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Preface 

 
Emissions of greenhouse gases, especially carbon dioxide from the combustion of fossil fuels, are 

changing the climate in ways that will have significant and long-term effects globally, including on the 
economy of the United States and the welfare of its people and environment. Transportation fuels are  
one of the largest sources of U.S. greenhouse gas emissions. The most widely used transportation fuels—
gasoline, diesel, and jet fuel—are made from petroleum and emit carbon dioxide when combusted.  The 
alternatives to petroleum transportation fuels, including electricity, biofuels, synthetic fuels, and hydrogen, 
also have emissions of carbon dioxide and other greenhouse gases, from the tailpipe, from the production 
processes, or from wider supply-chain contributions, depending on the fuel. Determining the total net emis-
sions of these alternative fuels requires understanding how fuels are made and how they affect markets. 
Life-cycle assessment (LCA) is a method to account for the environmental impact of a product throughout 
its life cycle, including resource extraction, production, and all other supply-chain impacts. Existing LCAs 
of transportation fuels differ in their methods, such as data, system boundary, and assumptions, and have 
produced differing results.  

Breakthrough Energy provided funding to the National Academies of Sciences, Engineering, and 
Medicine for a committee to conduct an assessment of the methods for life-cycle analyses of low-carbon 
transportation fuels in the United States, with the aim of developing a reliable and coherent approach for 
applying LCA to developing low-carbon fuel standards.  

To gather information from experts on various fuel LCA questions, the committee invited presen-
tations from Bo Weidema on consequential LCA, James Hileman on aviation fuels, Michael Wang on LCA 
of transportation fuels, Amgad Elgowainy on hydrogen fuels, Joule Bergerson on fossil fuels, Richard 
Plevin on uncertainties associated with LCA for transportation fuels, Tyler Lark and Seth Spawn on land 
use change, and John Field on soil carbon implications of biofuel production. I thank all of these individuals 
for sharing their time and expertise with the committee.  

I thank the experienced scientists with deep expertise in LCA of fuels who served on this committee 
for their steadfast dedication to the work of preparing this report. Those efforts include hours of literature 
reviews, multiple committee meetings, working with and learning from numerous presenters with expertise 
related to LCA and transportation fuels, and writing working drafts with many edits to make the report 
readable and of high quality.  

I also thank our wonderful team from the National Academies who worked diligently for many 
months to keep us on track and gave their total support throughout the entire process. On the committee’s 
behalf, I especially thank our study co-directors, Camilla Yandoc Ables and Brent Heard, for their assis-
tance through every aspect of the development of this report. On behalf of the committee, I also thank 
project staff members Tamara Dawson, Kyra Howe, Cliff Duke, Robin Schoen, John Holmes, and Ray 
Wassel.  

Special thanks to the representative of Breakthrough Energy, Maria Martinez, and to the represent-
atives of federal and state agencies for the information they provided to the committee. Lastly, I thank the 
members of the public who contributed to the committee’s knowledge and understanding of issues im-
portant to the study and ultimately to the life-cycle evaluation of greenhouse gas emissions from transpor-
tation fuels.   
 

Valerie M. Thomas, Chair  
Committee on Current Methods for Life-Cycle Analyses of Low-Carbon 
Transportation Fuels in the United States 
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1 

Summary 

 
Greenhouse gas (GHG) emissions drive climate change. In the United States, transportation is the 

largest source of GHG emissions. Petroleum products account for about 90 percent of U.S. transportation 
fuels, with biofuels, natural gas, and electricity accounting for the rest.1 To mitigate further effects of cli-
mate change, deployment of low-carbon energy technologies, such as fuels with low GHG emissions, is 
considered to be critical.  

There are federal and state programs to reduce GHG emissions from transportation fuels. The Re-
newable Fuel Standard (RFS) program, which is administered by the U.S. Environmental Protection 
Agency (EPA), was enacted by Congress in 2005 and amended in 2007. The program aims to reduce life-
cycle GHG emissions from transportation fuels, expand the U.S. renewable fuels sector, and reduce reliance 
on imported oil. At the state level, California and Oregon have adopted low-carbon fuel standards (LCFSs). 
Recent reports from staff of the House Select Committee on the Climate Crisis2 and from a bipartisan net-
work of former EPA career employees3 indicate interest in a national LCFS. 
 

