briefly described below, however, a detailed description can be found in 

Phillips et al. (2007). 

The biomass delivered to the conversion facility is first dried in the feedstock handling and drying 

stage to a moisture content of approximately 5%.  The dried, chipped biomass is then reacted with 

steam and extreme heat from contact with heated olivine sand in the gasification process to produce 

synthesis gas, mainly consisting of CO and H2.  The syngas is then removed from the char and steam 

using a cyclone, which separates the char and sand from rising syngas.  Clean syngas is then sent to 

the alcohol synthesis process to react with methanol to form ethanol and higher alcohols.  Some 

additional catalyst fouling compounds and tar are formed in this process.  These compounds are 

removed through the gas cleanup and conditioning process and to produce smaller carbon-chain 

molecules and co-combusted to heat the olivine sand.  A full list of processing parameters and a 

detailed process description is included in Phillips (2007) and Jameel et al. (2010). 
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Figure 3-2: NREL thermochemical ethanol production process flow diagram 

 

 

3.3.4.7 Fuel transportation 

CO2 emissions from diesel powered combination-truck (tractor-trailer) transportation were calculated 

using USLCI database emission factors.  Total transportation distance was assumed to be 80.4 

kilometers one way from fuel production plant to fuel pump. 

3.3.4.8 Fuel combustion 

Fuel use emissions data were based on combustion of the produced bioethanol in a light duty 

passenger vehicle and data were obtained using the GREET model (Wang 2001).  Emissions from 

combustion of pure bioethanol fuel were calculated; however, perfectly pure bioethanol is not 

currently practical due to incompatibility with available infrastructure and vehicles.  The pure 

bioethanol comparison to gasoline shows the maximum GHG savings possible from biofuel 

production and use.  These emission savings could be used to classify biofuel as an “advanced 

biofuel” under EISA biofuel classifications (EISA 2007).  GREET emissions data were generated 

using primarily default values for study-specific feedstock and flex fuel vehicle information.  For 

example, emissions data specific to ethanol combustion was used for the 100% bioethanol scenario 
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(no blending).  The gasoline equivalent for comparison was assumed to be 50% reformulated and 

50% conventional fuel. 

3.4 Results 

3.4.1 Life cycle inventory  

3.4.1.1 Process simulation 

Using the thermochemical conversion simulation, the material and energy balances of the process 

were calculated with a 98.5% closure.  This means that measured input energy and matter very nearly 

equaled measured output energy and matter and indicates that efficiency of conversion was not 

skewed due to calculation errors, theoretical energy, mass loss or creation.  Alcohol yields from the 

simulation of loblolly pine residue conversion revealed that 369 liters of ethanol and 65 liters of 

propanol are expected alcohol yields per oven-dry metric tonne of biomass converted.  Both ethanol 

and propanol are shown, due to the high percentage of both in mixed alcohol produced.  The 

propanol, however, was converted to ethanol equivalents using a multiplier based on the higher 

heating value ratio of these two alcohols.  The total yield in ethanol equivalents was projected to be 

424 liters per bone-dry metric tonne of biomass converted.  Spatari et al. (2010) estimated a range of 

250-350 liters per BD tonne and Dutta et al. (2012) calculated 355 liters per BD tonne through 

indirect gasification and mixed alcohol synthesis which was the conversion technology modeled here. 

Emissions from production and treatment of chemicals and waste used during the thermochemical 

conversion process (gasification) were calculated and determined to be not important to net 

environmental burdens across the life cycle of the bioethanol product.  Both emission factors and 

overall emissions from each chemical are listed in Table 3-2.  All GHG emissions from process 

chemicals and waste treatment represented only a small fraction of the overall emissions.  These 

values are consistent with previous studies (Bright and Strømman 2009, Reijnders and Huibregts 

2009, Puy et al. 2010, Whittaker et al. 2011, Gonzalez et al. 2012).  These studies determined that 

cultivation and harvest, conversion and combustion (for studies not considering biogenic CO2 

separately from anthropogenic CO2) were the largest contributors to total GHG emissions across the 

life cycle. 
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Table 3-2: GHG emission factors for process chemicals and non-wood inputs [Sources: 1 (WRI and 

WBCSD 2004, IPPC 2010); 2 (NREL 2003)] 

Material/Process Units 

Emission 

Factors 

Kg CO2 per MJ 

Bioethanol (HHV) 

Magnesium oxide1 kg CO2/kg 3.77 1.42E-05 

Olivine2 kg CO2/kg 3.92E-02 2.34E-05 

Molybdenum2 kg CO2/kg 0.108 1.30E-05 

Waste treatment2 kg CO2/kg 6.37E-07 8.77E-10 

Landfill transportation2 kg CO2/tkm (30km) 0.129 6.93E-06 

Landfill2 kg CO2/kg 2.45E-03 2.19E-07 

Total chemical and waste GHG emissions  5.78E-05 

% of fuel production GHG emissions  0.02% 

 

 

3.4.1.2 Biomass productivity  

Biomass productivity in terms of oven dry (OD) equivalent tonnes per hectare and bioethanol yield 

per hectare were calculated (Table 3-3).  Data from loblolly pine growth in the southeast (Allen et al. 

2005) were used as a basis for tonnes per hectare along with process bioethanol yields.  Forest 

residues are 20% of the overall harvested timber and the collection percentage is 50%, meaning that 

10% of total standing biomass is delivered to the thermochemical conversion facility as convertible 

biomass (Allen et al. 2005).  Forest residues yield ranged from 11 to 25 OD tonnes per hectare 

depending on the management intensity over a rotation period of 25 years.  Additionally, annual 

bioethanol yield per acre varied from 43 to 94 liters per hectare.  At the production scale considered 

in this manuscript, somewhere between 22,660 and 50,350 hectares would need to be harvested (and 

residues collected) per year for a biomass supply of 700,350 OD tonnes per year.  This is similar to 

productivity values from previous studies (Evans and Cohen 2009, Somerville et al. 2010, Gonzalez 

et al. 2012). 
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Table 3-3: Biomass production rates and land use per unit of bioethanol produced based on yields 

as provided in the Biomass Productivity section.  

 
 

 

3.4.1.3 Product life cycle stages  

Using SimaPro® and data from the USLCI database and the Aspen Plus simulation, GHG emission 

factors and fossil fuel usage factors were calculated for each scenario and for each chemical, biomass, 

energy and waste stream.  These factors were then multiplied by the quantity of each stream to 

determine the GHG emissions or fossil-based energy used.  Energy usage factors are listed in Table 

3-4 for bioethanol and in Table 3-5 for gasoline.  Emissions factors are listed in Table 3-6 for 

bioethanol and Table 3-7 for gasoline. 

 

Table 3-4:  Bioethanol cradle-to-grave fossil energy usage 

Process  MJ per  Unit Amount MJ Energy 

Raw Materials 217 tonne 9.20E-05 1.99E-02 

Feedstock Transportation 1.19 tonne*km 1.46E-02 1.73E-02 

Biomass Gasification 7.80E-04 MJ fuel 1.00 7.80E-04 

Fuel Transportation 1.19 tonne*km 2.73E-03 3.24E-03 

Total       4.13E-02 

 

 

Table 3-5:  Gasoline cradle-to-grave fossil energy usage  

Process  MJ per  Unit Amount MJ Energy 

Raw Materials 1.02 MJ gas 1.00 1.02 

Feedstock Transportation 2.44E-02 MJ gas 1.00 2.44E-02 

Biomass Gasification 7.22E-02 MJ gas 1.00 7.22E-02 

Fuel Transportation 1.19 tonne*km 1.68E-03 2.00E-03 

 Total       1.12 

Total Yield Annual Yield

Forest 

Residuals

Forest Residuals 

Collected

Annual Forest 

Residual 

Collection

Ethanol 

Land Yield

Annual Ethanol 

Land Yield

(OD tonne/ha) (OD tonne/ha/yr) (OD tonne/ha) (OD tonne/ha) (OD tonne/ha/yr) (L/ha) (L/ha/yr)

Low 139 5.6 27.8 13.9 0.56 5832 233

Med 229 9.1 45.7 22.9 0.91 9594 384

High 309 12.4 61.9 30.9 1.24 12980 519

Management 

Intensity
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Table 3-6: Ethanol cradle-to-grave emission factors and GWP 

Process  kg CO2 per Unit Amount kg CO2/MJ 

Raw Materials 15.81 tonne 9.20E-05 1.45E-03 

Uptake during Growth -1833 tonne 9.20E-05 -1.69E-01 

Feedstock Transportation 9.32E-02 tonne*km 1.46E-02 1.36E-03 

Biomass Gasification 0.115 MJ fuel 1.00 0.115 

Fuel Transportation 9.32E-02 tonne*km 2.73E-03 2.54E-04 

Fuel Combustion 7.38E-02 MJ (LHV) 1.00 7.38E-02 

Total       2.28E-02 

 

 

Table 3-7:  Gasoline cradle-to-grave emission factors and GWP 

Process  kg CO2 per Unit Amount kg CO2/MJ 

Raw Materials 0.199 kg 2.29E-02 4.56E-03 

Raw Material Transportation 6.78E-02 Kg 2.86E-02 1.94E-03 

Fuel Production 5.28E-03 MJ 1.00 5.28E-03 

Fuel Transport 9.32E-02 tonne*km 1.68E-03 1.57E-04 

Fuel Combustion 7.45E-02 MJ 1.00 7.55E-02 

Total       8.74E-02 
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3.4.2 Impact assessment 

3.4.2.1 Global warming potential (GWP) 

Using output from SimaPro® and Aspen Plus, the GHG emissions for both gasoline and bioethanol 

were calculated.   The GHG emissions are listed in kg CO2 equivalents per MJ of fuel produced and 

consumed in a standard ignition passenger vehicle, Figure 3-3.  

 

 

 

Figure 3-3:  Cradle-to-grave global warming potential comparison of bioethanol and gasoline.  Also 

shown is the scenario in which some of the burdens of forest management are allocated to the 

bioethanol (AL). Net values for ethanol and total value for gasoline are shown above the bar 

graphs. 

 

 

When comparing the conventional gasoline and bioethanol fuel life cycle GHG emissions, two 

product stages have the greatest impact on net life cycle GHG emissions: the conversion process and 

residue growth.  The biomass-to-bioethanol conversion process life cycle stage contributed the largest 

quantity of GHGs (1.15E-1 kg eq. CO2 per MJ bioethanol produced) to the overall bioethanol life 

cycle burdens.  These emissions were due to the energy-intensive conversion processes that require 

large inputs of heat and power.  In the analyzed scenario, the energy requirements are met through the 

combustion of raw syngas for combined process heat and power production.  In the growth of the 
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biomass, 1.69E-1 kg CO2 eq. per MJ of fuel are captured and stored as plant matter, thus the emission 

factor for biomass growth was -1.69 E-1 kg CO2 per MJ.  This negative emission, or credit, greatly 

reduces the overall emissions to a net life cycle emission of 2.28E-2 kg CO2 eq. per MJ of bioethanol.  

This is a 74% reduction in CO2 equivalents as compared to the conventional gasoline life cycle.  Raw 

materials, transportation of raw materials, bioethanol fuel transportation and fuel combustion 

emissions were all similar for both gasoline and bioethanol (von Blottnitz and Curran 2007, 

Ravindranath et al. 2009, Roberts et al. 2010). 

These findings are consistent with previous studies surrounding the environmental burdens of 

biofuels production from forest biomass (Bright and Strømman 2009, Hsu et al. 2010, Daystar 2011). 

3.4.2.2 Acidification 

Acidification is defined by the TRACI impact assessment method as the “potential to cause wet or 

dry acid deposition” (Bare et al. 2003).  Acidification results from nitrogen dioxide (NOx) and sulfur 

dioxide (SOx) combining with water vapor in the atmosphere to form nitric and sulfuric acid in dilute 

concentrations. These acids are then reintroduced to the troposphere and various fragile ecosystems in 

the form of acid rain following the regional weather patterns.  This study analyzed the acidification 

potential of both bioethanol and the energy equivalent quantity of conventional liquid gasoline fuel on 

a cradle-to-grave basis, Figure 3-4.  In the analyzed biomass conversion process scenario NOx and 

SOx are emitted during transportation, conversion chemicals manufacturing, on-site biomass 

combustion as smoke-stack emissions and as tail-pipe emissions during blended fuel combustion in 

light-duty passenger transportation (Bright and Strømman 2009, Cherubini and Ulgiati 2010). 
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The production and use of one MJ of bioethanol resulted in 72% decrease in acidification emissions 

as compared to the gasoline scenario.  The gasoline fuel production and raw material transportation 

resulted in significantly higher acidification emissions than the same bioethanol life cycle stages.  The 

emissions used to calculate the impacts of biomass conversion to bioethanol (fuel production) were 

generated using a process simulation as large-scale commercial production facilities do not currently 

exist from which operational data can be utilized.  As a result of this uncertainty, emission flow rates 

will need validation as production processes come online. 

 

 

Figure 3-4: Cradle-to-grave acidification impacts 

 

 

3.4.2.3 Eutrophication 

Eutrophication is the primary impairment of surface water quality due to nutrient loading.  Nitrogen 

and other nutrients enter the environment through either point sources (a localized quantifiable 

source) or non-point sources (undefinable sources difficult to quantify) and increase cyanobacteria 

growth.  Once the cyanobacteria die, they settle to the bottom of the waterway and decompose, 

consuming dissolved oxygen (DO) and depleting the total DO level in the waterway.  In extreme 

cases this results in fish kills (Sharpley et al. 2003).  
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This study utilized the TRACI impact assessment method to quantify eutrophication in terms of N-

equivalents for a cradle-to-grave scope (Figure 3-5).  Eutrophication for the bioethanol case was 59% 

lower than for gasoline.  Eutrophication due to gasoline production and use was largely a result of 

atmospheric emissions of nitrous oxide and other nitrogen-containing airborne emissions.  As the 

bioethanol production process uses less fossil-based fuel, the raw material, raw material 

transportation and fuel production stages had lower eutrophication impacts.  Airborne emissions from 

the modeled thermochemical conversion process are based on simulation results because no current 

industry data exist.  In our base-case study, fertilizer use emissions were allocated 100% to the timber 

and pulpwood product life cycles. Thus, no eutrophication from fertilizer use was attributed to the 

forest residues-to-bioethanol conversion scenario. This assumption is explored in a sensitivity 

analysis in a later section.   

Cherubini and Ulgiati (2010) suggested that biofuels often have a higher eutrophication potential than 

a conventional fossil fuel life cycle.  Unlike this study, Cherubini and Ulgiati assumed full burdens 

for the bioethanol scenario from biomass production which resulted in higher eutrophication and 

acidification impacts than with conventional fossil fuels. 
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Figure 3-5: Cradle-to-grave eutrophication impacts 

 

3.4.3 Fossil fuel input 

In some biofuels scenarios (e.g. corn-derived bioethanol) the fossil fuel requirements to produce the 

biofuel result in small net fossil fuel savings compared to gasoline or other fossil fuels (Kukuchi et al. 

2009).  In this study, fossil fuel usage was tracked from cradle-to-grave for the bioethanol and 

gasoline scenarios.  Fossil fuel energy usage was reported as MJ of fossil fuel consumed per MJ of 

transportation fuel produced Figure 3-6. 
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Figure 3-6: Non-renewable energy inputs for production of one MJ of bioethanol (no burdens 

allocated) and gasoline fuels. 

 

 

The fossil fuel energy usage during gasoline production was determined to be 1.12 MJ per MJ of fuel 

produced according to the GREET model calculations.  This is due, in large part, to the use of crude 

oil as a feedstock for gasoline production.  This value is similar to previous studies analyzing fossil 

fuel input for gasoline production (Davis et al. 2009).  Bioethanol production and use in this study 

was determined to require 0.041 MJ of fossil fuel energy per MJ of bioethanol.  The majority of this 

fossil fuel usage resulted from biomass transportation and forest residue collection activities.  Overall, 

a fossil fuel usage reduction of 96% was estimated for the production and use of bioethanol as 

compared to the gasoline alternative. 

3.4.4 GREET results comparison  

GREET 2011 was used to simulate an equivalent bioethanol fuel life cycle and calculate up-stream 

and down-stream environmental burdens.  The results from the GREET model analysis were 

compared to the results of this report, Figure 3-7, and both fuel production and feedstock production 

results were noticeably different.  Through careful examination of the GREET and SimaPro model 

methodologies, burden allocation methods were found to cause much of the difference in results.  

Within the feedstock production stage, GREET allocates only a portion of the carbon dioxide flux to 
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the fuel and the rest to energy created within the biomass conversion process.  Within this study, all 

carbon in the biomass supply was represented as a carbon credit and all emissions from the 

conversion process were attributed only to ethanol production.  Additionally, the fuel production 

process within the GREET model is allocated negative GHG emissions (carbon credits) for electrical 

and process heat energy co-generation from knots, fines and waste biomass during the conversion 

process, thus reducing the net GHG emissions from this stage.   The GREET gasification data was 

noted as “uncertain”, likely contributing to variation in the fuel GHG emissions.  A sensitivity of the 

GREET versus SimaPro data validity is explored later in this study.  Overall, GHG emissions were 

found to be slightly higher than the equivalent bioethanol thermochemical conversion scenario in 

GREET. 

 

 

 

Figure 3-7:  Global warming potential of bioethanol from forest residues (no burdens allocated) as 

compared to standard GREET model values. Net values (triangle symbol) are reported. 

 

 

3.4.5 Allocation sensitivity 

Forest residues are often considered as a waste or byproduct of forest operations, although it is 

acknowledged that residues can contribute to changes in soil and habitat quality through soil nutrient 

and carbon recharge after residue decomposition.  The decay of residues above ground (emitting 

greenhouse gases) can sometimes be essentially complete.  Thus, there is not yet a firm conclusion on 
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how to allocate the burdens of the alternative end-of-life scenario (natural in-woods decomposition) 

for the forest residues.  In many studies and LCA models forest residues are not allocated any of the 

environmental burdens associated with the production and management of the main forest products 

(Wang 2001) based on the assumption that residues are waste material.  It is of interest to compare the 

“no-burden” scenario as used in the body of this study with a scenario that allocates forest 

management burdens to the primary wood product and residues by mass fraction, “allocated 

burdens”. 

For this scenario, it is estimated that 20% of the total above ground tree mass is considered to be 

forest residues and 50% of residues are collected (Allen et al. 2005).  Thus, 10% of the above ground 

tree mass is collected as residues and 80% is collected for the primary forest product.  Then the mass 

percent of collected residue to primary product plus collected residue is 11% and this percent is used 

to allocate the same percent of feedstock development burdens to the collected residue and thus to the 

bioethanol from gasification conversion scenario.  Reforestation emissions including land 

preparation, seedling production and planting, fertilization, pesticide application, and herbicide use 

are accounted for using USLCI data within the SimaPro LCA software.  TRACI impact assessment 

methods were used to determine global warming potential, acidification and eutrophication from 

cradle-to-grave.  The gasoline burdens were calculated using SimaPro for well-to-pump and using the 

GREET model for combustion emissions.  

The difference in global warming impacts for the allocated-burdens bioethanol scenario was minimal, 

Figure 3-3.  The acidification burden increased between the no-burden and the allocated-burden 

scenarios by approximately 27 %, Figure 3-4.  Eutrophication in the allocated-burden scenario 

increased by about 210% as compared to the no-burden scenario (Figure 3-5), primarily due to forest 

fertilization.  Fertilizers have the potential to runoff into streams as well as to volatilize into nitrogen 

compounds, ultimately resulting in nutrient loading as a non-point source.  Interestingly, the 

eutrophication in the allocated-burden scenario was about 26% higher than gasoline, in stark contrast 

to the no burden result showing 146% lower eutrophication for bioethanol as compared to gasoline. 

3.4.6 Limitations of this study 

The goal of this study was to analyze the GHG emissions and energy requirements for the production 

and use of bioethanol produced from forest residues indirect gasification to mixed alcohols.  In 

performing this analysis, necessary assumptions were made to equalize the systems being analyzed 
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and to isolate production variables for better comparison.  One significant assumption was that only 

pine based forest residues are input into the conversion facility as biomass feedstock.  In all 

likelihood, more than one feedstock type would be used to maximize biomass availability and to 

reduce life cycle costs by lowering transportation distances, increasing feedstock flexibility and 

reducing operational risk due to potential supply chain logistics issues (Gonzalez et al. 2012).  The 

thermochemical conversion process has been shown to be flexible enough to accept various biomass 

sources, which changes with changing feedstock prices, harvesting schedules, locations, and other 

logistical constraints.  Despite this limitation, isolation of pine forest residues as the only feedstock 

was necessary for this study so life cycle impacts could be calculated in an interpretable and 

consistent manner, which is useful when quantifying the effect of biomass feedstock growth and 

collection on the biofuels production process net burdens.   

Additionally, the assumption that combustion of ethanol produced from forest residues would result 

in biogenic (i.e. carbon neutral) atmospheric emissions impacts the outcome of the study due to a 

large reduction in net GHGs associated with the bioethanol production life cycle using this 

accounting methodology.   

Finally, if forest residues were assumed to decompose entirely to solid organic matter increasing soil 

carbon, the removal of this forest residue would impact the long-term carbon stock in the soil and 

would increase net GHG emissions. 

3.5 Conclusions 

For the forest residues-to-bioethanol thermochemical conversion pathway modeled in this study, 

biomass growth and fuel production life cycle stages had the largest GHG emissions.  Biomass 

growth contributed a relatively large negative GHG emission to the overall GHG emissions value, 

offsetting to some extent, the positive GHG emissions released in the fuel production and fuel 

combustion stages.  Both raw material and fuel transportation were found to have a minimal impact 

on net life cycle GHG emissions.  Bioethanol produced from thermochemical conversion of forest 

residues qualifies as an advanced biofuel under the Renewable Fuels Standard, having a net GHG 

reduction of 74% as compared to gasoline.  Fossil fuel usage per MJ of transportation fuel was 96% 

lower for bioethanol than for gasoline on a cradle-to-grave basis.  The fossil energy usage of gasoline 

was higher mainly due to the non-renewable feedstock input (crude oil).  Acidification and 

eutrophication were significantly lower for the bioethanol scenario than the gasoline scenario when 
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forest operations burdens were not allocated to the forest residues.  With a mass-based allocation of 

forest management burdens to the forest residues scenario, eutrophication was higher than for the 

gasoline fuel scenario.  This was mainly due to the fertilizer emissions value allocated to residue 

growth and harvest.  Global warming potential and acidification were not as sensitive to the method 

of allocation of forest management burdens as eutrophication.   
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4 Environmental life cycle impacts of cellulosic ethanol in the Southern 

U.S. produced from loblolly pine, eucalyptus, unmanaged hardwoods, 

forest residues, and switchgrass using a thermochemical conversion 

pathway 

4.1 Abstract 

The cradle to grave environmental impacts of ethanol from the thermochemical conversion of loblolly 

pine, eucalyptus, unmanaged hardwoods, forest residues, and switchgrass feedstocks were determined 

and compared to gasoline.  Both the Tool for the Reduction and Assessment of Chemical and Other 

Impacts and Eco-invent impact assessment methods were implemented in SimaPro 7.2 to calculate 

environmental impacts. 

Greenhouse gas (GHG) emission reductions of cellulosic ethanol as compared to gasoline were 65%-

77%, depending on the biomass feedstock, qualifying these biofuels as cellulosic ethanol under the 

Renewable Fuels Standards.  Effects of direct land-use change were significant (~18%) and could 

increase the GHG emissions for switchgrass derived ethanol above the federal GHG reduction 

thresholds for cellulosic ethanol.  The production and use of cellulosic ethanol reduced fossil fuel 

consumption by 95%-97% and 81% for forest and switchgrass derived ethanol, respectively.  

Cellulosic ethanol, however, did not reduce all environmental impact categories (eutrophication, 

ozone depletion respiratory effects, acidification, and smog) compared to gasoline. The GHG 

emission reductions from the use of cellulosic ethanol at the  renewable fuels standard’s mandated 

production volume of 16 billion gallons of cellulosic ethanol per year by 2020 would result in 9-10 

billion metric tonnes of GHG emissions avoided. 

Daystar, J., Reeb, C. Gonzalez, R., Venditti, R., Kelley, S. Environmental life cycle impacts of 

cellulosic ethanol in the Southern U.S. produced from loblolly pine, eucalyptus, unmanaged 

hardwoods, forest residues, and switchgrass using a thermochemical conversion pathway. 

Submitted to Fuel Processing Technology, 2013. 

4.2 Introduction 

Concerns surrounding global climate change and energy security have prompted research, production 

mandates, and economic incentives for biofuels research and production.  The International Panel for 

Climate Change (IPCC 2007) suggests that biofuels can reduce greenhouse gas (GHG) emissions and 
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offset fossil fuel usage (IPCC 2012)  Wide spread use of biofuels will only be possible with reduced 

GHG emissions and competitive financial returns for producers and consumers compared to other 

fossil fuel alternatives (Schnepf 2010, IPCC 2012)..  The most significant motivating force behind 

biofuels research in the U.S. has been the Renewable Fuels Standards (EPA 2005, EISA 2007) which 

mandate a partial shift from conventional fossil-based fuels to advanced renewable fuels in the U.S., 

including a portion of fuel production derived from cellulosic materials, which are defined as 

reducing GHG emissions by 60% when compared to gasoline. 

Conversion technologies for lignocellulosic biomass types are rapidly emerging to produce 

government-mandated renewable fuels ((Spath et al. 2005, Phillips 2007, Phillips et al. 2007, 

Sequeira et al. 2007, Bright and Strømman 2009, Consonni et al. 2009, Foust et al. 2009, Galvagno et 

al. 2009, Gassner and Maréchal 2009, Cherubini and Ulgiati 2010, Mu et al. 2010, Gonzalez 2011, He 

and Zhang 2011, Leibbrandt et al. 2011, Daystar et al. 2012, Dutta et al. 2012, Verma et al. 2012) [6-

22].  Thermochemical and biochemical processes are the two different fuel production routes 

currently proposed for biomass-to-biofuel scenarios.  Previous studies have considered the 

thermochemical conversion route for its technical or economic feasibility, however, few studies have 

considered the environmental burdens of this pathway and compared life cycle emissions using 

various biofuel feedstocks to those of fossil fuels. Both conversion pathways are briefly reviewed 

below to provide the reader with a basic understanding of biomass-to-ethanol conversion methods. 

Biochemical conversion processes have been carefully analyzed for techno-economic feasibility, 

conversion efficiency of various biomass feedstocks, environmental impact, chemical and enzyme 

use, and ways to optimize the bench-top, pilot-scale and commercial-scale processes (Frings et al. 

1992, Canakci and Van Gerpen 1999, Foust et al. 2009, Inman et al. 2010, Mu et al. 2010, Balat 

2011, Balan et al. 2012).  Biochemical conversion technologies use various pretreatment methods to 

increase enzymatic hydrolysis conversion yields and sometimes to extract valuable co-products. The 

product of enzymatic hydrolysis, sugars, are often neutralized and fermented to produce ethanol in 

low concentration.  This low concentration ethanol, often referred to as beer, is then purified to 

around 99.95% ethanol as the final product (Foust et al. 2009, Inman et al. 2010, Mu et al. 2010, 

Balat 2011, Balan et al. 2012, Romaní et al. 2012).  Many studies have explored the biochemical 

conversion processes, however, the technology is inherently inflexible, requiring a larger collection 

radius to provide the necessary biomass supply (usually one biomass type) for full-scale fuel 

processing (Huang et al. 2009).  
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Indirect gasification was modeled for this study as explored previously by researchers at the U.S. 

Department of Energy (Phillips et al. 2007, Carpenter et al. 2010, Swanson et al. 2010, and Dutta et 

al. 2011, Jett 2011).  The indirect gasification process produces a mixture of carbon monoxide and 

hydrogen gas referred to as synthesis gas (syngas).  Raw syngas contains catalyst-fouling 

contaminants that must be removed before alcohol synthesis.  The clean syngas is then converted to 

mixed alcohols, mainly ethanol and propanol, using a molybdenum catalyst.   Thermochemical 

conversion can use a wider range of feedstocks than biochemical conversion and produce reasonable 

alcohol yields (Dutta and Phillips 2009, Dutta et al. 2011, Dutta et al. 2012).  Unlike the biochemical 

process, the thermochemical process is not adversely affected by lignin in the biomass, however, 

biomass feedstock moisture content heavily influences alcohol yields and emissions with the 

thermochemical process.  Power requirements for alcohol conversion processes are provided by 

combined heat and power facilities burning waste, biomass, char or produced syngas or ethanol 

(Balan et al. 2012). 

A review of recent literature surrounding thermochemical ethanol conversion technologies 

determined that the technical, economic and logistics details to be well explored and the 

environmental impacts from thermochemical ethanol conversion to be underdeveloped, requiring 

more research to fully understand the environmental impacts of bioethanol from various cellulosic 

feedstocks (Phillips 2007, Phillips et al. 2007, Daystar 2011, Dutta et al. 2011, Daystar et al. 2012, 

Gonzalez et al. 2012).  

This study quantifies the environmental impacts of cellulosic ethanol produced from various 

feedstocks on a cradle-to-grave basis.  The analysis of the feedstock production process includes 

environmental life cycle assessment, financial analysis, and supply chain logistics (Daystar et al. 

2012), the results of which are included within this study for the cradle-to-gate portion of each 

biomass feedstock to ethanol life cycle. 

4.3  Methods 

The International Organization for Standardization (ISO) 14044 life cycle assessment standards (ISO 

2006) were followed as closely as possible.   In order to provide a clearly written publication, some 

sections suggested in the standards were not reported in order to produce an effective communication. 
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4.3.1 Goal and Scope 

The goal of this study was to quantify life cycle environmental impacts associated with the 

thermochemical production and use of bioethanol from various lignocellulosic biomass types relative 

to gasoline and determine the renewable fuels qualification under the Renewable Fuels Standards 

(EISA 2007).  To capture the full impacts of bioethanol production and use, a cradle-to-grave system 

boundary was used for all analyzed scenarios.  Biofuel production stages included biomass feedstock 

production (establishment and maintenance of the plantation, biomass growth, harvest, storage, and 

transportation of the biomass to the conversion facility), conversion of biomass to ethanol through 

indirect gasification, transportation of the bioethanol fuel to the end user, and combustion in a light-

duty passenger vehicle. 

4.3.2 Functional unit 

To compensate for the different fuel heating values of ethanol and gasoline, a functional unit of one 

MJ (higher heating value) was selected.  An energy based functional unit ensures an equal 

comparison of combustion fuels, removing influences of energy density between fuel types (ORNL 

2012). 

4.3.3 System boundaries 

The study was designed to quantify direct and indirect life cycle environmental burdens from cradle-

to-grave for bioethanol, assuming indirect gasification thermochemical conversion (Phillips et al. 

2007, Dutta et al. 2011, and Dutta et al. 2012).  Five biomass feedstock species were selected based 

on regional importance in the Southern U.S. and the feasibility of a continuous supply to a biorefinery 

for conversion.  Feedstocks analyzed included loblolly pine, eucalyptus, unmanaged hardwood, pine 

forest residues, and switchgrass.  Impacts resulting from machinery and equipment production and 

end-of-life were not included in this study as they are considered to be insignificant when normalized 

over the production life of the equipment (Curran 2006, Whittaker et al. 2011, and IPCC 2012).  Only 

processes within the dashed boundaries in Figure 4-1 were included in this work.  The ethanol 

combustion in a light-duty transportation vehicle was considered to be the use phase. 
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Figure 4-1: Cradle to grave system boundary of cellulosic ethanol production using a 

thermochemical conversion route 

 

 

4.3.4 Life cycle inventory 

The life cycle inventory (LCI) was developed using feedstock supply chain models, fuel conversion 

material and energy balances, and the Greenhouse Gas Regulated Emissions and Energy in 

Transportation (GREET) (Wang 2001, Wang 2009, AspenTech 2012).  When available, U.S. Life 

Cycle Inventory data was used for all parameters. Methodologies for inventory data collection and 

use were used from previous biomass-to-biofuel life cycle assessment studies by the authors (Jameel 

et al. 2010, Daystar 2011, Daystar et al. 2012, and Daystar et al. 2012).  The GHG emission factors 

associated with process chemicals and waste disposal for the NREL thermochemical conversion 

process are listed in Table 4-1 (Daystar et al. 2012). Magnesium oxide, which was used to prevent 

glass build-up during the gasification process, did not have U.S. LCI data available for up-stream 

manufacturing.  Therefore, European LCI data was used to calculate upstream emissions (IPPC 

2010).  

4.3.5 Life cycle impact assessment 

 The life cycle analysis conducted for this study encompasses all direct life cycle emissions and 

primary up-stream and down-stream emissions for feedstock production, thermochemical conversion, 

and combustion.  SimaPro 7.3 was used with U.S. Life Cycle Inventory dataset and the TRACI 

impact assessment method to calculate life cycle environmental impacts (Wang 2001, Bare et al. 
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2003, NREL 2003, Curran 2006, Wang 2009, Mu et al. 2010, Pré 2010, and Sharaai et al. 2010).  The 

environmental impacts quantified were global warming potential (GWP), eutrophication, 

acidification, carcinogenics, non-carcinogenics, respiratory effects, ozone depletion, ecotoxicity and 

smog. 

 

Table 4-1: Process chemical and operations emission factors for the NREL thermochemical ethanol 

conversion process. Sources: 1 (WRI and WBCSD 2004; IPPC 2009); 2 (NREL 2003) 

Material/Process Units Emissions 

Factor 

kg CO2 per MJ 

Bioethanol 

(HHV) 
Magnesium oxide1 kg CO2/kg 3.77 1.42E-05 

Olivine2 kg CO2/kg 3.92E-02 2.34E-05 

Molybdenum2 kg CO2/kg 0.108 1.30E-05 

Waste treatment2 kg CO2/kg 6.37E-07 8.77E-10 

Landfill transportation2 kg CO2/tkm (30 km) 0.129 6.93E-06 

Landfill2 kg CO2/kg 2.45E-03 2.19E-07 

Total chemical and waste GHG     5.78E-05 

Percent of total production GHG     0.02% 

 

 

4.3.6 Life cycle stage models 

4.3.6.1 Feedstock supply chain model 

Financial, supply chain, and emissions models were created using Microsoft Excel for six feedstocks 

to compare the delivered cost, supply chain feasibility and logistics, and environmental burden of the 

lignocellulosic feedstocks against the conventional fossil-based fuel on a cradle-to-gate basis (Daystar 

et al. 2012).   Feedstock production burdens resulted from plantation establishment, land use change, 

maintenance, harvesting activities, degradation during storage, and transportation to conversion 

facility.  Emissions from feedstock production activities varied drastically between feedstock species 

due to yield and productivity per hectare, chemical composition of the biomass, transportation and 

harvest methodologies, and storage management practices.  Direct land use change (LUC) was 

calculated using the Forest Industry Carbon Accounting Tool (FICAT) based on Intergovernmental 

Panel on Climate Change (IPCC 2007) data. 

These models and the inventory data obtained for each feedstock’s production stage is discussed in 

detail in Daystar et al. (2013) and Gonzalez et al. (2011).  In this study, only five of the six feedstocks 
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from the original cradle-to-gate study were analyzed: loblolly pine, eucalyptus, unmanaged 

hardwoods, forest residues, and switchgrass.  Sweet sorghum was not considered due to its high 

moisture and soluble sugar content, which make it more suitable for biochemical conversion instead 

of the thermochemical conversion route studied here. 

4.3.6.2 Thermochemical conversion process model 

Aspen Plus was used to model NREL’s thermochemical mixed alcohol production process and 

generate life cycle inventory data (Spath et al. 2005, Phillips 2007, Jett 2011)  Simulation 

modifications, described in Gonzalez et al. (2012).  Simulation modifications, described in Gonzalez 

et al. (2012) were made to the original model received from NREL to operate the process conversion 

model using feedstocks other than the hybrid poplar baseline.  Figure 4-2 illustrates the major unit 

processes in the thermochemical conversion pathway.  These unit processes are summarized in 

Daystar et al. (2005) and detailed in Spath et al. (2005), Phillips et al. (2007), and Jett (2011). 
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Figure 4-2: The process flow diagram (gate-to-gate) for the thermochemical gasification of biomass 

to produce ethanol 

 

 

The thermochemical conversion process was simulated with a feedstock supply of 700,347 dry metric 

tonnes per year (772,000 dry short tons per year) with moisture contents of 45% for forest based 

feedstocks and 16% for switchgrass (Filbakk et al. 2011, Patterson et al. 2011).  Ultimate and 

proximate analyses, listed in Table 4-2, were used as inputs to the Aspen Plus simulation to generate 

conversion data specific to each feedstock.  Forest residues were assumed to have a chemical 

composition similar to loblolly roundwood as an ultimate and proximate compositional analysis was 

not found in the literature. 
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Table 4-2: Cellulosic biomass ultimate and proximate analysis compositions used in the NREL 

thermochemical conversion model 

  Ultimate Analysis Proximate Analysis   

Feedstock type % C % H % N % O % S % Ash % Fixed 

Carbon 

% Volatile 

Matter 

% 

Ash 

% Moisture 

Content 

Eucalyptus 49.7 5.95 0.20 42.6 0.02 0.98 18.2 81.1 0.98 45 

Mixed hardwoods 50.4 6.5 0 42.5 0 0.6 18.9 80.4 0.67 45 

Loblolly 51.9 6.5 0 41.3 0 0.45 14.2 85.3 0.45 45 

Switchgrass 47.3 5.6 0.58 40.6 0.08 5.8 20.6 74.3 5.8 16 

 

4.3.6.3  Combustion emissions model 

The GREET Model was used to calculate combustion emissions from ethanol burned in a light-duty 

passenger vehicle using the program’s default data (Wang 2001, Mu et al. 2010, Daystar et al. 2012).  

Light-duty passenger vehicle combustion emissions were also calculated for a conventional energy-

equivalent fossil-based fuel (gasoline).  Combustion emissions were based on 100% ethanol 

combustion to understand the impacts of ethanol combustion alone; however in practice ethanol is 

generally blended at various ratios with gasoline.  By comparing 100% ethanol to gasoline, impacts of 

each component of the fuel are quantified and compared independently.  This method follows the 

Renewable Fuels Standards (EISA 2007) and the Roundtable on Sustainable Biofuels guidelines 

(RSB 2013). 

4.3.7  Sensitivity analysis 

It was determined that the forest residues scenario required further examination of feedstock 

production burdens allocation methods (Daystar et al. 2012).  For the forest residues, the base-case 

scenario did not include burdens resulting from establishment and maintenance of the plantation or 

harvest of the biomass.  Residues were considered a waste stream and consequently the production 

burdens of the grown biomass were not allocated to the residue.  This assumption is supported in 

previous literature, however, a sensitivity analysis was developed to allocate some feedstock 

production burdens to the forest residues on a mass basis, termed the “Forest Residues with Burdens” 

scenario.   
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4.4  Results and Discussion 

4.4.1 Life cycle inventory 

The cradle-to-gate life cycle inventory was taken from Daystar et al. (2012) and the gate-to-gate life 

cycle inventory was based on the output of the NREL thermochemical ethanol conversion model 

(Dutta et al. 2009, Dutta et al. 2011, Jett 2011).  The thermochemical ethanol conversion model was 

considered complete when a mass balance convergence of 98.5% was achieved. 

The alcohol yields from the NREL thermochemical process (Phillips 2007) drive both the economics 

and environmental performance. Table 4-3 lists the alcohol yields for each feedstock analyzed 

including the hybrid poplar feedstock originally examined by NREL.  The alcohol yields were heavily 

influence by both moisture content and the ultimate and proximate analyses.  Feedstocks with higher 

carbon content have more usable material to produce alcohol.  Forest based feedstocks had higher 

carbon content than switchgrass, however, the low moisture content of switchgrass (16% versus 45%) 

reduced energy consumption for feedstock drying, increasing  yields. 

 

Table 4-3: Alcohol yields for cellulosic feedstocks using the NREL thermochemical conversion 

process. 

Units (l/OD tonne) 

Hybrid 

Poplar Loblolly Eucalyptus Residues 

Unmanaged 

Hardwood Switchgrass 

Ethanol 349 369 337 349 356 331 

Propanol 62 65 60 62 63 59 

Total Alcohol 441 466 425 441 449 418 
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4.4.2 Fossil fuel input 

Fossil fuels are required to produce ethanol from starch based and cellulosic feedstocks; however, less 

is required for cellulosic feedstocks.  There has been controversy surrounding first generation starch-

based ethanol and their fossil to renewable energy ratio, as some reports found little to no fossil fuel 

savings as result of bioethanol production (Kikuchi et al. 2009).  To determine the reductions of fossil 

fuel consumption as a result of bioethanol produced from cellulosic feedstocks, fossil fuel energy 

usage was tracked and reported on a basis of MJ of fossil fuel per MJ of bioethanol combusted in a 

passenger vehicle, Table 4-4. 

 

Table 4-4: Fossil fuel required to produce one MJ of energy from cellulosic feedstock ethanol and 

gasoline. 

(MJ fossil fuel per 

MJ ethanol) Feedstock 

Production 

Fuel 

Production 

Fuel 

Transport 

Total Fossil 

Fuel Use 

% Reduction 

Compared to 

Gasoline 

Pine 3.50E-02 7.80E-04 3.24E-03 3.91E-02 97% 

Eucalyptus 4.37E-02 1.22E-03 3.24E-03 4.82E-02 96% 

Unmanaged 

Hardwoods 5.17E-02 9.01E-04 3.24E-03 5.59E-02 95% 

Forest Residues 4.59E-02 7.80E-04 3.24E-03 4.99E-02 96% 

Switchgrass 0.202 8.93E-03 3.24E-03 0.215 81% 

Gasoline 1.05 7.22E-02 2.00E-03 1.12 0% 

 

 

Gasoline fossil fuel GREET calculations were 1.12 MJ of fossil fuel consumed per MJ transportation 

fuel produced, consistent with other literature sources such as Davis et al. (Davis et al. 2009).  An 

81% and 97% reduction in fossil fuel use for switchgrass and pine feedstocks, respectively, were 

calculated to determine the implications of bioethanol use on these non-renewable resources. 

Switchgrass production requires energy-intensive management practices including agriculture 

chemicals and yearly harvesting, yielding the lowest reduction in fossil fuels between the scenarios.  

The forest-based ethanol scenarios had fossil fuel derived energy reductions between 95% and 97%. 

4.4.3 Greenhouse gas balance 

Cradle-to-grave greenhouse gas emissions were influenced most by biomass feedstock production, 

Figure 4-3.  As reported in Daystar et al. (2012), forest-based feedstocks had similar GHG emissions, 
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although, agricultural feedstock production (switchgrass) resulted in 11.7% higher GHG emissions 

than pine production.  The emissions from feedstock growth were the main drivers of the GHG 

emissions variation among fuel scenarios as fuel production, fuel transportation, and combustion 

emissions for all feedstock scenarios were similar (von Blottnitz and Curran 2007, Menichetti and 

Otto 2008, Ravindranath et al. 2009, Roberts et al. 2010, Gonzalez 2011).  Feedstocks with lower 

alcohol yields (liters per tonne biomass) resulted in larger feedstock requirements to produce the same 

amount of ethanol, capturing more total carbon in the feedstock production stage. 

 

 

Figure 4-3: Greenhouse gas emissions from feedstock production, fuel conversion, and fuel 

combustion from cellulosic ethanol scenarios and total percent reductions in GHG emissions when 

compared to gasoline (TRACI impact assessment method modified for IPCC 2007) 

 

 

 Using the EPA Renewable Fuels Standards accounting method (EISA 2007), the ethanol fuel system 

GHG emissions reduction compared to gasoline was calculated, Figure 4-3. A baseline emission of 

93.4g CO2 eq. /MJ fuel produced and combusted was used as the standard for comparison (Cherubini 

et al. 2011).  All scenarios resulted in GHG emission reductions larger than the 60% requirement for 

the cellulosic ethanol classification.  Eucalyptus-based ethanol produced the largest GHG reduction at 

77% and switchgrass produced the lowest reduction at 65%.  Overall, the GHG reduction was most 

influenced by the feedstock production, with the forest-based feedstock scenarios resulting in higher 
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GHG reductions than switchgrass due primarily to lower feedstock production burdens.  Variations 

within forest-based feedstocks did exist, however, these may not be significant at the resolution of 

this study. 

4.4.4 Land use change 

Direct land use change (LUC) considerations resulted in lower GHG emissions for forest-based 

ethanol scenarios and higher GHG emissions for switchgrass ethanol (Figure 4-4).  Converting 

agricultural land to forestland resulted in GHG emissions reductions; however, converting forests to 

agricultural land resulted in significant GHG emissions increases.  When including land use change 

impacts, all forest-based feedstocks retained the 60% reduction level mandated by the RFS, however, 

ethanol from switchgrass grown on land previously used for forest would result in GHG reductions of 

41%, less than the 60% GHG reductions threshold for cellulosic biofuels.  Carbon storage associated 

with converting farmland to forest lowered the GHG emissions to slightly below zero for the 

eucalyptus and pine scenarios.  This negative value estimate would only be valid over a 100-year 

period for which the land use change GHG emissions were calculated and normalized.  LUC 

emissions associated with converting cropland to hardwood natural forests are outliers in this dataset.  

The land use change factor is only slightly higher than other forest types, however, the land required 

to meet the feedstock needs of the thermochemical production facility are more than 10 times greater 

than other feedstock types.  Unmanaged hardwood forests had a productivity of 0.4 dry tonnes per 

hectare per year as compared to 14 dry (metric) tonnes per hectare per year for eucalyptus, resulting 

in more land converted to supply the ethanol production facility.  The GHG benefits of utilizing 

unmanaged forest are large, however, the economic and finite land resources would make this 

impractical for full-scale ethanol production. 
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Figure 4-4: Net GHG emissions of 1 MJ ethanol on a cradle to grave basis including direct land use 

change impact for different land management options. (IPCC and FICAT data used for land use 

change) 

 

 

4.4.5 LCA impact assessment 

The TRACI impact assessment method was used to account for additional life cycle impacts of 

cellulosic biofuel production. The impacts for each biofuel production scenario in standard units for 

each impact category are listed in Table 4-5.  These values may be useful for inclusion in future work, 

though comparisons between scenarios are clearer when these impacts are normalized to the scenario 

with the highest impact categories, Table 4-5.  For each impact category, the values are scaled as a 

percentage difference from the scenario with the highest impact.   

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

Pine Eucalyptus

Unmanaged

Hardwood Switchgrass

Fossil Fuel

Reference
k

g
 C

O
2
 e

q
. 
p

er
 M

J
 f

u
el

Gasoline

No LUC

Cropland

Grassland

Deciduous

Natural Forest

Coniferous

Natural Forest



 

 

 117 

 

Figure 4-5: Normalized environmental impacts of cellulosic ethanol and gasoline using the TRACI 

impact assessment method.  (Values are normalized to the fuel scenario with highest impact for 

each category.) 
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Table 4-5: Environmental impacts using TRACI method for cellulosic ethanol and gasoline on a 

cradle-to-grave basis. 

  

Unit Pine Eucalyptus 
Unmanaged 

Hardwood 

Forest 

Residues 

Forest 

Residues with 

Burdens 

Switchgrass Gasoline 

Global Warming kg CO2 eq 
2.61E-02 2.17E-02 2.49E-02 2.50E-02 2.51E-02 3.24E-02 9.32E-02 

Acidification H+ moles eq 
2.38E-03 9.44E-03 2.74E-03 2.32E-03 2.34E-03 2.66E-02 9.84E-03 

Carcinogenics kg benzene eq 
3.14E-06 4.40E-06 1.77E-06 1.57E-06 1.69E-06 1.80E-05 6.23E-05 

Non carcinogenics kg toluene eq 
3.52E-02 4.60E-02 3.58E-02 3.19E-02 3.26E-02 0.136 1.39 

Respiratory effects kg PM2.5 eq 
8.02E-06 6.59E-05 8.00E-06 7.54E-06 7.59E-06 1.90E-04 2.41E-05 

Eutrophication kg N eq 
2.88E-06 1.09E-05 2.71E-06 2.27E-06 2.32E-06 5.08E-05 8.54E-06 

Ozone depletion kg CFC-11 eq 
9.23E-11 1.49E-10 2.84E-11 2.29E-11 2.70E-11 9.60E-10 3.32E-12 

Ecotoxicity kg 2,4-D eq 
1.23E-03 1.66E-03 9.89E-04 8.81E-04 9.17E-04 3.89E-03 3.86E-02 

Smog kg NOx eq 
2.77E-04 3.06E-04 2.92E-04 2.76E-04 2.76E-04 3.25E-04 1.34E-04 

 

Forest-based ethanol scenarios resulted in lower global warming potential, acidification, 

carcinogenics, non-carcinogenics, respiratory effects, eutrophication, and ecotoxicity when compared 

to gasoline.  However, forest-based ethanol scenarios did have higher smog and ozone depletion 

impacts due to VOCs released during feedstock drying and fertilizer use.  Eucalyptus impact 

categories, other than GHG emissions, were higher due to the additional feedstock requirements to 

produce a MJ of fuel.  The GHG emissions were lower for Eucalyptus as more GHGs are captured 

during additional biomass growth.  

Ethanol produced from switchgrass resulted in higher impacts than gasoline in several categories 

including acidification, respiratory effects, eutrophication, ozone depletion and smog.  These higher 

impacts are largely attributed to the application of more than two tonnes of lime per acre in 

switchgrass production and yearly harvesting. Switchgrass also had higher impacts in all categories 

when compared to forest-based feedstocks except for smog. 

4.4.6 Other impact methods 

To illustrate the influence of impact assessment methodology choices, the Eco-indicator 99 impact 

assessment method was also used to analyze the impacts of cellulosic ethanol compared to gasoline, 

Figure 4-6.  The Eco-indicator method has several impact categories that TRACI does not including 

fossil fuel use, land use, respiratory inorganics, respiratory organics, radiation, and minerals.  These 

impact categories cannot be compared to the TRACI results, however, when estimating acidification, 
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carcinogenics, global warming, and ozone using the Eco-indicator method, the results followed 

similar trends as the TRACI method results as seen in the appendix.  An exception is ecotoxicity; the 

Eco-indicator method resulted in higher impacts for switchgrass as compared to the TRACI method 

in which gasoline had a higher impact. 

 

 

Figure 4-6: Cellulosic ethanol and gasoline environmental impacts using the Eco-indicator method 

on a cradle-to-grave basis 

 

 

By normalizing the impacts to a standard unit, additional relevance can be drawn surrounding the 

significance of each impact, Figure 4-7.  The Eco-indicator method normalizes impacts by dividing 

each impact category by the impact of an average European over a course of a year.  The normalized 

results indicate that respiratory organics, radiation, ecotoxicity, and minerals have less significant 

impacts of fuels production compared to respiratory inorganics, fossil fuel use, and climate change.   
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This additional information that is normalized can guide process changes to focus on lowering the 

most significant impact categories. 

 

 

Figure 4-7: Environmental impacts using the Eco-indicator method normalized to the impacts of a 

European over a year 

 

 

The most recent Renewable Fuels Standard (RFS2) requires 16 billion gallons of cellulosic ethanol to 

be produced by 2020 (EISA 2007).  To qualify as cellulosic ethanol, the fuel must be derived from 

cellulosic materials and reduce GHG emissions by at least 60% as compared to gasoline. To 

understand the magnitude of emissions reductions based on the results from this analysis, all 

emissions were scaled to a production of 16 billion gallons of ethanol, Table 4-6. Between 86 and 101 

million tonnes of CO2 eq. GHG emissions could be prevented by meeting the RFS2 mandates using 

these feedstocks and production methods. 
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Table 4-6: Total cradle to grave environmental impacts using the TRACI method of the RFS2-

required 16 billion gallons of cellulosic ethanol 

  Unit Pine Eucalyptus 
Unmanaged 

Hardwood 

Forest 

Residues 

Forest Residues w/ 

Burdens 
Switchgrass 

Global Warming tonnes CO2 eq 9.56E+07 1.02E+08 9.73E+07 9.71E+07 9.70E+07 8.66E+07 

Acidification H+ moles eq (10E3) 1.06E+07 5.70E+05 1.01E+07 1.07E+07 1.07E+07 -2.39E+07 

Carcinogenics tonnes benzene eq 8.42E+04 8.24E+04 8.62E+04 8.65E+04 8.63E+04 6.31E+04 

Non carcinogenics tonnes toluene eq 1.93E+09 1.91E+09 1.93E+09 1.93E+09 1.93E+09 1.79E+09 

Respiratory effects tonnes PM2.5 eq 2.29E+04 -5.95E+04 2.29E+04 2.36E+04 2.35E+04 -2.36E+05 

Eutrophication tonnes N eq 8.06E+03 -3.36E+03 8.30E+03 8.93E+03 8.86E+03 -6.02E+04 

Ozone depletion tonnes CFC-11 eq -1.27E-01 -2.07E-01 -3.57E-02 -2.79E-02 -3.37E-02 -1.36E+00 

Ecotoxicity tonnes 2,4-D eq 5.32E+07 5.26E+07 5.36E+07 5.37E+07 5.37E+07 4.94E+07 

Smog tonnes NOx eq -2.04E+05 -2.45E+05 -2.25E+05 -2.02E+05 -2.02E+05 -2.72E+05 

 

 

4.5  Conclusions 

Cellulosic ethanol produced using the thermochemical ethanol conversion process and used in a 

passenger vehicle reduces GHG emissions compared to gasoline and qualifies as cellulosic ethanol 

under the Renewable Fuels Standards.  Land use change influences the net GHG emissions 

significantly and in the switchgrass scenario, reduces GHG emission reductions to below the 60% 

threshold defined by the RFS.  For forest-based feedstocks, land use change generally decreased 

GHG emissions resulting in additional GHG savings when compared to gasoline. 

The production and use of bioethanol from loblolly pine, eucalyptus, unmanaged hardwoods, forest 

residues, and switchgrass will reduce net fossil fuel use in the U.S.  To produce bioethanol, less than 

one percent of the total energy output was derived from fossil fuel.   With more energy intensive 

management practices, switchgrass resulted in the highest fossil fuel energy use out of all the biomass 

feedstock scenarios, with associated impacts reflected in other impact categories.  

Both the TRACI and Eco-Invent impact assessment methods were used to calculate the 

environmental burdens of ethanol and gasoline.  The choice of impact assessment method did not 

drastically affect the results between similar impact categories. However, some impact categories are 

not congruent between the impact methods and cannot be compared.   

When comparing cellulosic ethanol to gasoline, GHG emissions were reduced, however, other impact 

categories were higher.   Currently, only a GHG emissions reduction is required by the RFS and other 
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impacts may not be calculated and taken into consideration.  Environmental burdens of bioethanol 

production and use are lower in most impact categories, although some were significantly higher, in 

particular the switchgrass scenario.  When these impacts are normalized by the impacts of an average 

European person over a year (Eco-invent impact assessment method), the most significant impacts are 

fossil fuel usage, respiratory inorganics, and climate change.  
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5 Environmental impacts of bioethanol made using the NREL 

biochemical conversion route: multivariate analysis and single score 

results.   

5.1 Abstract 

Mandated Environmental Protection Agency biofuel qualifications focused on greenhouse gas 

emissions and fossil fuel use are limited in perspective and have the potential to encourage burden 

shifting. When a broader host of environmental impacts are examined, environmental tradeoffs often 

exist when biofuels are compared to gasoline. Understanding the implications of environmental 

tradeoffs can be difficult and subject to a wide variety of perspectives based on different values 

systems. Multivariate analysis methods examining a wide variety of value systems and methodology 

assumptions can be used to objectively determine process design options with the lowest overall 

environmental impact. 

A multivariate environmental analysis was applied to the well-known dilute acid followed by 

enzymatic hydrolysis and fermentation biofuels conversion process converting loblolly pine, 

eucalyptus, natural hardwood, switchgrass and sweet sorghum to ethanol. Biofuel systems ranking 

following RFS2 methods were compared to the multivariate environmental analysis of the more 

encompassing TRACI impacts. The influence of co-product treatment methods, land use change, and 

electrical grid assumptions were examined using 16 different weighting methods to create a single 

score result. 

Biofuel system ranking based on GHG emissions following the RFS2 methods were very sensitive to 

co-product treatment methods, land use change and energy grid assumptions. The multivariate 

analysis ranking was less sensitive to these three parameters and were heavily influenced by other 

environmental impacts resulting from the production of process chemicals used in ethanol conversion. 

Additionally, multivariate weighting methods examined had no influence on the environmental 

preference ranking of the biofuel scenarios. The biofuel ranking based on the RFS2 methodology was 

different than the ranking following the multivariate approach examining additional impacts. These 

findings demonstrate a robust approach to biofuel LCA scenario analysis and suggest that the limited 

scope of the RFS2 environmental analysis could result in burden shifting. 
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Daystar, J., Reeb, C., Venditti, R., Gonzalez, R., Kelley, S. Environmental impacts of bioethanol 

made using the NREL biochemical conversion route: multivariate analysis and single score results. 

Submitted to Biofuel, Bioproducts, and Biorefining, 2014. 

5.2 Introduction 

The Renewable Fuels Standards 2 (RFS2) defined biofuel production goals and metrics classifying 

these biofuels based on achieved greenhouse gas (GHG) reductions as compared to gasoline and 

biofuel feedstock choices (US Legislature 2007).  Of the 36 billion gallons per year mandated 

biofuels production by 2022, 16 billion must qualify as cellulosic biofuels or second-generation 

biofuels. This biofuel qualification is achieved only when approved cellulosic feedstocks are used and 

the produced ethanol reduces GHG emissions by more than 60% as compared to the cradle to grave 

2005 baseline gasoline emissions. This mandate was, in part, created to respond to the overwhelming 

controversy of the environmental impacts and energy balance of first generation corn based biofuels. 

Biofuels made from corn have been found by many studies to emit considerably more GHG 

emissions and at times consume more fossil fuel energy than they displace (Graboski 2002, Shapouri 

2002, Wang 2007, Plevin 2009, Kaliyan 2011, and Wallington 2012).  

By the RFS2 mandated GHG reductions, cellulosic biofuels will only be supported by governmental 

credits (RINS) when GHG emissions reduction thresholds are met. As such, it is imperative that GHG 

reductions be proven before a commercial facility is constructed. The goal of this paper is to outline a 

methodology that can be used to identify the environmental impacts of currently nonexistent biofuel 

and bioenergy production processes. This methodology must consistently align or account for 

differing system boundaries, input assumptions, co-product treatment methods, land use change, data 

quality, and uncertainty analysis in each production stage of the biofuels process or on a cradle to 

grave basis. To explain and outline this method, it has been applied to a well-known conversion 

process using multiple cellulosic feedstocks based upon Daystar et al. 2014. 

Within literature there are many proposed lignocellulosic biomass conversion processes utilizing 

variations of both biochemical and thermochemical routes to fermentable sugars (Spivey et al. 2007, 

Anex et al. 2010, Kai et al. 2010, Daystar et al. 2012, Dutta et al. 2012, Avci et al. 2012, Basu et al. 

2010, Haykir et al. 2013, Wagner et al. 2013).  In order to provide a basis for technology comparison, 

Humbird et al. (2011) at the National Renewable Energy Laboratory (NREL) performed a robust 

techno-economic analysis of a biochemical conversion route utilizing dilute acid pretreatment, 

enzymatic hydrolysis, and fermentation to convert cellulosic feedstocks to ethanol (Humbird et al. 
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2011).  This method employs dilute sulfuric acid to solubilize hemicelluloses, which can be directly 

fermented and to decrease the recalcitrance of native biomass through altering both the chemical and 

physical aspects of the biomass (Humbrid et al. 2011, Bower et al. 2008, Kootstra 2009, Qi et al. 

2010, Waldron et al. 2010, and Castro et al. 2011).  The remaining biomass residues after 

fermentation are burned to provide process energy and electricity, which in some cases can be sold to 

the grid. 

Using the described biochemical conversion process an integrated process modeling and 

environmental analysis approach will be presented examining various energy crops and woody 

materials. Feedstocks considered in this analysis include natural hardwood, eucalyptus, loblolly pine, 

switchgrass and sweet sorghum grown in the South East United States. Key metrics defining the 

environmental performance of each feedstock scenario examined herein include: GHG reductions as 

compared to gasoline, fossil fuel use reduction, land use change GHG emissions, and the impacts 

included in the Tool for Reduction and Assessment of Chemical and Other Environmental Impacts 

version 2 (TRACI2) (Bare et al. 2002). 

This integrated biofuel environmental assessment provides a framework and useful guidance by 

thoroughly examining the environmental impacts of a well-known fuel conversion process for 

multiple feedstock types when an actual facility is not present and measurable. This type of integrated 

analysis coupled with an integrated financial analysis provides a robust platform to understand the 

performance metrics and risks associated with both financial and environmental aspects of potential 

biofuels production processes (Schnepf et al. 2012).  The presented integrated methodology is 

intended to guide engineers and researchers in the process of determining GHG reductions resulting 

from biofuels use as required by the RFS2 as well as other environmental impacts not required by the 

RFS2 to examine the potential for burden shifting resulting from biofuels production and use. 

5.3 Materials and methods 

Methods required by the RFS2 are outlined and described in detail in the RFS2 document and a report 

published by E4Tech (US Legislator 2007, Bauen et al. 2009). Both these documents are used as the 

foundation for this integrated methodology that will expand the existing methodology to incorporate 

best practices for analysis of process technology not yet employed. 
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5.3.1 Goal and scope definition 

As required by the RFS2, biofuels must be compared to a 2005 gasoline or equivalent fuel baseline 

(.09326 kg CO2/MJ) to determine the GHG reductions (kg CO2 eq. MJ-1) due to the production and 

use of the biofuels (Bauen et al. 2009).  This is the primary goal of many studies that are intended for 

cellulosic biofuel RINs qualifications, however, this limited goal and scope does not examine other 

environmental impacts or total energy use of biofuels scenarios. To examine the potential for burden 

shifting and to determine the fossil fuel requirements of biofuels, this goal should be expanded to 

include all the TRACI2 impact categories and to include fossil fuel use as done in the research 

presented herein. 

To determine the change in environmental impacts of lignocellulosic biofuel production and use, it is 

important to compare the fuel on an energy basis instead of a fuel volume basis. The RFS2 requires 

that the functional unit of comparison to be 1 MJ lower heating value (LHV) of fuel combusted in a 

passenger vehicle be used. This functional unit based on energy will allow a fair comparison of fuels 

with different heating values. In the analysis used to demonstrate these methods, 1 MJ of ethanol is 

compared to 1 MJ of gasoline combusted in a light duty passenger vehicle. The biomass types 

considered in this study include pine, eucalyptus, natural hardwoods, switchgrass and sweet sorghum. 

5.3.2 System boundaries 

To determine the full environmental impacts of transportation fuels, environmental impacts from all 

process stages of raw material production, fuel conversion, and fuel combustion must be 

incorporated.  The Clean Air Act (EPA 2009) defines this boundary and analysis approach for GHGs 

as: 

“The term ‘lifecycle greenhouse gas emissions’ means the aggregate quantity of greenhouse gas 

emissions (including direct emissions and significant indirect emissions such as significant emissions 

from land use changes), as determined by the Administrator, related to the full fuel lifecycle, 

including all stages of fuel and feedstock production and distribution, from feedstock generation or 

extraction through the distribution and delivery and use of the finished fuel to the ultimate consumer, 

where the mass values for all greenhouse gases are adjusted to account for their relative global 

warming potential” (EPA 2009) 

This definition was expanded herein to include additional impact categories beyond GHG emissions 

to include all impact categories in the TRACI2 method. This system boundary is often referred to as 
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cradle-to-grave or well-to-wheel analysis. Figure 5-1 displays process steps included within this study 

which include feedstock production, fuel production, fuel use and direct land use change (LUC) as 

required by the RFS2. 

 

 

Figure 5-1: Cradle to grave bioethanol life cycle assessment system boundary 

 

 

5.3.3 Life cycle inventory 

This life cycle assessment of biofuel processes integrates both biofuels production models and 

biofuels LCA models to determine the environmental impacts of transportation fuels. Methods used 

to develop a biofuels LCI are discussed below to propose a method for biofuels LCA that expands the 

RFS2 guidelines. Less emphasis will be placed on examining the LCI data biofuels LCA 

methodology is the emphasis of this paper. Additional publications have been cited and should be 

refereed to for more detail on LCI data. 

5.3.3.1 Feedstock production 

Feedstock production models for calculating biofuels and bioenergy environmental impacts and 

delivered costs are described in detail in Daystar et al. (2014), and were used for this study.  This 

section will highlight critical methodological aspects used in this work and will report selected 

results. 
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5.3.3.2 Carbon uptake 

Photosynthesis carbon fixation in biomass production creates large negative emissions that removes 

CO2 from the atmosphere. In some studies, however, these negative emissions are not accounted for 

nor are the emissions associated with burning carbon from plant material. These types of emissions 

associated with biomass are referred to as biogenic CO2 emissions. A more transparent and robust 

method to track carbon is to calculate emissions in each process stages and calculate net emissions for 

the aggregate life cycle (Cherubini et al. 2009, Zah et al. 2009, Bicalho et al. 2012).  In this study, 

carbon uptake due to biomass growth was calculated based on percent carbon in the biomass 

delivered to the facility and the carbon to carbon dioxide molecular weight ratio (Daystar et al. 2014).  

5.3.3.3 Agrichemical, harvesting, and transportation emissions 

Agricultural emissions due to agrichemical use, fuel use and other operations needed for plant, 

growth, harvest and transport were calculated based on an integrated feedstock supply model created 

in Microsoft Excel. The many input assumptions required to run this model are listed in Table 5-1.  

The resulting material use and transportation values were reported per dry tonne of biomass delivered 

basis (Daystar et al. 2014). 

Modeling of agrichemical emissions includes upstream emissions of agrichemical production and 

volatilization of nitrogen containing fertilizers applied to the growing area. Agrichemical runoff was 

not determined in this work as it is heavily site dependent and not well explored for these feedstocks 

at the time of this study. 

Biomass storage handling and storage losses were also calculated for the agricultural feedstocks. 

Switchgrass and sweet sorghum are only harvested in the growing months of the year and must 

produce enough biomass feedstock to supply a facility for whole year. As such, 70% of the total 

biomass needed must be stored in order to ensure a year round supply of biomass. During this storage 

phase, biomass decomposes into CO2 and potentially other GHGs. Literature values were found 

indicating 7% and 14% by weight decomposition of switchgrass and sweet sorghum, respectively. 

This material loss due to bacterial decomposition was assumed to create CO2 in Daystar et al. (2014) 

and herein, however, these gasses may also contain methane created during anaerobic decomposition. 

The RFS2 cellulosic biofuels standards not only require accounting for these chemicals and emissions 

associated with biomass feedstock growth, but also require that biomass types be approved as 

cellulosic materials by the Environmental Protection Agency (EPA). Of the feedstocks analyzed 



 

 

 133 

herein, only switchgrass is an approved cellulosic feedstock. The RFS2 outlines a procedure for 

petitioning additional feedstocks which includes documentation of all chemical and fuel inputs 

needed for biomass production, biomass yields, composition, and moisture content as done herein 

(EPA 2014).   Additionally, to qualify as a cellulosic feedstock, feedstock must be grown on non-

federal land that was harvested for timber or agricultural use before December 19th, 2007 to avoid 

using natural hardwood forests for biofuels and direct LUC. 

 

Table 5-1: Biomass production input Parameters and assumptions 

Description Loblolly pine Eucalyptus Unmanaged hardwoods Switchgrass Sweet sorghum 

Productivity (dry tonne ha-1 year-1) 17.1 17.6 2.2 17.9 15.7 

Rotation length (years) 12 4 50 n/a n/a 

Harvesting window Year-round Year-round Year-round Three months Three months 

Moisture content 45% 45% 45% 16% 74% 

Delivery form Logs Logs Logs Square bales Cane 

Storage losses (% dry mass) N/A N/A N/A 7% 14% 

Transportation distance (km) 34 33 80 33 35 

Percent Carbon (wt. %) 70 66 67 60 80 

 

 

5.3.4 Land use change 

Herein, land use change (LUC) scenarios were modeled using the Forest Industry Carbon Assessment 

Tool (FICAT) to develop a better understanding of the range of possible impacts that LUC could have 

on the net life cycle burdens (IPCC 2007, NCASI 2011, Lubowski et al. 2006, Treasure et al. 2014).   

The values used for LUC in FICAT are based on the Intergovernmental Panel on Climate Change 

(IPCC) data (IPCC 2007).  Time periods of 30 and 100 years were used to model these impacts in 

FICAT. The results of LUC analysis are reported in terms of tonnes of CO2 emitted per hectare per 

time horizon in years, due to the LUC and resulting soil disturbance, quantity of standing biomass, 

and amount of carbon dioxide removed from the air during photosynthesis. The LUC GHG emissions 

are recognized to occur soon after the land use conversion; however, these impacts are normalized 

over a production period of 30 and 100 years to determine the influence of LUC timelines on GHG 

emissions per MJ of fuel.  The RFS2 outlines these two timeframes as options for LUC accounting 

(EISA 2007). 
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Four pre-conversion scenarios were considered: 1) from cropland, 2) from grassland, 3) from 

deciduous natural forest, and 4) from coniferous natural forest. These scenarios were chosen because 

they represent much of the land in the South East United States (Lubowski et al. 2006). 

5.3.5 Biofuels conversion 

5.3.5.1 Process description 

A brief process description will be presented here in to give the reader a working understanding of the 

process under analysis, however, Treasure et al. (2014) and Humbird et al. (2011) contain a more 

detailed process overview and technical report. 

 

Figure 5-2: NREL dilute acid pretreatment biochemical ethanol conversion process flow diagram 

(Treasure et al. 2014) 

 

Incoming biomass feedstocks are conveyed from the biomass storage area to the dilute acid 

pretreatment reactors. In the case of sweet sorghum, there are additional processing steps required to 
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extract the sucrose. One modeled scenario assumed that sucrose is extracted through mechanical 

pressing before enzymatic hydrolysis and is referred to as “sweet sorghum no wash.” An alternate 

processing configuration assumed an additional wash stage after pressing used to remove additional 

sucrose and is referred to as “sweet sorghum washing.” In the pretreatment reactors, 2.2% dilute 

sulfuric acid is applied and the mixture is heated to 158° C for five minutes. This pretreatment serves 

two purposes: 1) to solubilize and hydrolyze the hemicelluloses for direct fermentation and 2) to alter 

the native biomass to reduce enzymatic hydrolysis recalcitrance. The pretreated biomass is then 

conditioned with ammonia to increase the pH from 1 to 5 at 50° C. The conditioned biomass slurry is 

then reacted in a plug flow hydrolysis reactor for 24 hours at 10.6 wt. % solids. This slurry is then 

transferred to a batch hydrolysis and fermentation reactor. Enzymatic hydrolysis continues in the 

batch reactor for 60 hours then is cooled to 32° C before fermentation with the Zymomonas mobilis. 

Fermentation with Z. mobilis continues converting C5 and C6 sugars to ethanol for 36 hours. 

Distillation of biomass beer and a molecular sieve purifies the ethanol to 99.5%. The remaining 

lignin, unfermented sugars, and water is removed from the distillation bottoms and sent to a 

mechanical press separator. Solids from the distillation bottoms stream are sent to the power boiler. 

The liquid phase of the distillation bottoms is sent to anaerobic and aerobic wastewater treatment. 

Methane created in anaerobic digester and sludge from the aerobic digester are burned in a boiler to 

create additional process energy. Additional process energy is provided by natural gas when energy 

captured from residual biomass does not meet the facility energy demand. 

5.3.5.2 Process simulation 

WinGems V5.3 was used to create a material and energy balance for the dilute acid pretreatment 

ethanol conversion process (Pirragalia et al. 2012, Huang et al. 2009, Kautto et al. 2010, Xue et al. 

2012, and Gonzalez et al. 2011).  WinGEMS is a process modeling software originally developed for 

modeling paper and pulp operations. As such, there are particular unit process blocks that are critical 

to biomass processing technologies. This model as originally developed by Treasure et al. (2014) was 

modified to provide additional environmental data required for an environmental analysis.  The user 

interface for this model was based in excel where the model imports critical data into the WinGEMS 

process model and then writes process data needed for environmental analysis. An Excel based 

interface not only creates a user-friendly operating environment, but enables many process 

configurations inputs to be simulated without manually entering in data to the process simulation. 
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To confirm the process model, both a total mass and a carbon balance were performed.  Mass balance 

and the carbon balance were confirmed and are listed in the Appendix.  Any discrepancies between 

incoming carbon and exiting carbon where the incoming carbon was greater than the exiting, the 

remainder was attributed to the flue gas stream exiting the boiler. This assumption was considered a 

conservative method where all carbon not accounted for in the ethanol was released as CO2 in the flue 

gas stream. 

5.3.6 Fuel transportation and combustion 

The Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation Model (GREET) 

was used to calculate combustion emissions from ethanol burned in a light-duty passenger vehicle 

using the program’s default data resulting in 8.3E-2 kg CO2 per MJ of fuel used (Daystar et al. 2012, 

Plevin et al. 2009, Subramanyan et al. 2008).  Light-duty passenger vehicle combustion emissions 

were also calculated for a conventional energy-equivalent fossil-based fuel (gasoline). Combustion 

emissions were based on 100% ethanol combustion to understand the impacts of ethanol combustion 

alone; however in practice ethanol is generally blended at various ratios with gasoline. By comparing 

100% ethanol to gasoline impacts of each component of the fuel are quantified and compared 

independently. This method follows the RFS2 standards and the Roundtable on Sustainable Biofuels 

guidelines (US Legislature 2007, RSB 2013). 

5.4 Life cycle impact assessment 

The Tool for the Reduction and Assessment of Chemical and other Environmental Impacts 2.0 

(TRACI 2) impact assessment method was used to analyze global warming potential, acidification, 

eutrophication, carcinogens, non-carcinogens, respiratory effects, ozone depletion, eco-toxicity, and 

smog (Plevin et al. 2009, Bare et al. 2003, Bare et al. 2011, Jolliet et al. 2004) .  The global warming 

equivalents for methane and dinitrogen oxide were updated to the most recent IPCC report values of 

25 and 298 global warming equivalency to CO2, respectively (IPCC 2007). 

SimaPro V.7.3 was used to determine the environmental impacts of the process chemicals, energy, 

and other materials used in the biofuel conversion process. These impact factors were then exported 

to the process model Excel file. These impact factors are multiplied by the number of units needed for 

the simulated case. The impacts for each chemical, material, or energy use are tracked and reported in 

the Excel file. An Excel based modeling approach was chosen to enable multiple case modeling more 
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conveniently and consistently than within SimaPro. Data sources for each process chemical, 

electricity type and other indirect emission are listed in the Supplemental Information. 

Life cycle impact assessment (LCIA) midpoint indicators were normalized using Bare and Gloria’s 

values (Bare et al. 2006). The more recently updated normalization factors were not used here as they 

are based on different midpoint indicators that are consistent with the Ecoinvent 3 database and which 

is not compatible with SimaPro 7 (Shapouri et al. 2002, Bare et al. 2011, Gloria et al. 2007).  These 

normalized values were then weighted by multiple weighting systems as described in Gloria et al. 

(2007) and Rogers et al. (2009).  To develop a weighting system, Gloria et al. (2007) surveyed 

product users, product producers, and LCA experts to determine the relative importance of each 

environmental midpoint indicator to each user group. In this survey, each group was asked to weight 

the mid-point indicators using three time perspectives: short (0-10 years), medium (10-100 years) and 

long (100+ years).  Results from this analysis were plotted using Tableau 8.1 software (Tableau 

2014). 

5.4.1 Co-product treatment methods 

Biofuel system co-product treatment has traditionally been a topic of controversy, especially in first 

generation corn-based biofuels which produce distiller grains (Kim et al. 2008, Wang et al. 2013).  In 

cellulosic biofuels facilities, electricity is a common co-product that can be accounted for in several 

ways. According to ISO 14000 series standards, allocation should be avoided by performing system 

expansion. System expansion increases the system boundary to include the production system of the 

co-product. When this co-product is created by the biofuels process, it is assumed that the production 

in a traditional production facility will decrease. Using this method, electricity produced from 

biofuels facility would in effect displace electricity from other sources, or said more directly, 

electricity would not be produced elsewhere due to electricity produced as a biofuel co-product and 

thus the emissions would not occur. Electricity use was modeled with the South East average grid and 

biomass based electricity production. 

The decision to use system expansion and other co-product treatment methods can significantly 

impact the overall results of a study (Weidema 2011, Cederber et al. 2003, Weidema et al. 2010, and 

Ardente et al. 2012).  In order to demonstrate the influence of co-product treatment has on the 

resulting environmental impacts, system expansion, energy based allocation, and economic allocation 
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were performed in this study. System expansion was used in all sections of this study other than the 

co-product treatment section where this assumption is further explored. 

5.5 Results and Discussion 

5.5.1 Fossil fuel use 

The reduction of fossil fuel use is an explicit goal of the renewable fuel standards within the Energy 

Independence and Security Act (EISA) (US Legislator 2007).  This energy reduction metric compares 

all the fossil fuel required to produce all the materials and energy needed to produce a unit of 

biofuels.   

Figure 5-3 displays the units of fossil fuel in MJ required to produce one MJ of biofuel. The 

electricity sold (in all cases except sweet sorghum) and energy purchased significantly influenced the 

overall fossil energy use (South East grid electricity). Processing chemical fossil fuel use was most 

significant for biofuels scenarios with lower yields.  As shown in Daystar et al. (2014), switchgrass 

and sweet sorghum production require significantly more fossil fuel than forest-based biomass 

production, however, the sweet sorghum washing scenario had the lowest feedstock production fossil 

fuel usage (Daystar et al. 2014).  This discrepancy can be explained by the high alcohol yield 

requiring less biomass per MJ of fuel. All biofuels scenarios created more total energy than fossil fuel 

consumed. All biofuel scenarios except biofuels from sweet sorghum produced excess electricity that 

was sold as a co-product.  Residual lignin and biomass not fermented to alcohol serve as the fuel for 

energy production in the boilers.  The pine scenario had lowest alcohol yield and produced the most 

residual biomass which served as fuel in the boiler resulting in excess energy.  Sweet sorghum 

scenarios, however, had the highest yield and alcohol production resulting in higher distillation 

energy demands and less residual biomass to fuel the boiler for energy.  Alcohol yield and energy 

production and use are listed in  
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Table 5-2: Alcohol yield and energy consumption and use for ethanol produced using the NREL 

dilute acid pretreatment biochemical conversion route (Humbird et al. 2011). Positive energy values 

represent energy sold to the grid and negative energy values represent energy purchased from the 

grid. 

  Yield Electricity 

Feedstock L/BD tonne MW 

Pine 135 41.4 

Eucalyptus 314 7.9 

Unmanaged hardwood 342 7.9 

Switchgrass 327 16.4 

Sweet sorghum washing 471 -7.2 

Sweet sorghum no washing 319 -10.4 

 

 

 

 

Figure 5-3:  Cradle to grave fossil fuel usage per MJ ethanol produced 
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5.5.2 Greenhouse gas emissions 

GHG emissions per MJ of fuel produced and combusted is presented in Figure 5-4 and Table 5-3 

using the assumptions of South East U.S. electrical grid use and product displacement. The GHG 

emissions reported here are per MJ of fuel produced and combusted. As the GHG emissions are based 

on the fuel produced from the process, the GHG emissions for each product stage are heavily 

influenced by the alcohol yield. In the case of pine, more biomass was required to create on MJ of 

fuel due to lower alcohol yields, which resulted in larger carbon uptake (negative emission) and large 

direct conversion emissions. Electricity production and resulting negative emissions due to product 

displacement was highest for the pine scenario as lower alcohol yields resulted in higher process 

residues burned. The electricity use and offset was also significant for the other biofuels scenarios 

which all created excess electricity except in the sweet sorghum scenarios. Electricity grid 

assumptions can greatly influence the total GHG emissions of a biofuels process and will be further 

explored later in this manuscript (Kim et al. 2005, Ardent et al. 2012, Reed et al. 2012, Steele et al. 

2012, and Phillips et al. 2007). Gasoline emissions mostly occurred in the combustion phase. This is 

due to relative efficient petroleum extraction and conversion to gasoline, as compared to biofuels, that 

only requires about 10% additional energy and thus results in about 10% of the CO2 emissions. 

 

 

Figure 5-4: Total GHG emissions per MJ of fuel and for each processing stage 
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Table 5-3: Biofuel and gasoline GHG emissions per MJ of fuel.  Biofuel GHG emissions are 

separated into process stages and totaled.   

kg CO2 per MJ fuel Total 
Feedstock 
production 

 Conversion: 
direct  

 Conversion: 
indirect  

 Combustion 
and fuel 

transport  

 Electricity  

Pine -5.91E-02 -5.61E-01 5.24E-01 3.03E-02 7.46E-02 -1.27E-01 

Eucalyptus 1.67E-02 -2.40E-01 1.78E-01 1.48E-02 7.46E-02 -1.04E-02 

Natural Hardwood 2.75E-02 -2.18E-01 1.59E-01 1.44E-02 7.46E-02 -2.73E-03 

Switchgrass 1.76E-02 -2.05E-01 1.61E-01 8.24E-03 7.46E-02 -2.09E-02 

Sweet Sorghum No wash 5.86E-02 -1.97E-01 1.61E-01 5.47E-03 7.46E-02 1.36E-02 

Sweet Sorghum wash 3.93E-02 -1.33E-01 8.72E-02 4.18E-03 7.46E-02 6.36E-03 

Gasoline 9.32E-02           

 

 

To gain RFS2 biofuels certification, GHG reductions as compared to gasoline must be calculated for 

each biofuel scenario, Figure 5-5. Assumptions surrounding the co-product treatment method and 

energy sources significantly changed these results. In the pine scenario, all co-product treatment 

options did not meet the RFS cellulosic ethanol GHG reduction thresholds except for the South East 

U.S. grid energy displacement option. In the sweet sorghum washing scenario, the GHG reduction 

threshold increased from 53% to above 60%, qualifying it as a cellulosic biofuel. Interestingly, the 

RFS GHG guidelines calculated a 50% reduction for sweet sorghum biofuels and only qualify it as an 

advance biofuel. 1 Biofuel production scenarios with lower electrical grid use or sale of electricity 

were less sensitive to the assumptions examined here. To avoid co-product treatment uncertainty, 

Phillips et al. (2007) optimized the biofuels conversion process to be energy self-sufficient creating 

no extra power for sale. By balancing the energy production, co-product treatment uncertainties 

diminish; however, financial and environmental indicators can often be improved by producing 

electricity as a co-product. 

5.5.3 Land use change 

The impact of direct land use change and the selection of analytical time horizon are examined in this 

section. The RFS2 GHG accounting methodology lists 100 years and 30 years as the two approved 

time horizon options for determining LUC. The GHG reductions as compared to gasoline when 

including direct LUC are highly sensitive to time horizon assumptions and land conversion type as 

shown in Figure 5-6. 
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Figure 5-5: GHG emissions reduction compared to gasoline for three co-product treatment methods 

and using South East grid electricity and biomass based electricity (*). Gasoline 2005 reference of 

9.32E-2 kg CO2/MJ fuel. 

 

Converting forest land to crop land resulted in significant GHG emissions and converting crop land to 

forest resulted in significant negative GHG emissions or CO2 eq. uptake. The inclusion of forest 

based biofuels LUC did not change the RFS2 biofuels qualification except for the natural hardwood 

scenario of converting coniferous forest to natural hardwood where the GHG emission reduction 

dropped below the 60% cellulosic fuel threshold. Inclusion of agricultural based biofuel scenario 

LUC decreased the GHG reductions as compared to gasoline and in some cases resulted in more 

GHG emissions than the fossil fuel reference system. These finding are similar to Searchinger et al. 

(2008), indicating that LUC can remove the GHG reduction benefits of biofuel as compared to 

gasoline.  However, it is worth noting that in many scenarios, LUC change can increase GHG 

reductions and most biofuels scenarios create GHG reductions as compared to gasoline. 
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5.5.4 TRACI impacts 

The RFS2 legislation requires GHG reductions as compared to gasoline to meet specific biofuels 

qualifications, however, does not require the examination of any other impact categories. This short 

cited perspective has the potential to enable burden shifting. A full TRACI2 impact assessment 

examines multiple impact categories, thereby increasing the understanding of impacts and tradeoffs 

for different biofuels scenarios. Identifying these tradeoffs can be straightforward, however, 

understanding the relevance of these tradeoffs is significantly more challenging. Tradeoffs can be 

seen in the common bar chart of impacts normalized to the scenario with the highest impact, Figure 

5-7. 

 

 

 

Figure 5-6: The effect of direct land use change on GHG emissions from bioethanol. Gasoline 2005 

reference of 9.32E-2 kg CO2/MJ fuel. 
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The cradle to grave impacts of gasoline are greater in global warming potential and several other 

impacts, however, in other categories bioethanol impacts are greater. When the RFS2 reductions are 

only considered, the global warming potential may be reduced at the cost of increasing environmental 

impacts in other categories. Acidification, respiratory affects, ozone, eutrophication, and smog cradle 

to grave environmental impacts were increased in many of the biofuels scenarios. This can be 

significant as the demand for fuels is extremely large; meeting the demand even partially with 

biofuels necessitates large amounts of land, large amounts of biomass, and huge processing facilities 

requiring significant quantities of water, air, and processing chemicals. Results as shown in Figure 

5-7 must be interpreted with caution as percent differences appear large when impact values approach 

zero when in reality the absolute difference can be negligible. Percent difference between scenarios 

can be useful for comparison and understanding tradeoffs, however, it does not allow a decision 

maker to determine the biofuels scenario with the lowest overall impact. 

 

 

 

Figure 5-7: Bioethanol and gasoline cradle to grave impacts using the TRACI 2 impact assessment 

method as a percent of the scenario with the highest postive impact. 
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The TRACI impact results have limited use without understanding the magnitude of each impact in 

relation to a meaningful reference quantity. To gain additional insight, these values can be normalized 

by dividing by the impacts of a US citizen over the course of one year, Figure 5-8 (Bare et al. 2006). 

Several impact categories dominate Figure 5-8, however, each impact category is a midpoint indicator 

with different units and resulting damage to different aspects of the environment. As such, the 

normalized impact category results are qualitatively different and are not directly comparable (Rogers 

et al. 2009). 

To compensate for the qualitatively different results, impact weighting can be performed.  Weighting 

incorporates different stake holder groups’ opinions on the relative importance of each impact 

category.  Weights from Gloria et al. were adapted to the impacts studied herein and applied to the 

unit less normalized values (Gloria et al. 2007).  Due to the nature of weighting, the assigned weights 

are inherently subjective and the weighting method chosen could influence the overall results and 

determination of the most environmentally friendly biofuels scenario. To deal with the subjective 

nature of weighting, 16 different weighting options were applied to the normalized results enabling 

biofuel scenario rankings based on the single score result, Figure 5-9. The weighting values were 

based on three time horizons of short, medium and long and from the perspectives of product users, 

product producers and LCA experts. 
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Figure 5-8: Bioethanol cradle to grave TRACI impacts normalized to the impacts of a US person 

over a year 

 

The weighted single scores identified the sweet sorghum with washing scenario as the biofuel 

scenario with the lowest single score environmental impacts regardless of the impact weighting 

method. Upon further analysis, the processing chemicals dominated the single score results and are 

highly dependent upon alcohol yield,  

Figure 5-11. Fuel scenarios with the highest alcohol yields require the least amount of process 

chemicals per MJ of fuel resulting in lower single score results.  Further analysis of the process 

chemical contribution to the TRACI impacts are shown in the Appendix.  When examining the 

contributing impacts to the single score, Figure 5-11, ecotoxicity, carcinogens and non-carcinogens 

dominate the overall result for all fuel scenarios.  
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(l=long term time perspective, m=medium term time perspective, s=short term time perspective) 

Figure 5-9: Single score Environmental impact for different biofuel scenarios using multiple 

weighting systems 
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Figure 5-10: Cellulosic ethanol weighted single score and process stage contributions using average 

weighting, using average of all time perspectives. 

 

5.5.5 Single score sensitivity to LUC and co-product treatment method 

The impact weighting methodology previously explored did not influence the fuels scenario ranking, 

however, methodological decisions surrounding LUC and co-product treatment methods heavily 

influenced the GHG emissions for each biofuel scenario. To determine if these assumptions were 

drivers in the single score ranking, multiple LUC and co-product treatment methods were examined, 

Figure 5-12 and Figure 5-13. Unmanaged hardwood and pine fuel scenarios were most influence by 

LUC. This sensitivity can be explained by low biomass yield (tonne/hectare) for the unmanaged 

hardwood scenario and low alcohol yield (gallons per tonne) in the pine scenario. As a result of these 

low yields, more land was required to produce enough biomass to create 1 MJ of fuel and thus would 

result in more LUC. LUC impacts were only able to alter the single score biofuel ranking in the 

unmanaged hardwood fuel scenario when converting from cropland on a 30 year analytical TH. 
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Figure 5-11: Cellulosic ethanol weighted single score and contributing impact categories using 

average weighting, using average of all time perspectives. 

 

Co-product treatment methodology was significant in the GHG emission fuel scenario ranking, 

however, was less important in the single score ranking. The sweet sorghum scenarios had no co-

products and were not changed by this assumption. The pine and switchgrass were most sensitive to 

this assumption as they produced more electricity either offsetting grid electricity or sharing a portion 

of the process emissions. This analysis showed that co-product treatment method was not important to 

biofuels scenario ranking. 
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Figure 5-12: Biofuels single score for different feedstocks including direct land use change. The 

LUC single score was calculated with the “all” time perspective average.  LUC emissions were 

amortized over both 30 and 100 years as indicated by the legend. 
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Figure 5-13: Biofuel scenario single score with multiple co-product treatment methods.  The LUC 

single score was calculated with the “all” time perspective average.    

 

5.6 Conclusions 

Both fossil fuel energy and GHG emissions can be reduced through the production and use of 

bioethanol from feedstocks studied herein. Co-product treatment methods and energy grid 

assumptions heavily influenced the GHG emission for all biofuels scenarios and have the potential to 

change the biofuels RFS2 GHG emission reduction qualification. Direct LUC GHG emissions 

typically increased GHG emissions for agriculture based fuels and reduced GHG emissions for forest 

based fuels. Additionally, biofuels scenarios with either low biomass yield or alcohol yield are more 

sensitive to LUC. The 30 year analytical horizon produced larger absolute value LUC GHG emissions 

for each biofuel scenario than the 100 year analytical horizon method. 

When examining a larger group of environmental impacts using TRACI 2.1, many environmental 

tradeoffs were present between biofuel scenarios and gasoline. Without a multi-criteria decision 
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making methodology, biofuel scenarios with the lower overall environmental impacts can be difficult 

or impossible to identify resulting in an increased potential for burden shifting. The traditional 

method of impact normalization and weighting is inherently subjective incorporating various 

stakeholders’ value decisions. To overcome the subjective nature of weighting, a wide variety of 

weighting systems were applied to each fuel scenario. This analysis indicated that weighting methods 

examined herein did not affect the biofuel scenario weighted single score ranking. 

LCA methodological decisions were also examined using the single weighted score. Co-product 

treatment methods did not influence the biofuel scenario ranking. Direct LUC did have the potential 

to alter the scenario ranking in the case of converting cropland to unmanaged forest. This sensitivity 

analysis demonstrated that GHG emissions do not heavily influence the single weighted score. 

Despite a high global warming potential weighting value (7%-40%), GHG emission contributed 

minimally to the single score as result of a low normalized value. Instead, other environmental 

impacts associated mainly with conversion process chemicals influence the single weighted score the 

most. 

Biofuel scenario preference based on the RFS2 environmental parameters, examining only GHG 

emissions and fossil fuel use, may encourage burden shifting and increase other environmental 

impacts. To be consistent with the EPA’s mission to ensure a sustainable future in more aspects than 

fossil fuel use and GHG emissions, biofuel qualifications should incorporate thresholds for other 

environmental impacts. 

Combining detailed engineering process models with life LCA models can be an effective method to 

determine process design parameters resulting in lowest overall environmental impacts. Incorporating 

LCA into process design can help identify hotspots early and avoid risks associated with 

environmental certifications and ultimately reducing the environmental impacts. As chemical use 

contributes most to the single weighted score, research focused on reducing chemical needs would 

have highest potential to reduce the overall environmental impacts. 
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6 Cellulosic Ethanol Conversion Technology Comparison 

6.1 Abstract 

The literature has shown the importance of optimal biomass to conversion technology paring by 

finding that financial and environmental performance to be highly sensitive to biomass composition 

and moisture content.  The financial and environmental performance of the National Renewable 

Energy Lab’s (NREL) thermochemical (Phillips et al. 2007) and the biochemical (Humbird et al. 

2011) conversion process are examined herein with multiple cellulosic feedstocks grown in the South 

East United States.  The thermochemical conversion process was examined using pine, eucalyptus, 

unmanaged hardwood, forest residues, and switchgrass biomass feedstocks.  The biochemical 

conversion process was examined using pine, eucalyptus, unmanaged hardwood, switchgrass and 

sweet sorghum biomass feedstocks.  The environmental impacts of biomass and conversion process 

scenarios were determined by quantifying greenhouse gas (GHG) emissions, fossil fuel use, and 

TRACI impacts.  An integrated financial and environmental performance metrics was also introduced 

and used to examine the biofuel scenarios.   

The thermochemical and biochemical conversion processes produced the highest financial 

performance and lowest environmental impacts when paired with pine and sweet sorghum, 

respectively. The high ash content of switchgrass and high lignin content of loblolly pine lowered 

conversion yields resulting in the highest environmental impacts and lowest financial performance for 

the thermochemical and biochemical conversion processes, respectively.  Biofuel made using the 

thermochemical conversion process resulted in lower TRACI single score results and somewhat 

lower GHG emissions per MJ of fuel than using the thermochemical conversion pathway.   

The cost of carbon mitigation resulting from biofuel production and corresponding government 

subsidies was determined to be higher than the market carbon price.  In some scenarios, the cost of 

carbon mitigation was multiple times the market price indicating that there are other more cost 

effective methods of reducing carbon emissions.   
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6.2 Introduction  

Conversion technologies for lignocellulosic biomass types are rapidly emerging to produce 

government-mandated renewable fuels (Spath et al. 2005, Phillips et al. 2007, Sequeira et al. 2007, 

Bright and Strømman 2009, Consonni et al. 2009, Foust et al. 2009, He and Zhang 2011, Leibbrandt 

et al. 2011, Daystar et al. 2012, Dutta et al. 2012). Thermochemical and biochemical processes are the 

two different fuel production routes currently proposed for biomass-to-biofuel scenarios.  Previous 

studies have considered the thermochemical conversion route for its technical or economic feasibility, 

however, few studies have considered the environmental burdens of this pathway and compared life 

cycle emissions using various biofuel feedstocks to those of fossil fuels. Both conversion pathways 

are briefly reviewed below to provide the reader with a basic understanding of biomass-to-ethanol 

conversion methods. 

Biochemical conversion processes have been carefully analyzed for techno-economic feasibility, 

conversion efficiency of various biomass feedstocks, environmental impact, chemical and enzyme 

use, and ways to optimize the bench-top, pilot-scale and commercial-scale processes (Frings et al. 

1992, Canakci and Van Gerpen 1999, Foust et al. 2009, Inman et al. 2010, Mu et al. 2010, Balat 

2011, Balan et al. 2012).  Biochemical conversion technologies use various pretreatment methods to 

increase enzymatic hydrolysis conversion yields and sometimes to extract valuable co-products. The 

product of enzymatic hydrolysis, sugars, are often neutralized and fermented to produce ethanol in 

low concentration.  This low concentration ethanol, often referred to as beer, is then purified to 

around 99.95% ethanol as the final product (Foust et al. 2009, Inman et al. 2010, Mu et al. 2010, 

Balat 2011, Balan et al. 2012, Romaní et al. 2012).  Many studies have explored the biochemical 

conversion processes, however, the technology is inherently inflexible, requiring a larger collection 

radius to provide the necessary biomass supply (usually one biomass type) for full-scale fuel 

processing (Huang et al. 2009).  

Indirect gasification was modeled for this study as explored previously by researchers at the U.S. 

Department of Energy (Phillips et al. 2007, Carpenter et al. 2010, Swanson et al. 2010, and Dutta et 

al. 2011, Jett 2011).  The indirect gasification process produces a mixture of carbon monoxide and 

hydrogen gas referred to as synthesis gas (syngas).  Raw syngas contains catalyst-fouling 

contaminants that must be removed before alcohol synthesis.  The clean syngas is then converted to 

mixed alcohols, mainly ethanol and propanol, using a molybdenum catalyst.   Thermochemical 
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conversion can use a wider range of feedstocks than biochemical conversion and produce reasonable 

alcohol yields (Dutta and Phillips 2009, Dutta et al. 2011, Dutta et al. 2012).  Unlike the biochemical 

process, the thermochemical process is not adversely affected by lignin in the biomass, however, 

biomass feedstock moisture content heavily influences alcohol yields and emissions with the 

thermochemical process (Daystar et al. 2013).  Power requirements for alcohol conversion processes 

are provided by combined heat and power facilities burning waste, biomass, char or produced syngas 

or ethanol (Balan et al. 2012). 

6.3 Methods 

6.3.1 System boundaries 

To determine the full life cycle environmental impacts of transportation fuels, environmental impacts 

from all process stages of raw material production, fuel conversion, and fuel combustion must be 

incorporated.  The Clean Air Act (EPA 2009) defines this boundary and analysis approach for GHGs 

as: 

“The term ‘lifecycle greenhouse gas emissions’ means the aggregate quantity of greenhouse gas 

emissions (including direct emissions and significant indirect emissions such as significant emissions 

from land use changes), as determined by the Administrator, related to the full fuel lifecycle, 

including all stages of fuel and feedstock production and distribution, from feedstock generation or 

extraction through the distribution and delivery and use of the finished fuel to the ultimate consumer, 

where the mass values for all greenhouse gases are adjusted to account for their relative global 

warming potential” (EPA 2009) 

This definition was expanded herein to include additional impact categories beyond GHG emissions 

to include all impact categories in the TRACI2 method. This system boundary is often referred to as 

cradle-to-grave or well-to-wheel analysis.  Figure 6-1 displays process steps included within this 

study which include feedstock production, fuel production, fuel use and direct land use change (LUC) 

as required by the RFS2. 
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Figure 6-1: Cradle to grave bioethanol life cycle assessment system boundary  

 

6.3.2 Life cycle inventory 

This life cycle assessment of biofuel processes integrates both biofuels production models and 

biofuels LCA models to determine the environmental impacts of transportation fuels. Methods used 

to develop a biofuels LCI are discussed below to propose a method for biofuels LCA that expands the 

RFS2 guidelines. Additional publications have been cited and should be referred to for more detail on 

LCI data. 

6.3.3 Co-product treatment methods 

As shown in the fourth chapter of this dissertation, GHG emissions and other environmental impacts 

are sensitive to co-product treatment methods.  Several co-product treatment methods were examined 

for ethanol made using the biochemical conversion process including system expansion, energy 

allocation, and economic allocation. Depending on the feedstock, the biochemical produces excess 

electricity that must be accounted for using these methods.   

The thermochemical conversion process was modeled to have an energy balance where no electricity 

needs to be purchased or sold to the grid.  There are, however, other co-products of higher alcohols.  

These higher alcohols are converted to ethanol equivalents based on embodied energy content.  This 

is the same as an energy allocation method for these higher alcohols.  Depending on the feedstock, 

higher alcohols represent approximately 15% of the total alcohol mass.  System expansion method 



 

 

 162 

was not explored for the mixture of higher alcohols as the mixture does not represent an end product 

having an existing market, as in the case of electricity.   

6.3.4 Ethanol conversion process 

6.3.4.1 Biochemical conversion process description 

A brief process description will be presented here in to give the reader a working understanding of the 

process under analysis, however, Treasure et al. (2014) and Humbird et al. (2011) contain a more 

detailed process overview and technical report.  The biochemical conversion process flow diagram as 

depicted by Treasure et al. (2014) is shown in Figure 6-2. 

 

 

Figure 6-2: NREL dilute acid pretreatment biochemical ethanol conversion process flow diagram 

(Treasure et al. 2014) 
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Incoming biomass feedstocks are conveyed from the biomass storage area to the dilute acid 

pretreatment reactors. In the case of sweet sorghum, there are additional processing steps required to 

extract the sucrose prior to the dilute acid reactor. One modeled scenario assumed that sucrose is 

extracted through mechanical pressing before enzymatic hydrolysis and is referred to as “sweet 

sorghum no wash.” An alternate processing configuration assumed an additional wash stage after 

pressing used to remove additional sucrose and is referred to as “sweet sorghum washing.” In the 

pretreatment reactors, 2.2% dilute sulfuric acid is applied and the mixture is heated to 158° C for five 

minutes. This pretreatment serves two purposes: 1) to solubilize and hydrolyze the hemicelluloses for 

direct fermentation and 2) to alter the native biomass to reduce enzymatic hydrolysis recalcitrance. 

The pretreated biomass is then conditioned with ammonia to increase the pH from 1 to 5 at 50° C. 

The conditioned biomass slurry is then reacted in a plug flow hydrolysis reactor for 24 hours at 10.6 

wt. % solids. This slurry is then transferred to a batch hydrolysis and fermentation reactor. Enzymatic 

hydrolysis continues in the batch reactor for 60 hours then is cooled to 32° C before fermentation 

with the Zymomonas mobilis. Fermentation with Z. mobilis continues converting C5 and C6 sugars to 

ethanol for 36 hours. 

Distillation of biomass beer and a molecular sieve purifies the ethanol to 99.5%. The remaining 

lignin, unfermented sugars, and water is removed from the distillation bottoms and sent to a 

mechanical press separator. Solids from the distillation bottoms stream are sent to the power boiler. 

The liquid phase of the distillation bottoms is sent to anaerobic and aerobic wastewater treatment. 

Methane created in anaerobic digester and sludge from the aerobic digester are burned in a boiler to 

create additional process energy. Additional process energy is provided by natural gas when energy 

captured from residual biomass does not meet the facility energy demand. 

WinGems V5.3 was used to create a material and energy balance for the dilute acid pretreatment 

ethanol conversion process (Pirraglia et al. 2012, Huang et al. 2009, Kautto et al. 2010, Xue et al. 

2012, and Gonzalez et al. 2011).  WinGEMS is a process modeling software originally developed for 

modeling paper and pulp operations. As such, there are particular unit process blocks that are critical 

to biomass processing technologies. This model as originally developed by Treasure et al. (2014) was 

modified to provide additional environmental data required for an environmental analysis.  The user 

interface for this model was based in excel where the model imports critical data into the WinGEMS 

process model and then writes process data needed for environmental analysis. An Excel based 
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interface not only creates a user-friendly operating environment, but enables many process 

configurations inputs to be simulated without manually entering in data to the process simulation. 

To confirm the process model, both a total mass and a carbon balance were performed.  Any 

discrepancies between incoming carbon and exiting carbon where the incoming carbon was greater 

than the exiting, the remainder was attributed to the flue gas stream exiting the boiler. This 

assumption was considered a conservative method where all carbon not accounted for in the ethanol 

was released as CO2 in the flue gas stream. 

6.3.4.2 Thermochemical conversion process model 

Aspen Plus was used to model NREL’s thermochemical mixed alcohol production process and 

generate life cycle inventory data (Spath et al. 2005, Phillips 2007, Jett 2011)  Simulation 

modifications, described in Gonzalez et al. (2012) were made to the original model received from 

NREL to operate the process conversion model using feedstocks other than the hybrid poplar 

baseline.  Figure 6-3 illustrates the major unit processes in the thermochemical conversion pathway.  

These unit processes are summarized in Daystar et al. (2005) and detailed in Spath et al. (2005), 

Phillips et al. (2007), and Jett (2011). 
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Figure 6-3: The process flow diagram (gate-to-gate) for the thermochemical gasification of biomass 

to produce ethanol 

 

The thermochemical conversion process was simulated with a feedstock supply of 700,347 dry metric 

tonnes per year (772,000 dry short tons per year) with moisture contents of 45% for forest based 

feedstocks and 16% for switchgrass (Filbakk et al. 2011, Patterson et al. 2011).  Ultimate and 

proximate analyses, listed in other sections of this dissertation in Table 4-2, were used as inputs to the 

Aspen Plus simulation to generate conversion data specific to each feedstock.  Forest residues were 

assumed to have a chemical composition similar to loblolly roundwood as an ultimate and proximate 

compositional analysis was not found in the literature.  The financial performance of both the 

biochemical (Treasure et al. 2014) and thermochemical (Gonzalez et al. 2012) conversion process are 

shown in Figure 6-4. 
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Figure 6-4: Capex, MER and alcohol yields for different biomass types using the thermochemical 

and biochemical ethanol conversion processes (TC=thermochemical ethanol conversion, BC= 

biochemical ethanol conversion). 

 

6.3.5 Impact assessment methods 

The Tool for the Reduction and Assessment of Chemical and other Environmental Impacts 2.0 

(TRACI 2) impact assessment method was used to analyze global warming potential, acidification, 

eutrophication, carcinogens, non-carcinogens, respiratory effects, ozone depletion, eco-toxicity, and 

smog (Plevin et al. 2009, Bare et al. 2002, Bare et al. 2011, Jolliet et al. 2004) .  The global warming 

equivalents for methane and dinitrogen oxide were updated to the most recent IPCC report values of 

25 and 298 global warming equivalency to CO2, respectively (IPCC 2007). 

Life cycle impact assessment (LCIA) midpoint indicators were normalized using Bare and Gloria’s 

values (Bare et al. 2006). The more recently updated normalization factors were not used here as they 

are based on different midpoint indicators that are consistent with the Ecoinvent 3 database and which 

are not compatible with SimaPro 7 (Shapouri et al. 2002, Bare et al. 2011, Gloria et al. 2007).  These 

normalized values were then weighted by multiple weighting systems as described in Gloria et al. 

(2007) and Rogers et al. (2009).  To develop a weighting system, Gloria et al. (2007) surveyed 

product users, product producers, and LCA experts to determine the relative importance of each 
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environmental midpoint indicator to each user group. In this survey, each group was asked to weight 

the mid-point indicators using three time perspectives: short (0-10 years), medium (10-100 years) and 

long (100+ years).  Results from this analysis were plotted using Tableau 8.1 software (Tableau 

2014). 

6.3.6 Minimum carbon price  

The minimum ethanol revenue (MER) represents the revenue per gallon of ethanol that must be 

achieved for the operation to reach a net present value of zero.  Gasoline and commodity ethanol 

prices are compared to the MER to determine the competitiveness in the market. A parameter 

integrating financial and environmental performance referred to as the minimum carbon price (MCP) 

is defined as the lowest value of carbon for a biofuel operation to attain a NPV of zero if the facility 

were subsidized based on carbon offsets rather than gallons of fuel produced.  MCP is calculated by 

the following two equations where the market price was listed as $2.42 per gallon of ethanol 

(NASDAQ 2014) 

ΔP = 𝑀𝐸𝑅 − 𝐸𝑡ℎ𝑎𝑛𝑜𝑙 𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒   [=]
$

𝐺𝑎𝑙𝑙𝑜𝑛 𝑜𝑓 𝑒𝑡ℎ𝑎𝑛𝑜𝑙
         (6-1) 

The carbon emission savings component of the MCP is incorporated by dividing the ΔP of ethanol by 

the tonnes of CO2 avoided when a gallon of ethanol is used instead of gasoline an equal energy basis. 

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝐶𝑎𝑟𝑏𝑜𝑛  𝑃𝑟𝑖𝑐𝑒 =
ΔP

𝑇𝑜𝑛𝑛𝑒𝑠 𝐶𝑂2 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 𝑝𝑒𝑟 𝑔𝑎𝑙𝑙𝑜𝑛 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑢𝑠𝑒𝑑
                (6-2) 

This MCP will be at a minimum for the production facilities offering the most environmental GWP 

benefit for the lowest cost.  The cost to avoid CO2 was also calculated with a 1$ subsidy and the 

observed biofuel scenario GHG reductions.  The scenario carbon price was also compared to the 

RFS2 carbon price where a $1 subsidy is given and biofuel use on an equal energy basis reduces 

GHG emissions by the mandated 60% as compared to gasoline.   

𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝑐𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑖𝑐𝑒 =
1$ 𝑠𝑢𝑏𝑠𝑖𝑑𝑦 𝑝𝑒𝑟 𝑔𝑎𝑙𝑙𝑜𝑛 𝑒𝑡ℎ𝑎𝑛𝑜𝑙

𝑇𝑜𝑛𝑛𝑒𝑠 𝐶𝑂2 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 𝑝𝑒𝑟 𝑔𝑎𝑙𝑙𝑜𝑛 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑢𝑠𝑒
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 % 𝐺𝐻𝐺 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑀𝐽)

                (6-3) 

  

𝑅𝐹𝑆2 𝑐𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑖𝑐𝑒 =
1$ 𝑠𝑢𝑏𝑠𝑖𝑑𝑦 𝑝𝑒𝑟 𝑔𝑎𝑙𝑙𝑜𝑛 𝑒𝑡ℎ𝑎𝑛𝑜𝑙

𝑇𝑜𝑛𝑛𝑒𝑠 𝐶𝑂2 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 𝑝𝑒𝑟 𝑔𝑎𝑙𝑙𝑜𝑛 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑢𝑠𝑒 
(60% 𝐺𝐻𝐺 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑜𝑖𝑛 𝑝𝑒𝑟 𝑀𝐽) 

                         (6-4) 



 

 

 168 

The application these new metrics will be applied to the current analysis of cellulosic biofuels 

produced using the biochemical conversion route described in Humbird et al. 2011.  Biofuel 

production scenarios utilizing six different biomass feedstocks will be examined.  

6.4 Results 

6.4.1 Greenhouse gas emissions 

Greenhouse gas (GHG) emissions associated with 1MJ of ethanol from different feedstocks and 

conversion pathways are compared in this section.  Ethanol made from using the thermochemical 

process resulted in lower GHG emissions per MJ of fuel than ethanol made using the biochemical 

conversion process when the energy allocation methods were applied to the biochemical conversion 

scenarios.  This can be attributed in part to the higher carbon efficiency in the thermochemical 

conversion process resulting in more carbon remaining in the products and less as CO2 emissions.  

Additionally, the thermochemical process requires less process chemicals than the biochemical 

conversion process.  

When comparing ethanol made from the thermochemical process to the biochemical process using the 

system expansion method for electricity (average grid), the biochemical ethanol was determined to 

have lower GHG emissions in pine, eucalyptus, and switchgrass fuel scenarios, Figure 6-5. GHG 

emission offsets associated with average grid electricity offset are the primary driver behind this 

reduction when using system expansion.  When biomass based electricity and system expansion 

method was used for the biochemical process, ethanol scenarios resulted in bioethanol with higher 

GHG emissions than the equivalent thermochemical fuel scenarios.  This shows that the market 

product that the ethanol co-product displaces highly impacts the net GHG emissions of biofuel.  

Pairing biofuel conversion processes with biomass types can inform technology developers and 

policy makers.  From a GHG emission criteria, ethanol made from pine using the thermochemical 

process would result in biofuel with lower GHG emissions as compared to pine based ethanol from 

the biochemical conversion process, except for when electricity from the average grid is displaced. 

The same statement is true for eucalyptus based ethanol.  When examining ethanol made from natural 

hardwoods and the biochemical conversion process resulted in higher GHG emissions in all examined 

scenarios as compared to the equivalent thermochemical conversion scenario.  Biofuels made from 

pine forest residues using the thermochemical process GHG emissions similar to the thermochemical 
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pine scenario, however, the biochemical conversion of pine residues were not modeled in this work.  

The biochemical conversion of pine residues would likely be similar to pine roundwood, however, the 

processing parameters would change some amount with biomass composition. 

The conversion of sweet sorghum to ethanol was not modeled for the thermochemical conversion 

process as the high moisture content and soluble sugar are more suited for the biochemical conversion 

process.  The Aspen Plus process simulation did not reach model convergence with moisture contents 

over approximately 60% as the energy required to dry the incoming biomass to 5% was too high.   

 

 

 

Figure 6-5: Greenhouse gas emissions per MJ of ethanol from different feedstocks and conversion 

technologies. 

 

6.4.2 Single environmental score 

The single environmental score is a method used to identify scenario options with the lowest 

environmental impacts when tradeoffs exist in different impact categories.  This metric is sensitive to 
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normalization factors and weighting methods.  Previously in this dissertation, weighting method was 

shown not to change the biofuel scenario ranking.  For this reason, only one weighting method was 

explored when comparing the two conversion technology options. 

Ethanol produced from the biochemical conversion process resulted in higher single score impacts in 

all comparable scenarios than the thermochemical based ethanol, Figure 6-6.  The primary 

contributors to the single score were ecotoxicity, non-carcinogens and carcinogens resulting from the 

production of process and agricultural chemicals.  The thermochemical process required primarily 

olivine (sand like compound) and catalyst to operate in contrast to the biochemical conversion 

process that needs a continuous supply of a range of chemicals.   

 

Figure 6-6:  Single weighted environmental score of 1MJ of ethanol made from different feedstocks 

and conversion technologies and gasoline. (system expansion was used for biochemical conversion 

process) 

 

-2.00E-05

0.00E+00

2.00E-05

4.00E-05

6.00E-05

8.00E-05

1.00E-04

1.20E-04

1.40E-04

1.60E-04

Si
n

gl
e 

w
ei

gh
te

d
 s

co
re

 p
er

 M
J 

fu
el

Smog Ecotoxicity

Eutrophication Ozone depletion

Respiratory effects Non carcinogenics

Carcinogenics Acidification

Global Warming



 

 

 171 

6.4.3 Combined financial and environmental analysis and technology  

Greenhouse gas reductions compared to gasoline and fossil fuel energy consumption per MJ of 

biofuels are common environmental indicators. When examining the financial performance of a 

biofuel facility, net present value (NPV), internal rate of return (IRR), and minimum ethanol revenue 

(MER) are common indicators of financial performance. In the realm of biofuels, there are 

environmental requirements as well as a need to be financially competitive. Treasure et al. (2014) 

examined the financial performance of each fuel scenario and the environmental performance has 

been examined herein.  Since both studies were based on the same process models, yields, and other 

processing parameters, the environmental performance can be examined in concert with the financial 

performance. 

In all of the biochemical conversion fuel scenarios, other than sweet sorghum washing, the MER 

without subsidies was higher than the ethanol market price assumed to be $2.42 per gallon, Table 6-1: 

Biochemical ethanol conversion minimum carbon price (MCP) calculation results Table 6-1.  The 

thermochemical conversion MER values were all lower than the ethanol market price except in the 

switchgrass fuel scenario, Table 6-2 and Figure 6-8. The difference between ethanol market price and 

the MER represents the subsidy needed per gallon for the facility to be financially competitive at a 

12% IRR and in the existing ethanol market. Combining this minimum ethanol subsidy with GHG 

reductions resulting from the production and use of bioethanol creates a metric reflecting the cost of 

CO2 offsets through biofuel subsidies for each fuel scenario, Figure 6-7. In the fuel scenarios where 

the MER was less than the market ethanol price, no additional subsidy is needed for the facility to be 

profitable, however, more negative MCP values represent scenarios with lower MER and lower GHG 

emissions.   

This unique metric which we will call minimum carbon price (MCP), has been calculated for each 

fuel scenario combining both the financial performance and environmental performance. In practice, 

however, the subsidy given to biofuel producers are determined not by the facility financial needs, 

rather they are determined by policy makers and Renewable Identification Number (RIN) markets. 

Recently, the price of a RIN for ethanol has been around $1 per gallon of biofuels, but has fluctuated 

with changing government policies, availability, and uncertainty due to frequent RIN fraud. For 

comparison, the $1 per gallon of ethanol RIN value has been used to also calculate the cost of 

offsetting carbon for each fuel scenario if the facility was to operate at a financial loss Figure 6-7 . 

The RFS2 carbon price and the scenario carbon price represent comparison points for the MCP. 
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Using a 60% reduction compared to gasoline and a $1 RIN credit, the RFS2 carbon price was $135 

per tonne CO2. This value is much higher than the market value of carbon offsets which have for the 

most part stayed below $20 per tonne of carbon offset.  

Table 6-1: Biochemical ethanol conversion minimum carbon price (MCP) calculation results 

(system expansion) 

  Pine 
Sweet sorghum 

no washing 
Natural 

hardwood Eucalyptus Switchgrass 

MER ($) 8.53 2.86 3.12 3.11 2.90 

ΔP ($) per gallon of ethanol   6.12 0.45 0.71 0.70 0.49 

% GHG  reduction compared to gasoline 163% 37% 70% 82% 81% 

GHG avoided emissions (kg) per gallon eth. 20.11 4.57 8.67 10.09 9.98 

Gal ethanol per tonne of CO2 avoided 50 219 115 99 100 

Dollars per tonne carbon avoided  (MCP) 304.18 98.99 82.02 69.08 48.91 

 

 

Table 6-2: Thermochemical conversion minimum carbon price calculation results (energy 

allocation) 

   Pine Unmanaged hardwood Eucalyptus Switchgrass 

MER ($) 2.04 2.15 2.23 2.49 

ΔP ($) per gallon of ethanol   -0.37 -0.26 -0.18 0.08 

% reduction compared to gasoline 72% 73% 77% 65% 

GHG avoided emissions  (kg) per gallon 8.86 8.98 9.47 8.00 

Gal ethanol per tonne of CO2 avoided 113 111 106 125 

Dollars per tonne carbon avoided  (MCP) -41.64 -28.44 -18.98 10.60 
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Figure 6-7: Cost to avoid CO2 emissions for different subsidies and fuel scenarios using system 

expansion co-product treatment method for biochemical conversion process and energy allocation 

for thermochemical conversion process. (Kyoto protocol 1997) 
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Figure 6-8: Cost to avoid CO2 emissions for different subsidies and fuel scenarios using energy 

allocation co-product treatment method. (Kyoto protocol 1997) 

 

6.5 Conclusions 

Ethanol conversion technology profitability and environmental impact reductions compared to 

gasoline are important to the success of the biofuel industry.  These two metrics have been compared 
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ethanol GHG emissions were lower than biochemical ethanol emissions for the pine, eucalyptus, 

unmanaged hardwood, and switchgrass scenarios when energy allocation co-product treatment 

method was used.  The single environmental score for the thermochemical ethanol fuel scenarios 

were also lower than the biochemical scenarios due to lower thermochemical conversion process 

chemical use.   Process chemical use was a hot spot generating most of the carcinogenics, non 

carcinogenics, and ecotoxicity impacts.   

The combined financial and GHG metric of MCP was lower for the thermochemical fuel scenarios.  
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conversion facilities.  The thermochemical MCP values were more negative due to lower MER 

prices.  When comparing the scenario carbon price, the price of carbon reductions ($ per tonne CO2) 

was lower for biochemical ethanol when under the system expansion co-product methodology. 

The biofuels scenarios can be ranked within each technology based on MER, GHG emissions, Single 

environmental score, and MCP, Table 6-3.  Summing the scenario rank for each feedstock results in a 

relative score where scenarios with lower values indicate a more suitable technology to feedstock 

match using these criteria.  The total scores for biochemical and thermochemical technologies should 

not be compared as more scenarios were examined using the biochemical conversion process 

resulting higher overall scores.   

Using the ranking approach for the thermochemical conversion process, pine and unmanaged 

hardwood scenarios resulted in the lowest total score followed by eucalyptus and then switchgrass.  

The sweet sorghum washing scenario resulted in the lowest total score for the biochemical conversion 

process followed by switchgrass, eucalyptus, sweet sorghum, unmanaged hardwood and pine, 

respectively. With this multi criteria ranking system, conversion technology can be most 

appropriately paired with biomass feedstocks.   

 

 

Table 6-3: Biofuel scenario ranking based on financial and environmental performance metrics.  

(system expansion) 

  MER GHG Single Score MCP Totaled Score 

  TC BC TC BC TC BC TC BC TC BC 

Pine 1 6 3 1 2 6 1 6 7 19 

Eucalyptus 3 4 1 2 3 5 3 3 10 14 

Unmanaged hardwood 2 5 2 4 1 4 2 4 7 17 

Switchgrass 4 3 4 3 4 3 4 2 16 11 

Sweet sorghum washing  1  5  2  1  9 

Sweet sorghum no washing   2   6   1   5   14 
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7 Dynamic GHG accounting for cellulosic biofuels: implications of 

analysis methodology decisions 

7.1 Abstract 

Greenhouse gas (GHG) emissions resulting from biofuel production and use often span many 

different years.  Non-dynamic GHG accounting methods traditionally sum the global warming 

impacts (GWI) occurring over a 100 year period, for all emission occurring in the life cycle without 

regards to emission timing.  When examining biofuels from a policy perspective, time horizons are 

chosen to determine the benefits a policy or action have over a desired time period.  It is critical to 

only account for impacts occurring within the given time period by having consistent temporal 

boundaries.   

When calculating the GWI as a function of time, additional assumptions and data are required. These 

assumptions have implications on the results and are explored herein to determine their influence on 

the overall conclusions when comparing biofuels made from different feedstocks.  The time zero 

assumption of either biomass planting or harvesting was examined. Analytical time horizon choice 

was also tested by examining results on a 25, 50, 100, and 500 year time horizon.  GWIs using 

dynamic GHG accounting methods were compared to non-dynamic global warming impact method 

results.  Direct land use change (LUC) emissions were determined for the different feedstock 

conversion scenarios and used to calculate a payback period for switchgrass and sweet sorghum 

biofuel scenarios.  Dynamic biofuel life cycle emissions were also modeled for biofuels options 

where LUC emissions were negative in the case of converting cropland to forests. 

Biofuel life cycle emissions and GHG reductions compared to gasoline were highly sensitive to GHG 

accounting methods and time horizons.  Under the plant at time zero assumption, forest based 

feedstocks had lower GHG emissions per MJ of fuel as carbon stored for the length of the tree growth 

cycle reduced the GWI.  Under the harvest at time zero assumption, forest based feedstocks were 

determined to have higher GWI per MJ of fuel as the early release of fuel production and use 

emissions increased the global warming effect before the carbon captured in tree growth reduced the 

overall impact. The time zero assumption had greater influence on the results when shorter time 

horizons were chosen and decreased as time horizons approach 500 years.   



 

 

 181 

Using the dynamic GHG accounting method, payback periods were determined to be greater 

compared to a 0% emission discount method.   Payback periods using a discount rate of 2% and 3% 

were at times greater and less than dynamic GHG accounting method results. In many cases, 

especially using a 3% discount, biofuel scenarios did not offset the initial GHG emission thus a 

payback period could not be calculated.   

The data presented herein suggest that time zero and other temporal emission timing assumptions are 

important and can influence the overall study results.  Analytical time horizons were also shown to be 

important and significantly influence the overall results as well as be important to achieving carbon 

mitigation goals.  Dynamic GHG accounting was shown to be a more robust method than the 

traditional static GWP GHG accounting method ensuring consistent temporal boundaries, however, 

dynamic inventories requires additional emission timing details and assumptions that influence the 

results.   

Daystar, J., Venditti, R., Dynamic GHG accounting for cellulosic biofuels: implications of analysis 

methodology decisions.  Submitted to the International Journal of Life Cycle Assessment, 2014. 

7.2 Introduction 

7.2.1 Temporal issues of biofuels production global warming impact assessment 

When analyzing the environmental impacts of biofuel production and use, many tools are used to 

account for greenhouse gases, other emission, and environmental impacts.  One such tool is life cycle 

assessment which is a framework and methodology for determining the environmental impacts of a 

product service or good.  LCA has many strengths, but is limited in calculating emissions and 

environmental impacts occurring over a period of time (Reap et al. 2008, Levasseur et al. 2009).  In 

most LCA studies, a time horizon (TH) is chosen in which the impacts will be determined.  Emissions 

occurring in the future or in the past are considered to occur at year zero and existing in the 

environment for the length of the time horizon.  In reality, in the creation, use, and disposal of a 

product, emissions do not occur only at year zero; rather they occur over many years.  By neglecting 

emissions timing, the environmental impacts occurring over the time horizon are often distorted 

(Kendall 2012, Reap et al. 2008, and Pennington et al. 2004). 

The International Panel on Climate Change (IPCC) defined a method to account for the 

environmental impacts of various greenhouse gases with different warming potentials.  The global 
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warming potential (GWP) method relates the warming potential in W*m2 of various greenhouse gases 

to the warming effect of CO2 over a time horizon of 100 years (GWP(100)).  When applying this 

method, all emissions occurring over the life cycle of a product, service or good, are summed and 

calculated as if they occur in year zero (Pennington et al. 2004).  In reality, these emissions could 

occur over many years; this fact is fundamentally ignored by many biofuels studies.  By following the 

GWP(100) method and ignoring emission timing, the realized global warming impacts of emissions 

over the time horizon can be very different than the impacts using a dynamic GWP method with 

consistent temporal boundaries.  Additionally, the calculated impacts of GHG emissions over shorter 

analytical time horizons are often more sensitive to methodology decisions leading to different study 

conclusions, (Kendall 2009, Levasseur et al. 2009, O’Hare, 2009). 

In the production life cycle of cellulosic biofuels, biomass feedstocks are grown, harvested, and 

transported before they are converted to biofuels which are then eventually burned.  Often, this series 

of events does not occur in one year, rather they could occur over as many as 50 years, depending on 

biomass growth cycles (Daystar 2014).  Many biofuel technologies rely on shorter rotation energy 

crops to supply the necessary feedstocks.  These short rotation feedstocks are usually grown for 1-3 

years before they are harvested for conversion.  Other biomass types, however, are grown over many 

years before they are harvested.  Forest residues, pine planted for biofuels, and even some growing 

strategies for eucalyptus are examples of biomass feedstocks that absorb CO2 over many years prior 

to biofuels production.   These emissions (negative as they are) occurring over many years can be 

distorted when they are summed and assumed to occur in the year when biofuel is produced and 

combusted (Levasseur et al. 2009, Kendall 2009).  

In regards to life cycle emissions, Levasseur states that the timing of carbon sequestered in the 

biomass relative to the moment it is used creates “a chicken or egg” causality dilemma (Levasseur 

2013).  This dilemma is explored within this work by testing different time zero assumptions for 

biofuels made from biomass types with rotation lengths greater than one year.  Additionally, it is 

hypothesized that biofuel preference based on GHG reductions compared to gasoline will change as a 

result of this time zero assumption, GHG accounting method (dynamic vs static), and time horizon 

decisions.  LUC GHG emission profiles of biofuel scenarios are calculated using the dynamic GHG 

accounting method and compared to methods described by the RFS2 and EISA (EISA 2007).  The 

results presented herein will inform the discussion surrounding the implementation of less established 
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and more scientifically robust GHG accounting methods in the context of biofuel and biomaterial 

policy decisions. 

7.2.2 Land use change    

In the biofuels life cycle emissions, land use change (LUC) is another time dependent emission that 

has received much attention over that past years (Searchinger et al. 2008, O’Hare 2009, and Fargione 

2008).  Emissions resulting from changing the use of land, for example from a natural hardwood 

forest to a short rotation energy crop, occurring at one year in time, are often amortized over biofuels 

produced for a period of years (Kendall, 2009, Levasseur 2009, Daystar 2014).  Using this method, 

the total emissions resulting from LUC are evenly distributed to biofuels produced into the future 

over number of years. This method, however, does not fully capture the GWI of LUC GHG emissions 

(Kendall, 2009).  GWI calculated using an amortized LUC emission method were determined to be 

70%-80% lower than the time correction factor (TCF) method global warming impacts when 

examined over a 10 to 50 years (Kendall, 2009).  Searchinger et al. 2008 found that corn based 

biofuels emitted ~180% more emissions than gasoline when attributing LUC emissions over a 30 year 

production cycle.  In regards to LUC, it is clear that emission timing, and accounting method heavily 

influence calculated GHG emissions of biofuels (Kendal 2009, Levasseur 2009).    

Many studies have explored LUC and emissions timing (Kendall 2009, Levasseur, 2010, O’Hare et 

al. 2009), however, few have considered emissions timing in regards to biomass growth within the 

biofuels life cycle (Levasseur 2013).  Typically, the negative emissions associated with biomass 

growth are calculated as if they occurred in the year the biofuels is produced.  In reality, the time 

needed to regrow trees and capture carbon could span over many years while carbon emissions 

existing in the atmosphere over that time increase the global warming impact (O’Hare 2009).  

Kendall 2012 proposed a method accounting for emissions occurring over a series of time called 

Time Adjusted Warming Potential (TAWP).  This method scales emissions occurring into the future 

to today’s realized impacts.  Levasseur et al. 2009 and 2013 proposed a similar method which reports 

emissions occurring in different years to a pulse emission occurring in year zero and was termed 

“LCAdyn”.    This method will be used to examine the implications of GHG accounting methodologies 

on net GHG emissions resulting from biofuels production from different cellulosic feedstocks.   
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7.2.3 Emission timing and global warming impact modeling 

7.2.3.1 Analytical time horizon 

The choice of temporal boundaries should be clearly stated in any LCA study.  Most often, the time 

horizon (TH) or temporal boundary for GWP is 100 years (GWP(100)).  This 100 year TH method 

has been the point of much controversy surrounding LCA methodology (Fernside 2002, Udo de Haes 

et al. 2002).  The choice to use 100 years is not a fundamental or science based decision, rather it is a 

policy decision (Levasseur 2011, Fearnside 2002, Shine 209).  In the first IPCC report (Houghton, 

1992), 100 years was chosen as a TH which was considered to be long enough that decisions made 

could inform policy and actions that could have effects within 100 years.  When considering longer 

time horizons, uncertainty surrounding methodology, calculations, and future ability to compensate 

for warming impacts increases (Fernside 2002).  As such, 100 years was chosen as a reasonable TH 

that was, almost by accident, adopted by the LCA community as a whole (Shine 2009).  Some studies 

suggest decisions and analysis should be based on shorter TH to avoid climate tipping points.  These 

studies emphasize actual reductions in warming effect occurring within the next 20-50 years (Jackson 

2009). Focusing on reductions of climate warming in the near term could potentially avoid 

irreversible effects of global warming as discussed in the IPCC 2014 report. However, policy 

decisions and carbon mitigation projects with shorter TH have the potential to increase global 

warming impacts if future emissions are released after the end of the TH.  Additionally, time horizons 

are important to  legislation such as the California low carbon fuel standard (LCFS) requiring a 10% 

reduction in transportation fuels’ average GWI by 2020 and EISA requiring 21 billion gallons of 

“advanced renewable fuels” that achieve a 50% reduction in GWI compared to conventional fossil 

fuel based fuels.  Neither legislation defines a specific time in which the GWI should be calculated 

(Levasseur 2013). 

Within the literature there is a general consensus of using a 100 year TH, however, there is little 

consensus on how to apply temporal boundaries consistently to emissions occurring across a lifecycle 

of a product (Kendall 2009, Levasseur 2009 & 2013).  Since many products have an extended use 

phase, emissions occurring throughout the use phase and the end of life occur much later in the 100 

year TH.  When emissions occur after the 100 year TH, they are often not considered within the 

study. To further explain this concept, emission timing of a household can be seen in Figure 7-1 with 

the traditional temporal boundary system as depicted by Levasseur 2009.  The dotted lines represent 

the beginning and end of the 100 year TH.  The building life cycle is depicted as occurring over 75 
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years.  The construction of the house would release emissions in year 1 and would have a warming 

effect over the 100 years.  Emissions associated with heating and cooling the house during the use 

phase would occur from year 1 to year 75.  The deconstruction and end of life emissions of the house 

are released in year 75.  Following the traditional GHG accounting methods, the emissions occurring 

in all years would be summed and considered as an emission in year 1.  This traditional method 

creates inconsistencies in the temporal boundaries as much of the warming impact from emissions 

occurring in later years is beyond the temporal boundary of the study.  Accounting for the warming 

effect of the emission arrows inside the dotted boundary would yield a consistent temporal boundary.  

Otherwise, the real temporal boundary would span over 175 years, or 100 years after the last emission 

of the house end of life.   

 

 

Figure 7-1: Traditional LCA time scoping inconsistency for emissions occurring throughout a 75 

year product life cycle (Levasseur et al. 2009) 
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7.2.3.2 Greenhouse gas emission decay  

The warming effect of GHG emissions is a function of several aspects including gas concentration, 

time considered, and the radiative efficiency.  Within this section, GHG emission concentration 

modeling will be reviewed as a foundation for climate change GWI calculations that will be expanded 

upon in later sections.   

When a pulse emission occurs at a point in time, the initial mass of the GHG begins as the mass 

emitted, however, this mass decreases as the GHG degrades or is removed from the atmosphere.  

GHGs listed in the IPCC decay at different rates and into different substances, some of which are also 

GHGs.  The Bern Carbon Cycle model (Bern CC) consisting of chemistry, radiative forcing, climate, 

and carbon cycle modules is generally used to determine the parameters used to determine GHG 

concentration as a function on time (Joos et al. 2001).  GHG concentrations are modeled with two 

types of equations and different parameters specific to each GHG.  Carbon dioxide concentration as a 

function of time is expressed by equation 7-1, 

𝑪(𝒕) = 𝒂𝟎 +   ∑ 𝒂𝒊𝒆
−𝟏/𝝉𝒊𝟑

𝒊=𝟏          (7-1) 

ao=0.217, a1=0.259, a2=0.338, a3=0.186 τ1=172.9 years, τ2 =18.51 years, τ3 =1.186 years 

where C(t) is the concentration of CO2 at a specific year using the above parameters.  The 

concentration of CO2 is influenced by different factors compared to the other GHGs as it is a more 

chemically stable molecule and the concentration of CO2 is reduced through absorption and 

geological processes.  The concentration of other GHGs can be modeled using equation 7-2, 

𝑪(𝒕) = 𝒆−𝟏/𝝉                                 (7-2) 

where τ is the adjusted lifetime. GHG decay can be observed by plotting the mass of GHG existing in 

the environmental as a function of time after an initial 1kg pulse emission at time zero, Figure 7-2.  

Methane decays quicker than dinitrogen oxide and carbon dioxide.  Carbon dioxide, however, never 

fully decays after an equilibrium is reached at 0.217 kg of the original 1 kg. 
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Figure 7-2: Concentration as a function of time for three common greenhouse gases after a 1kg 

pulse emission at time zero. 

 

7.2.3.3 Radiative forcing and global warming potential 

7.2.3.3.1 Radiative forcing 

The IPCC 2013 report uses two different parameters to describe the radiative forcing of GHG 

emissions.  Radiative forcing (RF) was originally used by the IPCC, but the effective radiative forcing 

(EFR) was later developed to include additional feedback mechanisms for the warming impacts of 

GHG emissions.  The RF is defined as “the change in net downward radiative flux at the tropopause 

after allowing for stratospheric temperatures to readjust to radiative equilibrium, while holding 

surface and troposphereic temperatures and state variables such as water vapor and cloud cover fixed 

at the unperturbed values” (IPCC 2013).  This parameter has been used to model the impacts of GHG 

emissions, however, the change in water vapor and cloud cover due to the GHG emissions are not 

modeled.  This exclusion is less important for modeling the impacts of CO2 as the emission does not 

change the upper atmosphere water vapor and cloud cover as much as aerosols and methane (IPCC 

2013).  Aerosols and methane both affect the cloud cover and water vapor in the stratopause which 

can lead to additional GHG impacts.   
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To incorporate the additional impacts of perturbed water vapor and cloud cover, the ERF parameter 

was introduced to model radiative forcing including these additional variables or interactions. The 

definition of the EFR is “the change in in net temperature at top atmosphere (TOA) due to downward 

radiative flux after allowing for atmospheric temperatures, water vapor and clouds to adjust, but with 

surface temperatures or a portion of surface conditions unchanged.” (IPCC 2013)  When comparing 

the accuracy of these two parameters, the IPCC indicated that the EFR was +/- 20% of the RF, 

however, the direction of this difference was not indicated stating that “we have medium confidence 

in this based on our understanding that physical processes responsible for the differences between 

EFR and RF are small enough to be covered within the 20% uncertainty.” (IPCC 2013)  For the 

purposes of this analysis, the RF was used to model the impacts of emissions through time.  If the 

EFR parameter was used instead, it is postulated that similar trends and conclusions would be drawn 

as the results described herein are most dependent on the amount of time the emission exists in the 

environment within the temporal scope. 

7.2.3.3.2 Cumulative radiative forcing  

The cumulative radiative force is defined as the warming effected created by a GHG in the 

atmosphere over an analytical time horizon, equation 7-3. The αi represents the radiative efficiency 

for a species of gas and Ci represents the decay function for the species of gas as a function of time.  

Additionally, the cumulative radiative force is also referred to as the absolute warming potential 

(AGWP).   

 

The relationship between instantaneous and cumulative impacts can be seen in Table 7-1, where the 

sum of the instantaneous impact of year one and year two equals the cumulative impact in year two.  

As time increases, the pulse emission continues to warm until the concentration decreases to zero, 

which for CO2 would never occur.  In Table 7-1, only a 10 year time horizon was chosen for purposes 

of explanation and demonstration of key concepts. 

𝑨𝑮𝑾𝑷 = 𝑪𝑹𝑭 = ∫ 𝜶𝒊
𝑻𝑯

𝟎
𝑪𝒊(𝒕)𝒅𝒕          (7-3) 
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Table 7-1:  The instantaneous and cumulative impact of 1kg CO2 emitted in year 1as a function of 

time. 

Year Instantaneous Cumulative 
 Radiative Forcing Radiative Forcing 

  W.m-2 W.m-2 

1 1.69E-15 1.69E-15 

2 1.53E-15 3.22E-15 

3 1.44E-15 4.65E-15 

4 1.38E-15 6.04E-15 

5 1.34E-15 7.38E-15 

6 1.31E-15 8.69E-15 

7 1.28E-15 9.97E-15 

8 1.26E-15 1.12E-14 

9 1.23E-15 1.25E-14 

10 1.21E-15 1.37E-14 

 

 

7.2.3.3.3 Global warming potential 

Since some GHGs, such as methane, have higher warming potentials and different decay 

characteristics, the IPCC created the GWPs to relate the impacts of different GHGs to the equivalent 

impacts of a single kg of CO2 released at time zero.  The GWP is also referred to as a characterization 

factor for a GHG.  To determine the GWP of a gas, the cumulative radiative force is divided by the 

cumulative radiative force of 1kg of CO2 to yield the GWP of an emissions over a specific period of 

time (TH), equation 7-4.    

 

The GWP of methane is listed in Table 7-2 for each year up to a TH of 10 years.  As described in 

Table 7-2, the cumulative radiative force of a GHG, methane in this case, divided by the cumulative 

radiative forcing of carbon dioxide yields the GWP(TH).  Typically, the GWP of methane is reported 

as 25 times greater than carbon dioxide when calculated over a 100 year TH (IPCC 2007).  In this 

case, the calculation stops at a TH of ten years where the GWP is 91 times higher than carbon 

dioxide.  As the original one kg of methane decays at a faster rate than carbon dioxide, the GWP of 

methane decreases to approximately 25 kg CO2eq at 100 years. 

 𝑮𝑾𝑷𝒊
𝑻𝑯 =

∫ 𝜶𝒊
𝑻𝑯

𝟎
𝑪𝒊(𝒕)𝒅𝒕 

∫ 𝜶𝑪𝑶𝟐
𝑻𝑯

𝟎
𝑪𝑪𝑶𝟐(𝒕)𝒅𝒕 

       (7-4) 
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Table 7-2:  Radiative forcing of carbon dioxide and methane with GWP as a function of time 

Year Carbon dioxide Methane Dinitrogen oxide 

 Instantaneous Cumulative Instantaneous Cumulative GWP (t) Instantaneous Cumulative GWP (t) 

 impact impact impact impact  impact impact  

  W.m-2 W.m-2 W.m-2 W.m-2 kg CO2 eq W.m-2 W.m-2 kg CO2 eq 

1 1.69E-15 1.69E-15 1.75E-13 1.75E-13 103 3.87E-13 3.87E-13 229 

2 1.53E-15 3.22E-15 1.61E-13 3.35E-13 104 3.84E-13 7.71E-13 240 

3 1.44E-15 4.65E-15 1.48E-13 4.84E-13 104 3.81E-13 1.15E-12 247 

4 1.38E-15 6.04E-15 1.37E-13 6.21E-13 103 3.77E-13 1.53E-12 253 

5 1.34E-15 7.38E-15 1.26E-13 7.47E-13 101 3.74E-13 1.90E-12 258 

6 1.31E-15 8.69E-15 1.16E-13 8.63E-13 99 3.71E-13 2.27E-12 262 

7 1.28E-15 9.97E-15 1.07E-13 9.70E-13 97 3.67E-13 2.64E-12 265 

8 1.26E-15 1.12E-14 9.90E-14 1.07E-12 95 3.64E-13 3.01E-12 268 

9 1.23E-15 1.25E-14 9.14E-14 1.16E-12 93 3.61E-13 3.37E-12 270 

10 1.21E-15 1.37E-14 8.43E-14 1.25E-12 91 3.58E-13 3.72E-12 272 

 

 

To determine the GWI of a GHG emission for non-carbon dioxide emissions, the GWP for the 

specific GHG is multiplied by the mass of the emission, equation 7-5, where GWP is the global 

warming potential of gas i at TH.   

   

The relationship between analytical TH and GWP of the three most common GHG emissions can be 

seen in Figure 7-3.  Interestingly, the GWP of dinitrogen oxide has an inflection point at 58 years.  

This peak is a result of the ratio of the decay rates of dinitrogen oxide and carbon dioxide.  In year 38, 

the ratio of instantaneous radiative force of dinitrogen oxide to carbon dioxide reaches its maximum 

of 329, before it begins to decrease.  The maximum in instantaneous radiative forcing ratio creates an 

inflection point in the GWP of dinitrogen oxide around year 58.  After 58 years, the GWP decreases 

with time.  As apparent in Figure 7-3, the selection of time horizon has large impacts on global 

warming equivalents used in GHG emission characterizations.   

𝑮𝑾𝑰 (𝑪𝑶𝟐 𝒆𝒒. ) = 𝒎𝒂𝒔𝒔 𝒐𝒇 𝒆𝒎𝒊𝒔𝒔𝒊𝒐𝒏𝒊 × 𝑮𝑾𝑷(𝑻𝑯)𝒊         (7-5) 
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Figure 7-3: Global warming potential (GWP(t)) for three common greenhouse gasses as a function 

of time horizon 

 

7.3 Methods 

7.3.1 Dynamic greenhouse gas modeling 

The traditional GHG accounting methods as described in the introduction are commonly used and 

work well when life cycle GHG emissions occur over a short period of time or within one year.  As 

product life cycles span over many years, the standard method of GHG modeling does not accurately 

reflect the impacts over the analytical TH due to inconsistent temporal boundaries.  To address this 

issue, a new method was introduced by Levasseur et al. 2008 which correctly calculates the impacts 

of emissions of a product life cycle within a consistent temporal scope.  

In traditional GHG modeling with an analytical TH of 100 years, characterization factors are based on 

an emission existing in the environment for 100 years.  This characterization assumption is correct 

when emissions occur in year zero, however, for emissions occurring at year 50, for example, the 

characterization factor should be based the emission existing in the environment for only 50 years to 

be consistent with the 100 year TH temporal scope.  Dynamic LCA, as defined by CIRAG, a LCA 

research center, accounts for the temporal distribution of emissions using a dynamic inventory. This 

inventory list GHG emission flows by year over the scope of the project.  The dynamic inventory can 
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then be multiplied by the dynamic characterization factor (DCF), Equation 7-6, for each specific year 

and GHG flow.  The DCF can also be referred to as the AGWP of the emission occurring in a given 

year Equation 7-6.  This equation specifically calculates the atmospheric radiative forcing occurring 

in one year [W.m2. kg-1] t years after a 1kg emission of GHG i.  

 

For a 1 kg pulse emission of GHG (i), Table 7-3 lists the DCFs for years one through ten after the 

emission occurred.  

 

Table 7-3: Dynamic Characterization factors (DCF) for common GHG emissions as a function of 

time for years 1-10. 

DCF CO2 CH4 N2O 

Time since emission W.m-2.kg-1 W.m-2.kg-1 W.m-2.kg-1 

1 1.69E-15 1.75E-13 3.87E-13 

2 1.53E-15 1.61E-13 3.84E-13 

3 1.44E-15 1.48E-13 3.81E-13 

4 1.38E-15 1.37E-13 3.77E-13 

5 1.34E-15 1.26E-13 3.74E-13 

6 1.31E-15 1.16E-13 3.71E-13 

7 1.28E-15 1.07E-13 3.67E-13 

8 1.26E-15 9.90E-14 3.64E-13 

9 1.23E-15 9.14E-14 3.61E-13 

10 1.21E-15 8.43E-14 3.58E-13 
 

 

The instantaneous global warming impact GWIinst(t), occurring at a given time t, is obtained by 

summing the instantaneous radiative forcing occurring at time t caused by each previous life cycle 

GHG emission.  This is determined by multiplying each emission by the dynamic characterization 

factor calculated for the period elapsed between the emissions and time t, Equation 7-7.  The 

GWIcum(t) is the sum of the GWIinst calculated for all the previous years, Equation 7-8. The GWIcum 

calculates the total amount of increased radiative forcing as a result of the life cycle GHG emissions 

occurring over or TH.   

𝑫𝑪𝑭(𝒕)𝒊𝒏𝒔𝒕 = ∫ 𝒂𝒊  × 𝑪𝒊(𝒕)𝒅𝒕
𝒕

𝒕−𝟏
         (7-6) 
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To compare the impacts of GHG emissions released over a period of time to the impacts of emissions 

released at year zero, the GWIcum  can be divided by the cumulative radiative forcing of 1 kg CO2 

pulse emission released at time zero to get the relative GWI, LCAdyn (in kgCO2-eq), Equation 7-9.  

The relationship of GWIcum to the GWI of a pulse emission is similar to the GWP calculation seen in 

Equation 7-4.  

𝐺𝑊𝐼𝐼𝑛𝑠𝑡(𝑡) = ∑ [𝑔 𝐶𝑂2(𝑖) × 𝐷𝐶𝐹𝐶𝑂2(𝑡 − 𝑖)] + ∑ [𝑔 𝐶𝐻4(𝑖) × 𝐷𝐶𝐹𝐶𝐻4(𝑡 − 𝑖)]𝑡
𝑖=0 + ⋯𝑡

𝑖=0    (7-7) 

 

𝐺𝑊𝐼𝑐𝑢𝑚(𝑡) = ∑ 𝐺𝑊𝐼𝑖𝑛𝑠𝑡(𝑖)𝑡
𝑖=0     (7-8) 

 

𝐿𝐶𝐴𝑑𝑦𝑛 =
𝐺𝑊𝐼𝑐𝑢𝑚(𝑇𝐻)

∫ 𝑎𝑐𝑂2×𝐶(𝑡)𝐶𝑂2
𝑇𝐻

0
𝑑𝑡

       (7-9) 

The above equations developed by Levasseur et al. 2009, 2012, are useful to concisely describe the 

underlying principles of dynamic LCA, however, an example table of the above parameters can be 

beneficial in understanding the many components.  Table 7-4 provides an example of all the 

calculations for a dynamic inventory of 1 kg CO2 released for 10 consecutive years.  The highlighted 

blue cells represent a 1kg emission of CO2 in the corresponding year for a total of 10 distinct 

emission flows.  The impacts of these emission flows are calculated for time horizons from 1 to 20 

years, however, the same method would be used to calculate impacts for any TH. The rows left of the 

double line in the table list the instantaneous impact resulting each distinct emission flow or dynamic 

characterization factor, Equation 7-6. For a given year, values in columns left of the double line are 

summed to calculate the GWIinst in the given year, Equation 7-7.  The GWIcum in year 1 is equal to the 

GWIinst, however, for the following years the GWIcum is equal to the GWIinst for year t plus the 

GWIcum from the previous year, 6-8.   To attain the LCAdyn value, the GWIcum of the dynamic 

inventory is divided by the GWIcum of a 1 kg CO2 pulse emission, Equation 7-9. 
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Table 7-4: Dynamic LCA calculation for a 1kg per year for 10 year dynamic inventory.  Blue cells represent the year in which a 1kg 

pulse emission occurs.  The greyed cells represent years in which the total of 10 kg CO2 have not yet been emitted. 

  GWIinst  GWIinst  GWIinst  GWIinst  GWIinst  GWIinst  GWIinst  GWIinst  GWIinst  GWIinst  
GWIinst  Total 

in year 
GWICum in 

year 
GWIcum CO2 pulse 
emission @ t=0 

LCA Dynamic 

Year W.m-2 W.m-2 W.m-2 W.m-2 W.m-2 W.m-2 W.m-2 W.m-2 W.m-2 W.m-2 W.m-2 W.m-2 W.m-2 kg CO2 eq. 

1 1.69E-15 0 0 0 0 0 0 0 0 0 1.69E-15 1.69E-15 1.69E-15 1.00 

2 1.53E-15 1.69E-15 0 0 0 0 0 0 0 0 3.22E-15 4.91E-15 3.22E-15 1.53 

3 1.44E-15 1.53E-15 1.69E-15 0 0 0 0 0 0 0 4.65E-15 9.56E-15 4.65E-15 2.05 

4 1.38E-15 1.44E-15 1.53E-15 1.69E-15 0 0 0 0 0 0 6.04E-15 1.56E-14 6.04E-15 2.58 

5 1.34E-15 1.38E-15 1.44E-15 1.53E-15 1.69E-15 0 0 0 0 0 7.38E-15 2.30E-14 7.38E-15 3.11 

6 1.31E-15 1.34E-15 1.38E-15 1.44E-15 1.53E-15 1.69E-15 0 0 0 0 8.69E-15 3.17E-14 8.69E-15 3.64 

7 1.28E-15 1.31E-15 1.34E-15 1.38E-15 1.44E-15 1.53E-15 1.69E-15 0 0 0 9.97E-15 4.16E-14 9.97E-15 4.18 

8 1.26E-15 1.28E-15 1.31E-15 1.34E-15 1.38E-15 1.44E-15 1.53E-15 1.69E-15 0 0 1.12E-14 5.29E-14 1.12E-14 4.71 

9 1.23E-15 1.26E-15 1.28E-15 1.31E-15 1.34E-15 1.38E-15 1.44E-15 1.53E-15 1.69E-15 0 1.25E-14 6.53E-14 1.25E-14 5.24 

10 1.21E-15 1.23E-15 1.26E-15 1.28E-15 1.31E-15 1.34E-15 1.38E-15 1.44E-15 1.53E-15 1.69E-15 1.37E-14 7.90E-14 1.37E-14 5.78 

11 1.19E-15 1.21E-15 1.23E-15 1.26E-15 1.28E-15 1.31E-15 1.34E-15 1.38E-15 1.44E-15 1.53E-15 1.32E-14 9.22E-14 1.49E-14 6.20 

:12 1.17E-15 1.19E-15 1.21E-15 1.23E-15 1.26E-15 1.28E-15 1.31E-15 1.34E-15 1.38E-15 1.44E-15 1.28E-14 1.05E-13 1.60E-14 6.55 

13 1.15E-15 1.17E-15 1.19E-15 1.21E-15 1.23E-15 1.26E-15 1.28E-15 1.31E-15 1.34E-15 1.38E-15 1.25E-14 1.17E-13 1.72E-14 6.84 

14 1.13E-15 1.15E-15 1.17E-15 1.19E-15 1.21E-15 1.23E-15 1.26E-15 1.28E-15 1.31E-15 1.34E-15 1.23E-14 1.30E-13 1.83E-14 7.09 

15 1.11E-15 1.13E-15 1.15E-15 1.17E-15 1.19E-15 1.21E-15 1.23E-15 1.26E-15 1.28E-15 1.31E-15 1.20E-14 1.42E-13 1.94E-14 7.31 

16 1.09E-15 1.11E-15 1.13E-15 1.15E-15 1.17E-15 1.19E-15 1.21E-15 1.23E-15 1.26E-15 1.28E-15 1.18E-14 1.54E-13 2.05E-14 7.49 

17 1.07E-15 1.09E-15 1.11E-15 1.13E-15 1.15E-15 1.17E-15 1.19E-15 1.21E-15 1.23E-15 1.26E-15 1.16E-14 1.65E-13 2.16E-14 7.66 

18 1.06E-15 1.07E-15 1.09E-15 1.11E-15 1.13E-15 1.15E-15 1.17E-15 1.19E-15 1.21E-15 1.23E-15 1.14E-14 1.77E-13 2.26E-14 7.80 

19 1.04E-15 1.06E-15 1.07E-15 1.09E-15 1.11E-15 1.13E-15 1.15E-15 1.17E-15 1.19E-15 1.21E-15 1.12E-14 1.88E-13 2.37E-14 7.93 

20 1.03E-15 1.04E-15 1.06E-15 1.07E-15 1.09E-15 1.11E-15 1.13E-15 1.15E-15 1.17E-15 1.19E-15 1.10E-14 1.99E-13 2.47E-14 8.05 
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To visually examine the relationships described in Table 7-4, Figure 7-4 plots the GWIinst, GWIcum, 

and LCAdyn of 10 kg of CO2 emitted using two different emission timings.  The emissions are released 

in two ways: (1) 10 kg released in year 1, (2) 1 kg released per year for years 1-10.  The two different 

emission scenarios result in different GWIinst where the 10kg emission at time zero has an initially 

higher GWIisnt that decreases and the 1kg emission for 10 years GWIinst increases for 10 years and 

then decreases.  The area under the GWIinst curves is equivalent to the GWIcum as shown on the figure.  

The GWIcum of the two emission scenarios are most different around 10 years; as the time horizon is 

increased, the GWIcum for the two scenarios become more similar. 

 

 

Figure 7-4: Cumulative global warming impact (GWIcum) and instantaneous global warming impact 

(GWIinst) of emitting 10 kg CO2 as a pulse emission at time zero compared to 10 1 kg yearly 

emissions as a function of time horizon. 
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Figure 7-5 plots impacts of the emissions profile relative to a 1kg pulse emission at year zero.  The 

10kg emission released at year zero scenario did not change as a function of time, however, the 1kg 

emission for 10 years was sensitive to the time horizon chosen.   With increased time horizons, the 

two scenarios become more similar.   

 

 

 

Figure 7-5: LCAdyn of emitting 10 kg CO2 as a pulse emission at time zero compared to 10 1 kg 

yearly emissions as a function of time horizon. 

 

7.3.2 System boundaries 

A cradle-to-grave system boundary was selected to examine the implications of dynamic LCA and 

emissions timing.  The system boundary used herein was the same as Daystar et al. 2015, Figure 7-6.   

Direct LUC was considered in this study, however, indirect land use change was not.  Indirect LUC 

could be significant for these biofuels types, however, the main purpose of this analysis was to 

examine the implications of methods on the overall conclusions and ranking of biofuel systems.  As 

such, the trends associated with dynamic GHG modeling of direct LUC would be similar for indirect 

LUC.  Additionally, indirect LUC is most often associated with displacing cropland for biofuels use 

Searchinger 2008.  The biofuels examined herein are cellulosic materials requiring lower quality land 

that would be less likely to displace agricultural land (Fargione 2008).   
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Figure 7-6: Cradle to grave cellulosic biofuels system boundaries and modeling methods   

 

A 100 year temporal boundary or time horizon (TH) was selected for this study, however, 25, 50, and 

500 year boundaries were also examined as a sensitivity.  The temporal boundary was consistently 

applied, only examining the warming impacts resulting within the 100 year TH.  It is noted that 

emissions would have impacts beyond 100 years, however, they would not be included as to apply the 

temporal boundaries consistently.  Figure 7-7 displays the temporal boundary of this analysis where 

arrows represent impacts of GHG emissions occurring within the TH and the grey portion of the 

arrow placed outside the dotted line (TH) are not included in the calculations.  

The selection of time horizon has significant implications to the results and to the utility of the 

analysis (Levasseur 2009).  Shorter TH weight GHG emissions occurring earlier in the life cycle 

much greater than emissions occurring later, or closer to the end of the TH.  This weighting of 

emissions occurring in the first few years of a TH could potentially encourage fossil-fuel emissions if 

there was some component of temporary carbon storage that extended beyond the system boundaries 

(Brando 2013).  Longer TH do not emphasize the urgency of global climate change and potential 

tipping points that could occur within the next 20-50 years with unabated GHG emissions 

(IPCC2014). GHG mitigation projects associated with initial positive GHG emissions followed by 

GHG reductions for a period of time into the future, photovoltaic for example or biofuels with an 
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initial LUC, would be favored using longer TH, however, they could potentially reduce GHG 

emissions after critical tipping points have already been reached.   

The choice of an appropriate time horizon from a scientific standpoint is not possible according to 

Brando et al. 2013 and Shine 2009.  Shine 2009, a lead author of the first IPCC report which first 

proposed GWP concept, indicated that the 100 year TH choice was purely subjective and a policy 

driven decision.  Since the first IPCC report’s use of characterization factors for a 100 year TH, it has 

become common place and widely accepted to use a 100 year TH (Bando et al. 2013).  This 

assumption, however, has been challenged in controversial studies such as Searchinger et al. 2008 

where a 30 year TH was chosen.  The 30 year time horizon used by Searchinger et al. 2008 weighted 

the LUC resulting from biofuels production and discounted future emissions savings from biofuel use 

more than a 100 year or a 500 year TH would.  Typically, as a result of shorter TH where LUC is 

considered, biofuels are found to contribute more to global warming (Searchinger et al. 2008, 

Levasseur et al. 2009). 

 

 

Figure 7-7: Temporal boundary for biofuels production and use.  Emissions occurring outside the 

100 year boundary are shown in grey 
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7.3.3 Dynamic life cycle inventory 

To examine the implications of GHG accounting methodology on the net GWI of a biofuels system, 

both the GWP and the LCAdyn methods are applied to determine the GWI of bioethanol produced 

from 6 different biomass types. This analysis examined biofuels made from loblolly pine, eucalyptus, 

unmanaged hardwoods, switchgrass and two sweet sorghum conversion options.  Feedstock 

production GHG emissions from Daystar et al. 2014 (Chapter 2) and the ethanol conversion data and 

emissions from Treasure et al. 2014 and Daystar et al. 2015 were used to quantify the life cycle GHG 

emissions. 

Since the emissions for the different fuel scenarios can span a 51 year period of time, it is beneficial 

to list operations required to produce biofuel in relation to time, Table 7-5 and Table 7-6.  Table 7-5 

lists a dynamic inventory for the emission timing assumption of planting at time zero.  Life cycle 

operations are listed for each year as well as the associated net emissions. In this section of the 

analysis, land use change (LUC) was not considered in the tables, however, it was explored in later 

sections.  Table 7-6 lists the dynamic inventory and life cycle operations for the timing assumption of 

cutting the biomass at year zero.  It is acknowledged that fossil fuel would be used until the year 

when the biomass is harvested, converted into fuel, and burned used. This delay of potential emission 

reductions due to time zero assumptions was not accounted for herein. 

7.3.4 Land use change analysis methods 

LUC emissions have been analyzed fairly extensively using various methods of dynamic GHG 

accounting.  Some of these methods capture the dynamic aspects of LUC (O’Hare 2009, Costa 2000, 

Kendall 2008) while others do not (Gibbs 2008, EISA 2007, Bauen 2009). The work herein models 

LUC emissions and biofuel life cycle emissions over a production time period of 500 years, however, 

it is acknowledged that this time period is larger than would be used in practical application and was 

chosen to demonstrate fundamental aspects of dynamic GHG accounting of LUC.   When modeling 

LUC emissions, both the analytical TH and the production period are important.  A production period 

can be defined as the time (years) that a biofuels facility will produce fuel. Within this work, the 

minimal production period to offset the initial LUC emission was calculated when positive LUC 

emissions occurred.   
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7.3.4.1 LUC emissions 

The Forestry Industry Carbon Accounting Tool (FICAT) was used to determine the LUC emission 

associated with the production of 1 MJ of fuel from each feedstock source.  The FICAT model LUC 

calculations are based on the IPCC (IPCC 2007) but were modified to reflect the feedstock production 

system as modeled in Daystar et al. 2014.  Table 7-7 lists the carbon pools and parameters used to 

calculate the land use change for converting cropland to managed forest growing loblolly pine and 

eucalyptus. Biomass requirements for bioethanol production listed in Table 7-7 were based on the 

biochemical conversion pathway (Humbird et al. 2011).  To model the LUC dynamically through 

time, the total LUC emission was divided by the rotation cycle of each biomass type and attributed 

equally to each year in the first growing cycle.  After the first growing cycle, the carbon pools are 

considered to be at equilibrium.   
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Table 7-5: Required operations and timing for cellulosic ethanol production assuming feedstocks 

are planted at year 1. No land use change considered and all emissions are listed in kg CO2 per MJ 

listed in the year the actual emissions occur. (E=establishment, G=biomass growth, H=harvesting, 

P=fuel production, U=fuel use) 

Year Pine Eucalyptus Unmanaged Hardwood 

1 4.00E-02 E, G -5.69E-02 E, G -4.47E-03 G 

2 -4.82E-02 G -6.24E-02 G -4.47E-03 G 

3 -4.82E-02 G -6.24E-02 G -4.47E-03 G 

4 -4.82E-02 G -6.24E-02 G -4.47E-03 G 

5 -4.82E-02 G 2.61E-01 H, P, U -4.47E-03 G 

6 -4.82E-02 G   -4.47E-03 G 

7 -4.82E-02 G   -4.47E-03 G 

8 -4.82E-02 G   -4.47E-03 G 

9 -4.82E-02 G   -4.47E-03 G 

10 -4.82E-02 G   -4.47E-03 G 

11 -4.82E-02 G   -4.47E-03 G 

12 -4.82E-02 G   -4.47E-03 G 

13 5.11E-01 H, P, U   -4.47E-03 G 

14     -4.47E-03 G 

.     -4.47E-03 G 

.     -4.47E-03 G 

50         2.51E-01 H, P, U 
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Table 7-6: Required operations and timing for cellulosic ethanol production assuming feedstocks 

are harvested at year 1. No land use change considered and all emissions are listed in kg CO2 per 

MJ listed in the year the actual emissions occur. (E=establishment, G=biomass growth, 

H=harvesting, P=fuel production, U=fuel use) 

Year Pine Eucalyptus Unmanaged Hardwood 
1 5.11E-01 H, P, U 2.61E-01 H, P, U 2.51E-01 H, P, U 
2 4.00E-02 E, G -5.69E-02 E, G -4.47E-03 G 
3 -4.82E-02 G -6.24E-02 G -4.47E-03 G 
4 -4.82E-02 G -6.24E-02 G -4.47E-03 G 
5 -4.82E-02 G -6.24E-02 G -4.47E-03 G 
6 -4.82E-02 G   -4.47E-03 G 
7 -4.82E-02 G   -4.47E-03 G 
8 -4.82E-02 G   -4.47E-03 G 
9 -4.82E-02 G   -4.47E-03 G 

10 -4.82E-02 G   -4.47E-03 G 
11 -4.82E-02 G   -4.47E-03 G 
12 -4.82E-02 G   -4.47E-03 G 
13 -4.82E-02 G   -4.47E-03 G 
14     -4.47E-03 G 
.     -4.47E-03 G 
.     -4.47E-03 G 

50         -4.47E-03 G 
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Table 7-7: Land use change calculations for production of 1 MJ of fuel for pine and eucalyptus 

grown on land previously used for cropland (Sources: IPCC and FICAT were used for all LUC 

values other than forest above ground biomass which was taken from Daystar et al. 2014.)  

Carbon pools Cropland Pine Eucalyptus Units 

Root carbon  21 16 tonnes C/ha 

Forest litter  22 13 tonnes C/ha 

Soil carbon 88 88 88 tonnes C/ha 

Above ground biomass 7 106 36 tonnes C/ha 

Total pool 95 237 153 tonnes C/ha 

LUC carbon stock change emission  -142 -58 tonnes C/ha 

LUC CO2 emission  -522 -212 tonnes CO2/ha 

Biomass productivity  17.1 17.6 Dry tonne/ha 

Land required to make 1 MJ fuel   2.03E-05 8.50E-06 Hectares 

LUC emission   -10.6 -1.81E kg CO2 per MJ fuel 

Growth cycle  12 4 years 

LUC emission per year for the first growth cycle   -8.83E-01 -4.51E-01 kg CO2 per MJ fuel 

 

 

7.3.4.2 Temporal production modeling  

As demonstrated in the introduction, emission timing can significantly influence the overall 

conclusions of a GHG analysis.  To clearly communicate the emissions associated with each year and 

life cycle operation, Table 7-8 and Table 7-9 list emissions and operations associated with each year 

of biofuel production and the equivalent gasoline system.  The inventory lists included here display at 

least the first and second growth cycles as they are same. All the growth and production cycles after 

the first are not unique and repeat until year 500.  It should be noted that gasoline was modeled to be 

combusted in the same year in which the biofuel was combusted.  This was important to ensure a 

consistent modeling approach. 

7.3.4.3 LUC payback period 

Biofuels from switchgrass and sweet sorghum were examined from a cradle-to-grave basis including 

LUC emissions in Daystar et al. 2014 where LUC emissions were amortized over a 100 year 

production period.   This methodology often followed does not properly calculate the impacts of large 

CO2 emissions occurring early in the fuel production cycle that remain present for the full TH chosen. 

Additionally, it may not be reasonable to assume that a biofuels production facility would produce 

biofuels for 100 years (O’Hare 2009).  As a point of reference, biofuel production financial feasibility 
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analyses generally assume project lifetimes of 10-20 years where an investor would receive a desired 

return on an investment (Treasure et al. 20014, Gonzalez et al. 2012). When examining LUC 

emission associated with biofuels, there is little consensus on the time in which to distribute the initial 

positive LUC emission.  To avoid this methodological decision with no clear scientific basis for 

decision, Levasseur et al. 2009 proposed a method examining the production time required to offset 

the initial LUC emissions through GHG emission reductions resulting from gasoline displacement 

with biofuels. 
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Table 7-8: Temporal modeling input values for land use change, production for pine, eucalyptus 

feedstocks for ethanol production with the equivalent gasoline system. 

 (G= plant growth, L= land use change, E= Establishment, H=harvest, P=biofuel production, 

U=biofuel use) 

  Pine ethanol 
From cropland 

Gasoline Eucalyptus ethanol 
From cropland 

Gasoline 

  No LUC No LUC 

Year kg CO2   kg CO2 kg CO2   kg CO2 

1 -8.74E-01 G, L, E 0 -4.46E-01 G, L, E 0 

2 -8.83E-01 G, L 0 -4.51E-01 G, L 0 

3 -8.83E-01 G, L 0 -4.51E-01 G, L 0 

4 -8.83E-01 G, L 0 -4.51E-01 G, L 0 

5 -8.83E-01 G, L 0 2.61E-01 H, P, U 9.32E-02 

6 -8.83E-01 G, L 0 -5.69E-02 G, E 0 

7 -8.83E-01 G, L 0 -6.24E-02 G 0 

8 -8.83E-01 G, L 0 -6.24E-02 G 0 

9 -8.83E-01 G, L 0 -6.24E-02 G 0 

10 -8.83E-01 G, L 0 2.61E-01 H, P, U 9.32E-02 

11 -8.83E-01 G, L 0 -5.69E-02 G, E 0 

12 -8.83E-01 G, L 0 -6.24E-02 G 0 

13 5.11E-01 H, P, U 9.32E-02 -6.24E-02 G 0 

14 -4.00E-02 E, G 0 -6.24E-02 G 0 

15 -4.82E-02 G 0 2.61E-01 H, P, U 9.32E-02 

16 -4.82E-02 G 0 -5.69E-02 G, E 0 

17 -4.82E-02 G 0 -6.24E-02 G 0 

18 -4.82E-02 G 0 -6.24E-02 G 0 

19 -4.82E-02 G 0 -6.24E-02 G 0 

20 -4.82E-02 G 0 2.61E-01 H, P, U 9.32E-02 

21 -4.82E-02 G 0 -5.69E-02 G, E 0 

22 -4.82E-02 G 0 -6.24E-02 G 0 

23 -4.82E-02 G 0 -6.24E-02 G 0 

24 -4.82E-02 G 0 -6.24E-02 G 0 

25 -4.82E-02 G 0 2.61E-01 H, P, U 9.32E-02 

26 5.11E-01 P, U 9.32E-02 -5.69E-02 G, E 0 

 

 

The payback period is similar to the requirements for the RFS2 where biofuels GHG reductions 

(% Impact change, IC) are examined at time horizons of 30, 50, and 100 years.  With payback 

periods, however, the year in which the GWI are zero across the life cycle are reported instead.  

The RFS2 and other sources (EISA 2007) suggest the use of emission net present values, or 
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discounting future emissions by set percentage.  The RFS2 indicates that discount rates of 0%, 

2% and 3% should be used for time horizons of 30, 50, and 100 years respectively, (Levasseur et 

al. 2009, EISA 2007). The choice of time horizon and discount rate are not based on science, 

rather they are a policy decision, (Levasseur 2009, Fearnside 2002, Moura Costa 2000).  There is 

much controversy surrounding the discounting futures emissions that will not be discussed at 

length here (O’Hare 2009, Nordaus 2007, Stern 2007).  The GWI NPV equation is  

𝑁𝑃𝑉 = ∑
𝐺𝐻𝐺𝑡

(1+𝑟)𝑡
𝑇𝐻
𝑡=0          (7-10) 

where GHGt is the GHG emission in year t, r is the discount rate, and t is the year.  The calculated 

values for biofuels using this method are then compared to gasoline using the same method and 

discount rate. Equation 7-11 describes the percent impact change (%IC) of using biofuels instead 

of gasoline. 

%𝐼𝐶𝑒𝑡ℎ𝑎𝑛𝑜𝑙 =
(𝑁𝑃𝑉𝑒𝑡ℎ𝑎𝑛𝑜𝑙−𝑁𝑃𝑉𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒)

𝑁𝑃𝑉𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
× 100      (7-11) 

The RFS2 has defined GHG reductions or %IC for certain types of biofuels; the minimum allowable 

%IC for cellulosic biofuel as examined here is 60%.  Within this study, the payback period using 

discount rates of 0%, 2% and 3% are calculated and compared to dynamic LCA payback periods 

where no discount rate is applied.  The life cycle emissions used to calculate payback periods are 

listed for five years in Table 7-9, where emission inventories for year 2-500 are constant.   
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Table 7-9: Dynamic emissions inventory for agricultural based biofuel including LUC emissions and life cycle operations. 

  Switchgrass Switchgrass 
Sweet sorghum 

 no washing 
Sweet sorghum  

no washing 
Sweet sorghum 

washing 
Sweet sorghum 

washing Biofuels 

 

Year 
From deciduous 

forest 
From coniferous 

forest 
From deciduous 

forest 
From coniferous 

forest 
From deciduous 

forest 
From coniferous 

forest Operation Gasoline 
Gasoline 

Operations 

1 2.44E+00 3.92E+00 3.57E+00 4.06E+00 2.48E+00 2.75E+00 G, L, E, P, U 9.32E-02 P, U 

2 1.76E-02 1.76E-02 5.86E-02 5.86E-02 3.93E-02 3.93E-02 G,L,  E, P, U 9.32E-02 P, U 

. 1.76E-02 1.76E-02 5.86E-02 5.86E-02 3.93E-02 3.93E-02 G, L, E, P, U 9.32E-02 P, U 

. 1.76E-02 1.76E-02 5.86E-02 5.86E-02 3.93E-02 3.93E-02 G, L, E, P, U 9.32E-02 P, U 

500 1.76E-02 1.76E-02 5.86E-02 5.86E-02 3.93E-02 3.93E-02 
G, L,  E, P, 

U 9.32E-02 P, U 
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7.4 Results and Discussion 

7.4.1 Non-dynamic greenhouse gas analysis    

In recent literature, the importance of dynamic life cycle inventories and emissions timing has 

challenged the simplifying assumption that the sum of past and future emissions are modeled as 

occurring at only one point in time.  The GHG inventory for the analysis herein was developed based 

on Daystar et al. 2015 which performed a non-dynamic GHG analysis as well as examined other 

TRACI impacts and interpretations methods.  Figure 7-8 and Table 7-10  report the GHG emissions 

from each process stage for the studied feedstock scenarios as determined by Daystar et al. 2015.  The 

feedstock production stage, direct conversion, and electricity emissions were most influential to the 

net GHG emission for each biofuel scenario.  In this product life cycle, the feedstock growth life 

cycle stage was the most temporally varied spanning over many years in some scenarios.  In 

comparison to other product life cycles, such as a wood house, the feedstock production, use phase, 

and end of life (EOL) all span over many years; this long life span can further bias the overall results 

and conclusions when dynamic LCA is not considered. 
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Figure 7-8: Greenhouse gas emissions by process stage for biofuels made from cellulosic materials 

for an analytical time horizon of 100 years not considering dynamic greenhouse gas accounting 

methods. 

 

Table 7-10: Cradle-to-grave life cycle emissions from the production and use of bioethanol from 

cellulosic feedstocks (all values in kg CO2 eq per MJ of fuel). 

Feedstock  Total 
Feedstock 
production 

 Conversion: 
direct  

 Conversion: 
indirect  

 Combustion and fuel 
transport  

 Electricity  

Pine -5.91E-02 -5.61E-01 5.24E-01 3.03E-02 7.46E-02 -1.27E-01 

Eucalyptus 1.67E-02 -2.40E-01 1.78E-01 1.48E-02 7.46E-02 -1.04E-02 

Natural hardwood 2.75E-02 -2.18E-01 1.59E-01 1.44E-02 7.46E-02 -2.73E-03 

Switchgrass 1.76E-02 -2.05E-01 1.61E-01 8.24E-03 7.46E-02 -2.09E-02 

Sweet Sorghum no wash 5.86E-02 -1.97E-01 1.61E-01 5.47E-03 7.46E-02 1.36E-02 

Sweet Sorghum wash 3.93E-02 -1.33E-01 8.72E-02 4.18E-03 7.46E-02 6.36E-03 

Gasoline 9.32E-02           

 

 

The Renewable Fuels Standard (RFS2) mandates biofuel production in the United States as well as 

the reduction in GWI the biofuels must achieve as compared to gasoline (EISA 207).  Figure 7-9 

reports the GHG reductions as compared to a gasoline emission of 0.0932 kg per MJ of gasoline 
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produced and used.  Under the system expansion assumption co-product treatment method, all 

scenarios achieve higher than 60% GHG reductions other than biofuels made from sweet sorghum.  

The non-dynamic GHG reductions reported here are compared in later sections to the dynamic GHG 

accounting method.   

 

 

Figure 7-9: Cradle to grave greenhouse gas reductions compared to gasoline with no emission 

timing considerations. Time horizon of 100 years and where gasoline GWP(100) is 0.0932 kg 

CO2/MJ. System expansion co-product treatment method results were used for dynamic LCA. 

South East energy grid was used as well as a biomass based energy represented by an asterisk (*). 
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these relationships are listed in the methods section and are demonstrated in Table 7-4. Both the 

instantaneous and relative impacts are shown for each feedstock scenario with the “cut at year zero” 

and “plant at year zero” starting condition assumptions. 

The instantaneous warming potential (GWIinst ) for pine biofuels cut at zero scenario had a peak in 

warming (in W*m2)   at year zero then decreased as biomass growth captured CO2 from the 

atmosphere, Figure 7-10.  Biomass growth ending in year 13 corresponds to a negative GWIinst that 

slowly approaches zero after a time period.  The GWIinst plant at time zero assumption for pine 

resulted in near mirror image of the cut at zero scenario.  Under this assumption, biomass growth 

removed CO2 from the atmosphere for the first 12 years, then released the same CO2 in biofuel 

production and use.  The area underneath the GWIinst curve represents the GWICum , or the total 

warming effect occurring as a function of time, listed on the X axis, Figure 7-11.  The GWICum at a 

given time horizon (TH), divided by the GWICum of a pulse emission of CO2 at year zero over the 

same TH, results in the warming potential relative to a pulse emission, Figure 7-12. 

 

 

Figure 7-10: Instantaneous warming impact for 1 MJ of pine based ethanol considering two 

different starting conditions as a function of time. 
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Figure 7-12 plots the relative warming potential in kg CO2 eq. as a function of TH for both cut at time 

zero and plant at time zero assumptions.  Typical GHG analysis and governmental legislation analyze 

GHG emissions over a 100 year time horizon. When comparing the relative warming potential of 

these two scenarios at TH 100, the two results noticeably different.  As the TH was increased to 500, 

the impact of emission timing was diminished and the two emission profiles converge on a single 

value.   

 

 

Figure 7-11: Cumulative warming impact for 1 MJ of pine based ethanol considering two different 

starting conditions as a function of time. 
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Figure 7-12:  Global warming impact for 1MJ of pine based ethanol life cycle for two different time 

accounting regimes as a function of analytical time horizon 

 

The GWIinst of eucalyptus based biofuels was less sensitive to the starting condition assumptions than 

the pine scenario, Figure 7-13.  The shorter four year growth cycle of eucalyptus allowed the fuel 

cycle to occur over a five year period. As the fuel cycle time period decreases, the effects of emission 

timing are reduced.  The GWIcum, Figure 7-14, plots the area under the GWIinst line and does not 

converge on a single value after 500 years.   The relative impact of 1MJ of biofuel made from 

eucalyptus was less sensitive to starting condition assumptions than the pine based biofuel, Figure 

7-15.   However, at TH of 100 years, the relative global warming potential of eucalyptus biofuels was 

different based on the starting condition assumptions.  The GWIcum increases with time, in contrast to 

the GWIcum of pine, as the net GWI per MJ of fuel was positive for ethanol made from eucalyptus.  
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Figure 7-13: Instantaneous warming impact for 1 MJ of eucalyptus based ethanol considering two 

different starting conditions as a function of time. 

 

The unmanaged natural hardwood biofuel scenario had the longest production cycle occurring over a 

51 year period.  In Figure 7-16, the GWIinst of each life cycle stage can be easily seen as they occur 

over a longer period of time and create more distinct points on the plot.  The plant at time zero 

scenario removed carbon for 50 years resulting in a steady negative GWIinst followed by fuel 

production and use which produced a steep positive increase in GWIinst.  The cut at year zero scenario 

plot had a unique shape where the initial emission occurred then was paid back over time to the point 

at which the tree growth is completed at year 51.  Interestingly, the cut at year zero GWIinst drops 

below zero from yea 45 to 80.  The GWIinst becomes negative as the initial CO2 emission decomposes 

and contributes less to the GWIinst while the tree growth emissions occurring in year t and directly 

before have more influence as they have not yet degraded to the same extent as emissions occurring 

many years before.  After year 80, the negative emissions from tree growth become less influential, as 

they have decomposed in part, and the GWIinst returns to a positive value.  The GWIcum for the 
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Figure 7-14: Cumulative warming impact for 1 MJ of eucalyptus based ethanol considering two 

different starting conditions as a function of time. 

 

 

 

Figure 7-15:  Global warming impact for 1MJ of eucalyptus based ethanol life cycles for two 

different time accounting regimes as a function of analytical time horizon 
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The unmanaged natural hardwood biofuel scenario had the longest production cycle occurring over a 

51 year period.  In Figure 7-16, the GWIinst of each life cycle stage can be easily seen as they occur 

over a longer period of time and create more distinct points on the plot.  The plant at time zero 

scenario removed carbon for 50 years resulting in a steady negative GWIinst followed by fuel 

production and use which produced a steep positive increase in GWIinst.  The cut at year zero scenario 

plot had a unique shape where the initial emission occurred then was paid back over time to the point 

at which the tree growth is completed at year 51.  Interestingly, the cut at year zero GWIinst drops 

below zero from year 45 to 80.  The GWIinst becomes negative as the initial CO2 emission 

decomposes and contributes less to the GWIinst while the tree growth emissions occurring in year t 

and directly before have more influence as they have not yet degraded to the same extent as emissions 

occurring many years before.  After year 80, the negative emissions from tree growth become less 

influential, as they have decomposed in part, and the GWIinst returns to a positive value.  The GWIcum 

for the unmanaged hardwood scenario was most sensitive to the starting assumptions and the values 

for the two timing assumptions do not converge at 500 years.   

 

 

Figure 7-16: Instantaneous warming impact for 1 MJ of natural hardwood based ethanol 

considering two different starting conditions as a function of time.   
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Figure 7-17: Cumulative warming impact for 1 MJ of unmanaged hardwood based ethanol 

considering two different starting conditions as a function of time. 
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demonstrate the inherent discounting of emissions occurring later in time.  This discounting inherent 
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increased into the thousands of years range.  This further demonstrates the importance of TH choices 

and the increased impact weighing of emissions occurring earlier in time when shorter time horizons 

are used. 
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Figure 7-18:  Global warming impact for 1MJ of unmanaged hardwood based ethanol life cycles 

for two different time accounting regimes as a function of analytical time horizon  

 

Thus far, this analysis examined biofuel made from cellulosic materials with biomass growth cycles 

ranging from four to fifty years.  Other cellulosic materials harvested yearly have also been 

considered for biofuel production, such as switchgrass and sweet sorghum.  With shorter growth 

cycles, all the emissions from growth to production occur over a one to two year time period.  Since 

the emissions occur over a shorter time period, the effects of emission timing are much less 

significant.  LUC emissions associated with feedstocks grown on agricultural lands, however, are 

sensitive to emission timing and are discussed later in this work. 

7.4.3 Dynamic GHG emissions reductions for cellulosic ethanol 

The renewable fuel standard has several biofuel qualifications based on feedstock characteristics, 

conversion process, and potential GHG reductions compared to gasoline.  Cellulosic biofuels must be 

made from approved cellulosic materials and result in a 60% reduction in GHG emissions as 

compared to gasoline.  As described in the RFS2 GHG reporting methods, Daystar et al. 2014 

determined the GHG reductions for each of the examined scenarios on a non-dynamic 100 year time 

horizon.  All scenarios achieved GHG reductions greater than 60% except for biofuels made from 

sweet sorghum, Table 7-11.  The GHG reductions compared to gasoline for the standard GWP(100) 

year accounting approach was compared to dynamic GHG accounting methods for time horizons of 

25, 50, 100, and 500 years, Figure 7-19 and Figure 7-20. 
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Table 7-11: Greenhouse gas reduction (%) compared to gasoline over different time horizons, LCA 

scope, and feedstocks  

Scenario Feedstocks No time considerations 25 year TH 50 year TH 100 year TH 500 years TH 
C

u
t 

at
 t

im
e 

ze
ro

 

Pine 163 25 100 132 158 

Eucalyptus 82 60 72 77 81 

Unmanaged hardwood 70 -107 -39 22 61 

Switchgrass 81 - - - - 

sweet sorghum no washing 37 - - - - 

Sweet sorghum washing 58 - - - - 

P
la

n
t 

at
 t

im
e 

ze
ro

 Pine 163 414 244 198 170 

Eucalyptus 82 108 93 87 83 

Unmanaged hardwood 70 N/A N/A 158 80 

Switchgrass 81 - - - - 

sweet sorghum no washing 37 - - - - 

Sweet sorghum washing 58 - - - - 

 

 

Examining the cut at time zero scenario, GHG emission reductions were all lower than the standard 

accounting method and increased with increasing time horizons, Figure 7-20.  In the cut at time zero 

scenario assumption, shorter TH more heavily weighted emissions occurring earlier (fuel 

combustions) and discount the benefit of negative emissions occurring later (tree growth).  Or in other 

words, the initial positive emission would exist in the environment causing a warming effect for a 

longer period of time than emissions occurring in later years.  The dynamic accounting method using 

a 100 year time horizon, GHG emission reductions were significantly different than the GWP(100) 

non-dynamic method.  The unmanaged hardwood scenario was most sensitive GHG accounting 

methods and the GHG reduction was 48% lower using dynamic accounting methods at a 100 year 

TH. 

The plant at time zero scenario analysis also resulted in significantly different GHG reductions at a 

TH of 100 years for the forest based biofuels, Figure 7-20.  GHG emission reductions were higher 

than the GWP(100) method as initial negative emissions from growing feedstocks are more 

influential over a TH than the positive GHG emissions occurring later in time.  These later emissions 

of fuel use, at year 51 in the case of unmanaged hardwood, would only contribute to the global 

warming impact from year 51-100 on a 100 year TH.  In the atmosphere, the warming effect of these 

emissions continues far past 100 years, but the impact occurring after 100 years would be outside the 
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temporal scope of the study and thus not counted.  When examining the GHG reductions as a function 

of time horizon for the plant at year zero scenario, Figure 7-19, the GHG reductions decrease with 

increasing TH and approach GHG reductions using the GWP(100) method.  This further illustrates 

the relationship of TH and emission timing where emission timing is more influential when a shorter 

TH is chosen. 

 It was hypothesized that the biofuel scenario ranking based on GHG reductions would change as a 

result of dynamic GHG accounting and the initial condition assumptions of cut or plant at time zero 

for TH of 25, 50, 100 and 500 years.  The ranking of biofuels scenarios GHG reductions did change 

for both scenarios when comparing cut at time zero to the plant at time zero supporting the 

hypothesis, Table 7-12.  Additionally, Figure 7-20 clearly indicates scenario ranking of GHG 

reductions based on a dynamic accounting method was different than the non-dynamic GPW(100) 

method.  The differences were most significant for the unmanaged hardwood and pine scenarios as 

they had the longest fuel production cycle.   It should also be noted that the unmanaged hardwood 

biofuels production cycle takes 51 years to complete.  As such, the plant at time zero GHG reductions 

do not compute for TH 25 and 50 as the biofuel combustion has not yet occurred.  Additionally, tree 

growth for the unmanaged hardwood cut at time zero scenario does not recapture carbon released 

during fuel production and use until year 51.  As a result of an incomplete biofuel production cycle, 

cut at time zero GHG reduction values are negative for TH 25 and 50 years for unmanaged hardwood.  

This concept of initial emission offset by later emission reductions is further explored in the land use 

change section. 
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Table 7-12: Biofuel scenario ranking based on GHG reductions compared to gasoline for different 

time horizons, time zero assumptions, and GHG accounting methodologies.  Shaded cells represent 

scenarios in which the ranking changed. 

  
Non dynamic 

Dynamic GHG accounting  

 Cut at time zero Plant at time zero 

Time horizon (years) GWP(100) 25 50 100 500 25 50 100 500 

Pine 1 5 1 1 1 1 1 1 1 

Eucalyptus 2 2 3 3 3 2 2 3 2 

Switchgrass 3 1 2 2 2 3 3 4 3 

Unmanaged hardwood 4 6 6 6 4 N/A N/A 2 4 

Sweet sorghum washing 5 3 4 4 5 4 4 5 5 

Sweet sorghum no washing 6 4 5 5 6 5 5 6 6 
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Figure 7-19: GHG reduction compared to gasoline for different biofuel scenarios and methodology 

assumptions.  Plant at time zero vs cut at time zero impacts for each feedstock scenario and time 

horizons. 

 

. 
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Figure 7-20: GHG reduction compared to gasoline for different biofuel scenarios and methodology 

assumptions. Cut at time zero compared to plan at time zero for TH of 100 years. 

 

7.4.4 Dynamic GHG accounting of land use change 

7.4.4.1 Forest based biofuel LUC and life cycle emission impacts 

To examine the impacts of LUC emissions and biofuels production over a period of time, a dynamic 

inventory and list of operations were determined (see Table 7-8 and Table 7-9).   With this dynamic 

inventory, GWIinst can be calculated as a function of time for both gasoline and ethanol, Figure 7-21.  

In the case of pine based ethanol, the initial negative LUC emission drives the GWIinst trend with 

largely negative values then slowly increasing to a steady level.  The GWIinst of the LUC emissions 

occur in each year over the 500 year period and are added to the GWIinst associated with the 

production and use of pine based biofuel for each year.  The tree growth is shown as the negative 

sloped portion of the ethanol from pine series.  The fuel combustions impacts are represented by the 

positive or nearly vertical slopes occurring every 12 years.  The pine based biofuel scenario results 
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are somewhat unique as the GWIinst remains negative due to the negative emission or emissions offset 

associated with electricity production as the co-product treatment methodology of system expansion 

was used.    

In the case of gasoline, the GWIinst also resulted in a saw tooth shaped plot. This behavior can be 

explained by the positive GHG emission associated with gasoline production and use every 13 years 

followed by the slow decay of these emissions.  Since the emissions do not fully decay within this 

time period (500 years), the overall GWIinst trend had an overall positive slope. 

The ratio of the GWIcum for the biofuels life cycle divided by the GWIcum of a 1kg CO2 pulse emission 

at time zero, or LCAdyn, is plotted in Figure 7-22.  The negative pine LUC emissions created large 

negative impacts in the initial years followed by a continued negative impact associated with fuel 

production and use.  Figure 7-22 indicates that the conversion of crop land to loblolly pine for biofuel 

production would create large negative emissions into the future. 
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Figure 7-21: Instantaneous impact of GHG emissions from LUC and biofuel production as a 

function of time.  LUC from cropland to pine plantation.  Activities and dynamic life cycle 

inventory defined in Table 7-8 using system expansion. 
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Figure 7-22: Relative impact of emissions from biofuel production as a function of time horizon.  

Production is held constant throughout the 500 year period. 

 

The eucalyptus based biofuel system was also modeled throughout time, Table 7-8.  Large negative 

GWIinst were also associated with the conversion of crop land to eucalyptus, Figure 7-23.  In contrast 

to the pine based biofuel scenario, the contribution of negative LUC emissions combined with the 

overall positive biofuel production and fuel emission drive the overall trend to a positive value.  The 

overall positive slope is, however, not as large as the slope for the equivalent gasoline system.  When 

examining the LCAdyn, the combined LUC and eucalyptus based biofuel production life cycle impacts 

are negative, however, would eventually become positive but would always be less than the 

equivalent gasoline system impacts, Figure 7-24.   
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Figure 7-23: Instantaneous warming effect of ethanol made from eucalyptus and gasoline as a 

function of time 

 

 

Figure 7-24: Relative impact of emissions from biofuel production as a function of time horizon.  

Production is held constant throughout the 500 year period. 
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7.4.4.2 Agricultural based biofuel LUC and life cycle emissions modeling 

7.4.4.2.1 Dynamic GHG accounting 

Biofuels made from switchgrass with LUC conversion from coniferous natural forest and deciduous 

natural forest produced a large positive GHG emissions at time zero, Figure 7-25.  This emission at 

time zero was greater than the emission associated with the production and use of gasoline on a per 

energy basis.  When biofuels and gasoline production and use are modeled into the future, the 

switchgrass based biofuel produced higher GHG emissions per MJ of fuel than gasoline for 57 and 91 

years for the coniferous and deciduous natural forest LUC scenarios, respectively.  After these time 

periods, the biofuels created a net global warming benefit as compared to gasoline use.  The time 

period required to create a net benefit is defined as the payback period and is listed in Table 7-13 for 

each agricultural based biofuel scenario analyzed.  The payback period can be visually observed at 

the intersection of the LCAdyn for the gasoline and the biofuel scenarios in, Figure 7-26, and Figure 

7-27.   

Examining the LUC emission payback period further, several key parameters primarily influenced the 

results.  The payback period was a function of the initial LUC GHG emission per MJ of fuel and the 

cradle-to-grave GHG emissions per MJ of fuel.  Additionally, the gasoline emissions are constant for 

each of the scenarios.  Switchgrass fuel scenarios had a high initial LUC emission, but also had a 

shallow or lower slope. The slope of this line was correlated to the emissions per year where a smaller 

slope indicates lower emissions per year.  The emission profile of sweet sorghum washing scenario 

had a lower LUC emission due to high biomass to alcohol yield, but had a higher slope. This higher 

slope increased the time needed to pay back the initial LUC emission.  The sweet sorghum no 

washing scenario had lower yields resulting in higher LUC emissions.  The no wash scenario also had 

higher GHG emissions per MJ of fuel and thus a steeper or great slope.  This increased the payback 

period in this scenario was the highest examined in this study. All payback periods were much greater 

than the 10-20 year project lifetimes typically used for financial analysis and forecasting.     
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Figure 7-25: Relative impact of emissions from switchgrass based biofuel production and LUC as a 

function of time horizon. Production is held constant throughout the 500 year period  

 

7.4.4.2.2 Net present value GHG emission discounting comparison 
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do not.  Without dynamic characterization factors, net GHG decrease resulting from biofuel use is 
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warming impact of LUC would never be overcome by GHG savings from the biofuels production and 

use.  Using the 3% discount rate, only the switchgrass from deciduous natural forest scenario 

achieved a pay back, at 87 years.  All the other scenarios using a 3% discount did not achieve a 

payback period.   

 

 

Figure 7-26: Relative impact of emissions from sweet sorghum with no biomass washing based 

biofuel production and LUC as a function of time horizon. Production is held constant throughout 

the 500 year period 
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Figure 7-27: Relative impact of emissions from sweet sorghum with biomass washing based biofuel 

production and LUC as a function of time horizon. Production is held constant throughout the 500 

year period 

 

Table 7-13:  LUC emission break even time based on GHG emission from gasoline and biofuels.  
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7.5 Conclusions 

The global warming impact (GWI) of greenhouse gas emissions resulting from the production and 

use of biofuels produced from loblolly pine, eucalyptus, and unmanaged hardwood was very sensitive 

to the GHG accounting method employed.  GHG accounting methods did not influence GWI of 

biofuels produced from switchgrass and sweet sorghum as these feedstocks are grown and used 

within a one year period. Biofuel scenarios with longer growth cycles were more sensitive to the 

GHG accounting method used.  The use of dynamic LCA at a time horizon of 100 years determined a 

different biofuels scenario ranking based on GHG reductions as compared to gasoline.  Biofuel 

scenario ranking was also highly sensitive to time horizon and time zero assumptions.  The choice of 

time horizon has been shown to be a policy rather than a science based decision. Shorter time 

horizons increase the influence of emission timing by implicitly weighting emissions occurring 

towards the beginning of the product life cycle while decreasing impacts of GHG emissions occurring 

closer to the end of the TH. Global warming impacts (GWI) based on several time horizons, 25, 50, 

100, and 500 years, were determined to the influence GWI.   

Biofuel percent GWI reductions compared to gasoline and the biofuel scenario ranking was highly 

sensitive to the time zero assumption.  Under the plant at time zero assumption, biofuels scenarios 

with longer growth cycles produced lower GWI as the negative emissions associated with tree growth 

occurring early in the life cycle were most influential.  Under the cut at time zero assumption, 

biofuels with longer growth cycles produced higher GWI impacts as positive emissions associated 

with fuel conversion and use occurring first are more influential.  The influence of this assumption 

was increased with shorter analytical TH as emissions occurring earlier existed in the environment for 

a higher percentage of the TH and produce more of the total warming effects.   

The methodological decision of time zero assumption has yet to be explored by many scientists 

within the context of biofuels.  Levasseur et al. 2013 brought the subject to light when examining 

temporary carbon storage, but did not examine the influences of this assumption in the context of 

biofuels GWI.  The assumptions of time zero conditions are as Levasseur states a “chicken or egg” 

dilemma.  The plant at time zero assumption would represent the egg where the trees were 

specifically grown for intended use in biofuels or bio-products.  Based on this logic, GWI should be 

determined using the plant at time zero assumption for loblolly pine and eucalyptus scenarios 

examined herein. The alternate assumption of cut at time zero would represent the chicken, where the 
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biomass is assumed to exist independently of the intended biofuel or bioproduct system as a natural 

resource and is exploited before being regrown to renew the resource (Levasseur et al. 2013).  Thus, 

the time zero assumption of cut at time zero should be used for the unmanaged hardwood biofuel 

scenario. It is worth noting, with an infinite analytical TH, this assumption would not produce 

different results, however at the TH examined herein, the resulting GHG emission reductions were 

significantly influenced by this assumption. 

The influence of time zero assumptions hinges not only on the use of dynamic GHG accounting 

methods, but also the concept of the value created through temporary carbon storage.  The potential 

benefits of temporary carbon storage are of much debate in literature (Levasseur 2013).  Kirschbaum 

2002 supported that there are little to no benefits of temporary carbon storage and that the GHG 

reductions of biofuels are only due to fossil fuel displacement.  Others such as Levasseur, O’Hare, 

Fearnidade, and Kendall have shown the value of temporary carbon storage from several viewpoints 

and analytical methods.  This debate was not directly addressed within this work, but is worth noting 

as the conclusions from this work are only valid if temporary carbon storage reduces GWI of a 

specified time horizon.   

Land use change (LUC) associated with biofuel use was determined to be very sensitive to GHG 

accounting methods.  Compared to the non-dynamic GWP (100) GHG accounting method, dynamic 

LCA determined the LUC GWI to be greater for agricultural biomass types of switchgrass and sweet 

sorghum and more negative for loblolly pine and eucalyptus.  LUC GWI were examined by 

calculating the payback period required to offset the initial positive emission associated with LUC.  

The dynamic LUC payback period was compared to payback periods using RFS2 NPV discounting at 

0%, 2%, and 3%.  Dynamic LUC emission payback period compared to the discounted payback 

period was longer in some scenarios and shorter in others depending on the initial LUC GHG 

emission and GHG emission per MJ of fuel.  With the 3% discount, only the biofuels from 

switchgrass and LUC from deciduous forest produced any payback.  Other scenarios would never 

payback the initial emissions as the discount eventually overwhelms the benefits compared to fossil 

fuels.   

When converting cropland to forest land, the direct LUC GHG emission was negative and no payback 

period could be calculated. These scenarios were also modeled and compared to an equivalent 

gasoline life cycle over a 500 year period.  The initial negative emission associated with LUC greatly 
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reduced the overall emissions as compared to an equivalent gasoline system.  It should be noted, 

however, that only direct LUC was considered in this analysis and the impacts of displacing food 

producing land would likely result in indirect LUC. In reality, it is also unlikely that forests would 

displace highly productive land currently used for food production, but rather marginal land or 

grasslands not currently being utilized for food production could be displaced. 
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8 Thesis Summary and Conclusions 

The environmental implications of biofuel production and use were explored by focusing individually 

on feedstock production, conversion technologies and GHG accounting methods.  Within literature 

there are many biofuel LCA studies for various feedstocks and conversion technologies, however, 

they rarely use common data and study assumptions.  The work presented in this dissertation 

examined biofuels produced using both the thermochemical and biochemical conversion pathways 

with six feedstock options.  Consistent feedstock data and study assumptions enabled a more robust 

comparison between feedstocks and conversion technologies.  Additionally, when comparing biofuels 

to gasoline, environmental tradeoffs were identified where some impact categories of gasoline would 

be higher and in other impacts categories lower than biofuels.  The implications of these tradeoffs can 

be difficult to understand and can have grave consequences if not properly considered when making 

policies.  Tradeoffs in the context of biofuels compared to gasoline were explored using 

normalization and weighting to achieve a single score using the biochemical conversion route.  

Additionally, many different study assumptions were explored to understand the implications of 

methods on a single score result.  To further examine the implications of LCA methodology on 

conclusions of biofuel LCA studies, global warming impacts from traditional GHG accounting 

methods were compared to dynamic LCA using different time horizons and time zero assumptions.   

8.1 Cellulosic feedstock production for biofuels 

Biomass cost and environmental impacts were determined in chapter 2 of this dissertation.  Before 

this work, there were no studies in the literature examining both financial and environmental aspects 

of these feedstocks with consistent study assumptions and methodologies.  Using this data, 

conversion technologies can be compared through both a financial and environmental lenses without 

having to perform an extensive feedstock supply study. This will enable process developers to focus 

on their true pursuit of technology development instead of developing feedstock biomass supply 

models.  Additionally, different studies using consistent feedstock supply data will be more 

comparable as biomass cost and environmental data will be constant.  

The data suggested that forest based biomass types produced lower environmental impacts as 

compared to agricultural biomass types.  Additionally, these forest based feedstocks can be delivered 

at a lower cost than agricultural feedstocks due to lower biomass management intensity and no 
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storage costs.  Forest based biomass types were shown to have lower delivered cost and 

environmental impacts, however, each biomass type will perform differently in biofuels conversion 

processes leading to different environmental impacts on a cradle-to-grave basis.  Furthermore, lower 

cost biomass is not the only metric of concern, biomass to alcohol yield is a primary driver of 

financial performance that was not examined here.  Biomass costs, compositions, and environmental 

impacts from biomass produced in the South East as determined by this study will enable other 

scientist to examine biomass to biomaterial process economics and environmental impacts using 

different biomass types. 

8.2 Biofuel production and use 

Using feedstocks supply data from Chapter 3, the environmental impacts of two conversion 

technologies were examined.  The NREL thermochemical conversion route as defined by Phillips et 

al. 2007 and the biochemical conversion process as described in Humbird et al. 2011 were used to 

determine the environmental impacts of biofuels from cellulosic materials.  The NREL conversion 

models were chosen as they are freely available and serve as a useful point of comparison for other 

developing conversion technologies.   

8.2.1 Global warming impacts 

Biofuels made from cellulosic materials produced GHG reductions when compared to gasoline, 

however, not all biofuel scenarios produced the 60% GHG reductions needed to qualify as a 

cellulosic biofuel under the RFS2.  Using different co-product treatment methods, the GHG 

reductions compared to gasoline could be well above or below the required 60% reduction required to 

qualify as a cellulosic biofuel.  It was also shown that electricity assumptions were important to the 

GHG reductions. Biomass electricity use in bioethanol conversion was shown to reduce GHG 

emissions as compared to grid electricity use, however, when conversion processes produced a 

surplus of electricity, lower GHG emission per MJ of fuel were observed when displacing average 

electrical grid energy.  Biofuel scenarios, such as with loblolly pine in the biochemical conversion 

route, with low alcohol yields will likely result in energy surplus energy sold to the grid.  Producing 

surplus energy would displace electrical grid energy under the system expansion co-product treatment 

method and reduce GWI per MJ of fuel.  The pine scenario producing the most electricity, the least 

ethanol, had the lowest GWI per MJ of fuel, and the poorest financial return as determined by 
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Treasure et al. 2014. Biofuel GHG emissions were also shown to be highly sensitive land use change 

(LUC) and GHG accounting methods as discussed in chapter 5.   

Using the biochemical conversion environmental and financial performance, the cost to offset carbon 

emissions through biofuels subsidies were determined and compared to market carbon credit prices.  

It was shown that the price to offset carbon through biofuel subsidies was multiple times greater than 

the carbon market price.  It is worth noting that if subsidies occurring early in the biofuel industry 

development phase could result in further technology developments that may eventually make the 

cellulosic biofuels industry more profitable and expand without the help of additional subsides. If this 

were to occur, the cost to offset carbon determined herein would be higher than the actual cost.    

8.2.2 Other environmental impacts 

Global warming impact (GWI) and fossil fuel energy consumption are the main environmental 

criteria defined in the RFS2 mandate, however, biofuel production and use will result in a myriad 

environmental impacts beyond GWI and resource depletion. These impacts were also quantified for 

bioethanol using both the thermochemical and biochemical conversion processes for cellulosic 

materials. When comparing the environmental impacts of biofuel to gasoline using the TRACI impact 

assessment method, environmental tradeoffs were apparent in most biofuel scenarios.  These tradeoffs 

indicate that a switch from gasoline to biofuels would reduce some environmental impacts while 

increasing others.  Interpreting the implications of these tradeoffs based on midpoint indicators can be 

difficult as the magnitude and relevance of the tradeoff is difficult to assess without further data 

analysis.   

A multivariate impact assessment approach was used to determine a single score environmental 

impact.  The impacts of a person in the United States over a year was used to normalize the results 

life cycle impacts before weighting.  The choice to normalize with the impacts of a U.S. person was 

shown to reduce the influence of some impact categories such as GWI due to the high GWIs of 

people in the U.S.  The choice of normalization values had implications on the single score as 

determined by12 different weighting methods examining short, medium, and long term time 

perspectives.  Due in part to the high GWI normalization factor, the single score of bioethanol 

produced using the biochemical conversion process was most influenced by the chemicals used in 

production.  The contribution of GWI to the overall single score was marginal despite the largest 

weighting in most weighting methods examined.  The biofuel scenario ranking was determined and 
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was not sensitive to the weighting method used.  The single score in all biofuels scenario using these 

assumptions was lower than gasoline suggesting that the production and use of biofuels would result 

in lower environmental impacts than the reference gasoline system.  Furthermore, biofuel scenario 

ranking based on GWI was different than the single score ranking. 

The influence of LUC and co-product treatment method on biofuel single score ranking was 

diminished by high GWI normalization factor and did not change the biofuel scenario ranking except 

in one LUC scenario.  The lack of influence due to the large GWI of LUC further supports that the 

U.S. normalization factor reduces the influence of GWI on the single score. 

8.3 Dynamic impact assessment 

The time dependent nature of emissions associated with biofuels cannot be accounted for using the 

traditional static GWI methodology.  Using static GWI assessment methods in context of biofuel 

production and use resulted in inconsistent temporal boundaries for biofuels made from feedstocks 

with rotation cycles greater than one year.  Dynamic LCA was used to determine biofuel GWI from 

cellulosic feedstocks for various time horizons. Biofuel GWI from different biomass types including 

loblolly pine, eucalyptus and unmanaged hardwoods were shown to be highly sensitive to GHG 

accounting methods and time horizon.   

Biofuel scenario GWI ranking was determined to be sensitive to the starting condition assumptions of 

biomass harvesting or planting.  The harvest at time zero assumption resulted in a higher GWI as the 

emissions occurring earlier in the time horizon (TH) due to production and use had more influence 

than the negative emissions associated with biomass growth.  The plant at time zero assumption 

resulted in lower GWI than the static GWI method as the negative emissions associated with biomass 

growth influence the GWI greater than the production and use GHG emissions occurring closer to the 

end of the TH.   

8.3.1 Time zero assumption decision 

Determining the most appropriate time zero assumption should be supported by sound logic and data.  

Biomass types planted specifically for biofuel production and use would not otherwise be planted 

without the specific demand.  Under this market condition, loblolly pine, and eucalyptus growth can 

be attributed to the biofuel producer and a plant at time zero assumption should be used.  This starting 

condition would credit the biofuel with the value of temporary carbon storage resulting from biomass 
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growth and standing biomass.  When biofuels and bio-products are made from biomass such as 

unmanaged hardwood that was not managed and grown for a specific product, the harvest at time zero 

assumption is more appropriate.  Using the harvest at time zero assumption, the unmanaged 

hardwood is thought of as a resource that is used then replenished through biomass growth.  Under 

this assumption, the forest receives credit for the value of temporary carbon storage, not the biofuel or 

bio-product.   

These assumption recommendations align with the RFS2 policies which require cellulosic materials 

to be grown on lands harvested before 2007.  This RFS2 mandate eliminates standing unmanaged 

hardwoods as a potential biofuel feedstock as using unmanaged hardwood standing biomass would 

result in large emissions that may or may not be reduced into the future through biomass growth.  

Additionally, under the cut at time zero assumption, the GWI of biofuels made from unmanaged 

hardwoods would not meet the RFS2 mandated reductions in GWI as compared to gasoline.  

8.3.2 Land use change 

Land use change GWI was also highly sensitive to the GHG accounting methods.  LUC GWI using a 

dynamic LCA method was shown to be significantly higher than using a static GHG accounting 

method with a 0% discount.  The dynamic GWI was also compared to the discounted GWI as 

determined by methods described in the RFS2.  The dynamic LCA GWI was higher in some instances 

than the 2% discounted GWI and lower in others. In most LUC scenarios using a 2 and 3% emission 

discount, biofuels scenarios would never offset the initial LUC GWI.  As shown in this work and in 

literature, the importance GWI associated with LUC is evident and should be determined using the 

most robust and scientifically based GWI accounting methods.  Dynamic LCA as described by 

Levasseur et al. 2008 and explored herein provides a GWI accounting method determining impacts 

occurring over any TH up to 2000 years with consistent temporal impact accounting. 

8.4 Analytical time horizon 

Analytical time horizon was shown to be important to determine the environmental impacts 

associated with biofuels.  Policies aimed at meeting a specific reduction in environmental impacts do 

not typically specify a TH which these impacts are to be measured.  The choice of this TH can change 

the conclusions of LCA studies as shown in Chapter 5. Current and future environmental policies 

should provide further detail defining a TH which impacts should be determined that will meet the 

intended goals of the policy.   
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8.5 Final conclusions 

 

1. Using delivered biomass cost and cradle-to-gate environmental impacts with consistent study 

assumptions provided herein will allow conversion technology developers to more consistently 

evaluate the financial and environmental implications of biofuel production. 

2. Environmental tradeoffs between gasoline and bioethanol scenarios exist, however, when a 

singled normalized weighted score life cycle impact assessment (LCIA) method is used, scenario 

options with the lowest environmental score can be determined.  The single score value for 

cellulosic biofuels was more sensitive to the normalization factors than the weighting factors used 

in the LCIA when impacts are normalized to the impacts of a U.S. citizen over a year.  Other 

impact normalization factors representing sustainable emission levels on a global scale should be 

explored. 

3. Biofuels production and use made from cellulosic materials would reduce the global warming 

impact (GWI) associated with transportation fuels, however, this determination is highly 

dependent on land use change GWI. 

4. GWI assessment methods using consistent temporal boundaries should be used to determine 

environmental impacts occurring in a specified time horizon (TH).  Temporal consistency is most 

important to products that have life cycles occurring over many years. 

5. Policies and decisions should clearly state the TH in which environmental impacts are to be 

determined as the TH assumption can often change study conclusions.  

6. Using a dynamic LCA method requires additional data and assumptions that will influence the 

results.  The study starting condition or time zero assumptions surrounding biomass growth and 

harvest are very influential on biofuel GWI. GWI for biofuels made from biomass types planted 

and managed specifically for biofuels should be determined under the plant at time zero 

assumption.  GWI for biofuels made from biomass types not specifically planted or managed for 

biofuel should be determined under the harvest at time zero assumption where the natural 

resource must be restored after harvesting. 
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9 Future Work 

Life cycle assessments using the traditional non-dynamic methods have explored many bioproducts 

and processes, but have been shown herein to have limitations.  Since many impacts are a function of 

time, environmental impacts not only depend on the emission flow but also the time horizon chosen 

and when the emissions occurs within the time horizon.  The importance of emission timing was 

shown to increase with longer life cycles spanning over many years and with shorter time horizons.  

The work herein examined the implications of GHG emission timing on the global warming impact of 

biofuels, however, the same methodology should be applied to other forest products including paper 

and wood products.  Since wood products and paper often have long useful lives, the effects of 

emission timing using the dynamic GHG accounting method would be significant.  Dynamic LCA 

should also be applied to other impact categories beyond global warming impacts to establish 

consistent temporal boundaries and to determine more accurate impacts within a set time horizon.   

Interpreting and communicating LCA results remains a challenge for researchers within the LCA 

field.  In a comparative LCA, there are often tradeoffs between scenario options.  Understanding the 

implications of these tradeoffs and determining scenario options with the lowest overall 

environmental impacts can be difficult using only midpoint indicators.  Impact normalization and 

weighting was one option explored in this work to help interpret LCA results and determine a best 

scenario, however, weighting percentages and normalization introduce bias and may mask 

environmental issues.   

First, the normalization step removes the units of the impact by dividing the impact by the impacts of 

a human over a course of a year within the United States or other region.  Giving context to the 

emission flow is useful, however, an impact of a human may not be the most appropriate reference to 

support decision making.  A more appropriate reference would not be based the impacts of a human 

living an unsustainable lifestyle when scaled to a world level, rather, the normalization factor should 

be based on the level of impact the earth as a whole for global issues or region for regional issues can 

sustain.  Using an idealized value of a sustainable human impact would more appropriately scale 

study results and would not diminish the influence of an impact category due to a normalization 

factor based on unstainable human activities.  The ramifications of this thinking was observed in the 

GWI normalization of biofuels where the biofuel impact was divided by a US citizen’s impacts. 

Many reports have determined that the GHG emissions resulting from an average US citizen is not 
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sustainable and much higher than the rest of the world on average.  Thus by using a US citizen GWI 

as a normalization factor, the importance of the GWI for the study results is diminished even when 

GWI is clearly a large issue.  With the traditional normalization approach, unsustainable human 

impacts could support decisions to increase certain impacts further.  More research is needed to 

determine more appropriate normalization factors. 

The second step of a single score involves weighting. These values are inherently subjective and are 

often based on the opinions of non-experts who do not understand the science surrounding LCA.  

Weighting methods surveying experts, producers, and users of products was developed by Gloria et 

al. 2007 on a national scale.  These weighting methods were used for the work herein, however, the 

weighting percentages were based on a national survey and the geographical scope of this study was 

set to the South East United States.  The development of regional weighting methods would provide a 

more robust and relevant dataset to base LCA analysis. Regional aspects are of even greater 

importance for impact categories having regional impacts rather than impacts on a global scale, such 

as global warming
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10 Appendix 

10.1 Economics, Environmental Impacts, and Supply Chain Analysis of 

Cellulosic Biomass for Biofuels in the Southern US: Pine, Eucalyptus, 

Unmanaged Hardwoods, Forest Residues, Switchgrass, and Sweet 

Sorghum  

 

Table 10-1: Delivered biomass cost per bone dry tonne of biomass for low, medium and high 

productivity scenarios. 

Delivered Cost 
($) per BDT 

Productivity Scenario 

Low Medium High 

Loblolly Pine 51.3 54.9 61.4 

Loblolly Pine R 59.8 65.9 76.2 

Eucalyptus 54.6 59.1 67.3 

Eucalyptus R 60 66.4 76.9 

Switchgrass 75.8 82 92.2 

Sweet sorghum 60.8 69.8 84.9 

Forest Residues 51.2 53.4 56.7 

 

 

Table 10-2: Delivered biomass cost per million BTU for low, medium and high productivity 

scenarios. 

Delivered Cost 
($) per Million 

BTU 

Productivity Scenario 

Low Medium High 

Loblolly Pine 3.9 4.1 4.5 

Loblolly Pine R 4.4 4.8 5.5 

Eucalyptus 3.8 4.1 4.6 

Eucalyptus R 4.1 4.6 5.3 

Switchgrass 4.9 5.3 5.9 

Sweet sorghum 3.7 4.3 5.2 

Forest Residues 3.2 3.4 3.6 
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Table 10-3: Fossil fuel use for cellulosic feedstocks. 

MJ fossil fuel per tonne 
of biomass  Pine Eucalyptus 

Natural 
hardwood 

Forest 
residues Switchgrass 

Sweet 
Sorghum 

Establishment, 
maintenance  
and harvesting 313 368 276 218 1,922 467 

Transportation 68 67 266 280 53 180 

Total fossil fuel 381 434 542 498 1,974 647 
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10.2 Environmental life cycle impacts of cellulosic ethanol in the Southern U.S. 

produced from loblolly pine, eucalyptus, unmanaged hardwoods, forest 

residues, and switchgrass using a thermochemical conversion pathway 

 

Table 10-4: Hybrid Poplar material balance  

 

 

Hybrid poplar 45% MC (NREL base case) MASSFLMX

stream description stream # LB/HR

Feedstock in 100 3.34E+05

Combustion air A200.A200CC.209A 4.30E+05

Char combuster water A200.A200CC.218 2.43E+02

MgO A200.220 6.97E+00

Make up olivine A200.221 5.38E+02

Make up catalyst A300.A300TR.326 1.07E+00

Combustion air A300.A300TR.329B 2.63E+05

Lo-Cat oxidizer air A300.A300S.322 2.72E+02

Steam make up water A600.618 3.25E+04

Cooling make up water A700.710 8.60E+04

Clear water chemicals A700.711 8.16E-01

Condensor water A700.718 4.08E+06

output

Sand fly ash A200.219 2.43E+03

Catalyst purge A300.A300TR.329 1.07E+00

Solid waste A300.A300Q.336 7.94E+01

CO2 vent A300.A300S.357 5.47E+04

Air to atmosphere A300.A300S.325 2.80E+02

Sulfur storage A300.A300S.324 1.13E+02

Ethanol product A500.592A 5.07E+04

Higher alcohols A500.590 9.14E+03

Vent to atmosphere A600.634 1.90E+00

Evaporated to atmosphere A700.705 4.23E+06

Blow turbine blow down A700.713 1.70E+04

Windage to atmosphere A700.704 8.16E+03

Flue gas stack 112 9.35E+05

Water to treatment plant A300.305 1.21E+03

Hot gasses to feed drying A100.107 7.94E+05

Dried wood A100.105 1.93E+05

In 5.22E+06

Out 5.31E+06

Difference -8.11E+04

Percent closure -1.5%
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Table 10-5:  Material balance for loblolly pine at 45% MC 

 

 

Loblolly pine 45% MC MASSFLMX

stream description stream # LB/HR

Feedstock in 100 3.34E+05

Combustion air A200.A200CC.209A 4.62E+05

water input A200.A200CC.218 1.47E+02

MgO A200.220 3.41E+00

Make up olivine A200.221 5.41E+02

Make up catalyst A300.A300TR.326 1.09E+00

Combustion air A300.A300TR.329B 2.58E+05

Lo-Cat oxidizer air A300.A300S.322 0.00E+00

Make up water preheat A600.618 3.44E+04

Make up water A700.710 8.79E+04

Clear water chemicals A700.711 8.35E-01

Clear water header A700.718 4.17E+06

output

Sand fly ash A200.219 1.47E+03

Catalyst purge A300.A300TR.329 1.09E+00

Solid waste A300.A300Q.336 8.09E+01

CO2 vent A300.A300S.357 5.73E+04

Air to atmosphere A300.A300S.325 0.00E+00

Sulfur storage A300.A300S.324 0.00E+00

Ethanol product A500.592A 5.35E+04

Higher alcohols A500.590 9.65E+03

Vent to atmosphere A600.634 4.05E-01

Evaporated to atmosphere A700.705 4.33E+06

Blow down A700.713 1.74E+04

Windage to atmosphere A700.704 8.35E+03

Flue gas stack 112 9.58E+05

Water to treatment plant A300.305 1.25E+03

Hot gasses to feed drying A100.107 8.17E+05

Dried wood A100.105 1.93E+05

In 5.35E+06

Out 5.43E+06

Difference -8.30E+04

Percent closure -1.5%
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Table 10-6: Material balance for mixed hardwoods at 45% MC 

 

 

 

Mixed hardwoods 45% MC MASSFLMX

stream description stream # LB/HR

Feedstock in 100 3.34E+05

Combustion air A200.A200CC.209A 4.46E+05

water input A200.A200CC.218 1.77E+02

MgO A200.220 4.55E+00

Make up olivine A200.221 5.40E+02

Make up catalyst A300.A300TR.326 1.07E+00

Combustion air A300.A300TR.329B 2.57E+05

Lo-Cat oxidizer air A300.A300S.322 0.00E+00

Make up water preheat A600.618 3.22E+04

Make up water A700.710 8.58E+04

Clear water chemicals A700.711 8.14E-01

Clear water header A700.718 4.07E+06

output

Sand fly ash A200.219 1.77E+03

Catalyst purge A300.A300TR.329 1.07E+00

Solid waste A300.A300Q.336 8.02E+01

CO2 vent A300.A300S.357 5.60E+04

Air to atmosphere A300.A300S.325 0.00E+00

Sulfur storage A300.A300S.324 0.00E+00

Ethanol product A500.592A 5.16E+04

Higher alcohols A500.590 9.30E+03

Vent to atmosphere A600.634 3.92E-01

Evaporated to atmosphere A700.705 4.22E+06

Blow down A700.713 1.70E+04

Windage to atmosphere A700.704 8.14E+03

Flue gas stack 112 9.43E+05

Water to treatment plant A300.305 1.22E+03

Hot gasses to feed drying A100.107 8.02E+05

Dried wood A100.105 1.93E+05

In 5.23E+06

Out 5.31E+06

Difference -8.10E+04

Percent closure -1.5%
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Table 10-7:  Material balance for eucalyptus salina at 45% MC 

 

 

 

Eucalyptus Salina 45% MC MASSFLMX

stream description stream # LB/HR

Feedstock in 100 3.34E+05

Combustion air A200.A200CC.209A 4.12E+05

water input A200.A200CC.218 2.59E+02

MgO A200.220 7.58E+00

Make up olivine A200.221 5.37E+02

Make up catalyst A300.A300TR.326 1.05E+00

Combustion air A300.A300TR.329B 2.63E+05

Lo-Cat oxidizer air A300.A300S.322 0.00E+00

Make up water preheat A600.618 3.30E+04

Make up water A700.710 8.12E+04

Clear water chemicals A700.711 7.71E-01

Clear water header A700.718 3.85E+06

output

Sand fly ash A200.219 2.59E+03

Catalyst purge A300.A300TR.329 1.05E+00

Solid waste A300.A300Q.336 7.91E+01

CO2 vent A300.A300S.357 5.34E+04

Air to atmosphere A300.A300S.325 0.00E+00

Sulfur storage A300.A300S.324 0.00E+00

Ethanol product A500.592A 4.89E+04

Higher alcohols A500.590 8.82E+03

Vent to atmosphere A600.634 2.14E+00

Evaporated to atmosphere A700.705 4.00E+06

Blow down A700.713 1.61E+04

Windage to atmosphere A700.704 7.71E+03

Flue gas stack 112 9.22E+05

Water to treatment plant A300.305 1.19E+03

Hot gasses to feed drying A100.107 7.81E+05

Dried wood A100.105 1.93E+05

In 4.98E+06

Out 5.06E+06

Difference -7.67E+04

Percent closure -1.5%
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Table 10-8: Material balance for switchgrass at 16% MC 

 

 

 

Switchgrass 16% MC MASSFLMX

stream description stream # LB/HR

Feedstock in 100 2.19E+05

Combustion air A200.A200CC.209A 3.89E+05

water input A200.A200CC.218 1.24E+03

MgO A200.220 4.39E+01

Make up olivine A200.221 5.01E+02

Make up catalyst A300.A300TR.326 1.08E+00

Combustion air A300.A300TR.329B 2.24E+05

Lo-Cat oxidizer air A300.A300S.322 3.13E+02

Make up water preheat A600.618 3.04E+04

Make up water A700.710 9.55E+04

Clear water chemicals A700.711 8.98E-01

Clear water header A700.718 4.49E+06

output

Sand fly ash A200.219 1.24E+04

Catalyst purge A300.A300TR.329 1.08E+00

Solid waste A300.A300Q.336 8.39E+01

CO2 vent A300.A300S.357 5.20E+04

Air to atmosphere A300.A300S.325 3.21E+02

Sulfur storage A300.A300S.324 1.29E+02

Ethanol product A500.592A 4.80E+04

Higher alcohols A500.590 8.67E+03

Vent to atmosphere A600.634 5.89E+00

Evaporated to atmosphere A700.705 4.65E+06

Blow down A700.713 1.87E+04

Windage to atmosphere A700.704 8.98E+03

Flue gas stack 112 7.35E+05

Water to treatment plant A300.305 1.24E+03

Hot gasses to feed drying A100.107 7.09E+05

Dried wood A100.105 1.93E+05

In 5.45E+06

Out 5.54E+06

Difference -8.93E+04

Percent closure -1.6%
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10.3 Environmental impacts of bioethanol made using the NREL biochemical 

conversion route: multivariate analysis and single score results.   

 

The material listed herein provides additional detail describing the methods and results described at 

length in “Integrated greenhouse gas analysis and life cycle assessment of cellulosic ethanol from 

woody and non-woody biomass via dilute acid pretreatment.”  Descriptive table and figure captions 

are provided to help the reader understand the meaning of each item.  Additional methods 

surrounding the process modeling is also given in text that was removed from the original document 

due to word limits required by the journal 

Table 10-9:  Dilute Acid Pretreatment Ethanol Conversion Process Simulation Carbon Balance 

Tonnes C/hr 

Carbon 

Content 

(%) 
Pine Eucalyptus 

Natural 

hardwoods Switchgrass 

Sweet 

Sorghum 

Washing 

Washing 

Sweet 

Sorghum No 

Washing Inputs 

Biomass Varies 43.0 42.5 41.4 39.2 37.4 37.4 

Corn steep liquor 8.5 0.2 0.1 0.2 0.1 0.1 0.1 

Glucose 40.0 1.4 1.4 1.5 0.8 0.6 0.6 

Total in   44.6 44.1 43.1 40.1 38.1 38.1 

Outputs 

Enzyme vent 1.7 0.8 0.8 0.8 0.5 0.3 0.3 

Aerobic vent 0.6 0.6 1.1 1.3 1.1 0.6 3.3 

Brine waste 1.8-12.7 0.6 1.1 0.5 1.8 1.1 1.0 

Clean flue gas 12.7 35.6 24.8 22.7 19.9 11.8 17.0 

Fermentation vent 27.1 2.3 5.4 5.9 5.6 8.1 5.5 

Ethanol 51.8 4.7 10.9 11.8 11.3 16.3 11.0 

Total out   44.6 44.1 43.1 40.1 38.1 38.1 
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Table 10-10:   Fossil fuel inputs for ethanol from cellulosic materials using the NREL dilute acid 

pretreatment biochemical conversion route 

 MJ fossil fuel/MJ 
ethanol 

Loblolly 
pine Eucalyptus 

Unmanaged 
hardwood Switchgrass 

Sweet sorghum 
washing 

Sweet sorghum 
no washing 

Feedstock 0.24  0.12  0.14  0.52  0.12  0.17  

Process chemicals 0.37  0.19  0.18  0.10  0.02  0.04  

Purchased Electricity -0.56 -0.05 -0.04 -0.29 0.09 0.19 

Total 0.05  0.26  0.28  0.33  0.23  0.39  

 

 

Table 10-11:  Process Chemicals inputs for ethanol from cellulosic materials using the NREL dilute 

acid pretreatment biochemical conversion route 

Process Area Process Chemical Units Eucalyptus Pine 

Unmanaged 

Hardwood Switchgrass 

Sweet 

Sorghum No 

Washing 

Sweet 

Sorghum 

Washing 

Emission 

Factor 

Source 

Pretreatment 

Sulfuric Acid mt/hr 1.8 1.9 1.9 1.7 0.9 0.9 1 

Ammonia mt/hr 1.2 0.9 1.3 0.5 0.3 0.3 1 

EH + FERM 

Corn Steep Liquor mt/hr 1.4 1.7 1.5 1.0 1.0 1.4 2 

Diammonium 

phosphate 
mt/hr 0.2 0.2 0.2 0.1 0.1 0.2 1 

Sorbitol mt/hr 0.1 0.1 0.1 0.0 0.0 0.1 2 

Enzyme 

Production 

Glucose  mt/hr 3.5 3.6 3.7 2.1 1.4 1.4 2 

Corn Steep Liquor kg/hr 290 301 309 177 118 118 2 

Ammonia  kg/hr 139 144 147 84 57 57 1 

Host Nutrient kg/hr 104 108 111 64 43 43 2 

Sulfur Dioxide  kg/hr 21 21 22 13 8 8 1 

WWT Caustic Soda  mt/hr 6.9 4.2 7.4 2.5 1.3 1.3 1 

Other Lime mt/hr 1.2 1.1 1.2 1.1 0.6 0.6 1 

Source note: 1=Ecoinvent 2.2; 2=GREET 

 

The pretreatment and hydrolysis reaction yields listed in Table 10-11 heavily influence process 

ethanol yields and the resulting financial and environmental analyses. Reaction yields for acetate, 

lignin, and sucrose were determined for milled corn stover and are assumed to be the same for the 

other biomass types.38-41 Hydrolysis reaction yields were based on 20 mg enzyme protein per g 

cellulose in pretreated biomass and a reaction time of 84 hours.  Reaction in Table 10-11yields were 

taken from literature; however, some reaction yields were adjusted to reflect enzyme constant dosage 

and reaction times. Fermentation yields were assumed to be 95% and 85% for six carbon and five 
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 carbon sugars, respectfully. These fermentation yields were determined by NREL based on 

technological advancements that are explored in detail by NREL. 

 

Table 10-12: Dilute Acid Pretreatment and Enzymatic Hydrolysis Reaction Yields (Treasure et al. 

2014) 
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Table 10-13:  Cradle to Grave TRACI Impacts of Bioethanol from Cellulosic Feedstocks and 

Gasoline 

Impact  Units Pine Eucalyptus 

Natural 

Hardwood Switchgrass 

Sweet Sorghum 

No wash 

Sweet Sorghum 

wash Gasoline 

Global Warming 
kg CO2 eq 

-5.91E-02 1.67E-02 2.75E-02 1.76E-02 5.86E-02 3.93E-02 9.32E-02 

Acidification 
H+ moles eq 

-3.25E-02 6.52E-03 9.21E-03 3.37E-03 1.36E-02 7.98E-03 9.84E-03 

Carcinogenic 
kg benzene eq 

4.48E-05 6.20E-05 6.25E-05 4.11E-05 5.76E-05 3.75E-05 6.23E-05 

Non carcinogenic 
kg toluene eq 

1.22E+00 7.38E-01 7.15E-01 4.73E-01 4.31E-01 3.04E-01 1.39E+00 

Respiratory effects 
kg PM2.5 eq 

-1.26E-04 2.31E-05 3.28E-05 1.45E-05 4.86E-05 3.02E-05 2.41E-05 

Ozone depletion 
kg CFC-11 eq 

1.68E-04 7.41E-05 7.03E-05 8.20E-05 1.02E-04 7.56E-05 8.54E-06 

Eutrophication 
kg N eq 

1.85E-09 1.02E-09 9.98E-10 5.20E-10 2.96E-10 2.09E-10 3.32E-12 

Ecotoxicity 
kg 2,4-D eq 

2.88E-02 1.79E-02 1.68E-02 1.21E-02 1.07E-02 7.19E-03 3.86E-02 

Smog 
kg NOx eq 

-1.44E-04 1.38E-04 1.57E-04 9.51E-05 1.86E-04 1.29E-04 1.34E-04 

 

Table 10-14: Impacts of a US Citizen Over a Course of a Year Used for Impact Normalization, [Bare 

J, Gloria T, Norris G. Development of the method and US normalization database for life cycle 

impact assessment and sustainability metrics. Environ Sci Technol 40(16):5108-5115. (2006)] 

 

Impact Category 

Per Year per 

Capita 

Total 

Normalized 

Value per Capita 

Global Warming kg CO2 eq 2.45E+04 

Acidification H+ moles eq 7.44E+03 

Carcinogenics kg benzene eq 2.58E-01 

Non carcinogenics kg toluene eq 1.47E+03 

Respiratory effects kg PM2.5 eq 7.63E+01 

Ozone depletion kg CFC-11 eq 3.11E-01 

Eutrophication kg N eq 1.80E+01 

Ecotoxicity kg 2,4-D eq 7.38E+01 

Smog kg NOx eq 1.21E+02 
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Table 10-15: Weighting Systems for Different Time Horizons and Stakeholder Groups as Modified from Gloria et al. 2007.   

  Average Short-term time horizon (24%) Medium-term time horizon (31%) Long-term time horizon (45%) 

Impact category All Producer User 
LCA 

expert 
All Producer User 

LCA 
expert 

All Producer User 
LCA 

expert 
All Producer User 

LCA 
expert 

Global warming potential 39.2 23.2 41.7 61.7 10.6 7.5 14.1 9.3 57.3 36.1 57.3 76.9 61.9 39.0 68.7 77.3 

Acidification 4.1 5.8 5.6 1.2 6.1 9.0 9.4 1.3 2.7 5.6 2.7 1.3 2.4 2.6 2.4 1.1 

Carcinogens 10.8 11.6 8.3 7.4 12.1 16.4 9.4 6.7 8.0 5.6 8.0 5.1 10.7 11.7 7.2 8.0 

Non carcinogens 6.8 15.9 5.6 2.5 9.1 17.9 7.8 4.0 5.3 8.3 2.7 2.6 7.1 22.1 2.4 2.3 

Respiratory affects 12.2 10.1 8.3 16.0 27.3 16.4 17.2 64.0 2.7 4.2 4.0 1.3 1.2 2.6 0.0 1.1 

Ozone depletion 2.7 4.3 2.8 1.2 3.0 4.5 4.7 1.3 2.7 5.6 2.7 1.3 2.4 3.9 1.2 1.1 

Eutrophication 8.1 11.6 8.3 3.7 12.1 11.9 14.1 5.3 8.0 13.9 6.7 6.4 3.6 5.2 2.4 2.3 

Ecotoxicity 10.8 11.6 15.3 3.7 9.1 7.5 14.1 2.7 12.0 16.7 14.7 3.8 10.7 11.7 15.7 5.7 

Smog 5.4 5.8 4.2 2.5 10.6 9.0 9.4 5.3 1.3 4.2 1.3 1.3 0.0 1.3 0.0 1.1 

Note: The Gloria et al. weighting factors were modified for this study removing fossil fuel use as TRACI2 did not track this parameter in 

SimaPro.  The other impact categories were scaled accordingly to reflect this omission.  Fossil fuel was tracked separately in the Fossil 

Fuel Use section.  [Gloria TP, Lippiatt BC, Cooper J. Life cycle impact assessment weights to support environmentally preferable 

purchasing in the United States. Environ Sci Technol 41(21):7551-7557. (2007)] 
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Figure 10-1:  Biofuel Scenario ranking for each weighting method.  Note: sweet sorghum has the 

lowest impacts for all weighting methods except in medium perspective producer weighting method 

(boxed).  (s, m, and l represent short term, medium term, and long term time perspectives, 

respectfully) 
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Figure 10-2:  Single Score Environmental Impacts for Biochemical Ethanol from Various 

Feedstocks Using Multiple Weighting methods with a Long Term Time Perspective.  (l indicates 

long term time perspective for each surveyed group) 
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Figure 10-3:  Single Score Environmental Impacts for Biochemical Ethanol from Various 

Feedstocks Using Multiple Weighting methods with a Medium Term Time Perspective.  (m 

indicates medium term time perspective for each surveyed group) 
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Figure 10-4:  Single Score Environmental Impacts for Biochemical Ethanol from Various 

Feedstocks Using Multiple Weighting methods with a Short Term Time Perspective.  (s indicates 

short term time perspective for each surveyed group) 
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Figure 10-5: Indirect emissions associated with chemicals and other processes required for the 

conversion of cellulosic material to ethanol.  Values are shown out of 100% of the total indirect 

conversion impacts for each impact category. 
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Figure 10-6: Biofuel scenario single score ranking with different land use conversion scenarios 

using a 100 year amortization period. 
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Figure 10-7: Biofuel scenario single score ranking with different land use conversion scenarios 

using a 30 year amortization period. 