STUDY PURPOSE AND COMMITTEE’S TASK AND APPROACH 
 

If policies aim to promote low-GHG emissions fuels, the status and capabilities of the methods and 
assumptions to identify the GHG emissions of fuels need to be understood. A critical part of that under-
standing is how to use and interpret life-cycle assessment (LCA), that is, the total emissions from any 
proposed low-carbon fuel.  

At the request of Breakthrough Energy, the National Academies of Sciences, Engineering, and 
Medicine appointed an ad hoc committee to assess current methods for estimating life-cycle GHG emis-
sions associated with transportation fuels (both liquid and nonliquid) for potential use in a national low-
carbon fuel program: see Box S-1 for the formal statement of task for the committee.  

The committee organized its work by focusing on the methods of LCA and the capabilities needed 
for potential use in a national low-carbon fuels program. The committee examined general methodological 
approaches of LCA, key issues for evaluating GHG emissions, issues that arise for transportation fuels, and 
methodological issues that arise for characteristic types of transportation fuel. Some conclusions and  
recommendations are given in the next section and all are also provided in a table (sorted by topic) in Appen-
dix A.4 

 
1 EIA 2020, see https://www.eia.gov/energyexplained/use-of-energy/transportation.php. 
2 Select Committee on the Climate Crisis, 2020. 
3 Environmental Protection Network, 2020. 
4 Committee member Jason Hill wishes to point out that many other equally important conclusions and recommenda-
tions, each of which is also supported by the entire committee, are not shown here. For example, the following three 
points are fundamentally important to the understanding, design, and application of LCA in LCFS policy: 

Conclusion 3-1: The carbon intensities of fuels used in an LCFS are not necessarily equivalent to the full climate 
consequences of their adoption. Increased use of a fuel with a low carbon intensity, as defined in an LCFS, could 
potentially decrease or increase carbon emissions relative to the baseline, depending on policy design and other 
factors. Regulatory impact assessments that use CLCA to project the consequences of policy can help assess the 
extent to which a given policy design with particular carbon intensity estimates will result in reduced GHG emis-
sions. 
Recommendation 9-6: Beyond research on induced land use change and rebound effects, research should be done 
to identify and quantify the impacts of other indirect effects of biofuel production, including but not limited to 
market-mediated effects on livestock markets, land management practices, and dietary change of food type, quan-
tity, and nutritional content. 
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BOX S-1 Statement of Task 
 

An ad hoc committee of the National Academies of Sciences, Engineering, and Medicine will assess current meth-
ods for estimating life-cycle greenhouse gas (GHG) emissions associated with transportation fuels (liquid and non-
liquid) for potential use in a national low-carbon fuels program.  In carrying out its assessment, the committee will 
identify the general characteristics and capabilities of GHG emissions estimation methods that would be com-
monly needed across various types of low-carbon fuels programs applied at a national level. The committee will 
include these considerations: 
 

 GHG emissions over the entire life cycle of a given transportation fuel, including feedstock generation or 
extraction, feedstock conversion to a finished fuel or blendstock, distribution, storage, delivery, and use 
of the fuel in vehicles. 

 Potentially significant indirect GHG emissions.  
 Key assumptions, input parameters, and data quality and quantity, including spatial variability, for appli-

cation of life-cycle GHG emission models. 
 Needs for additional data, methods for data collection, standardized inputs for life-cycle analyses, and 

model improvements. 

 
 

LIFE-CYCLE ASSESSMENT 
 

LCA can address a range of questions regarding GHG emissions of low-carbon transportation fuels. 
There are two broad approaches to LCA: attributional life-cycle assessment (ALCA) and consequential 
life-cycle assessment (CLCA), and each require different analysis. ALCA evaluates the emissions that can 
be attributed to a given fuel while CLCA evaluates how emissions would change if a given policy or set of 
actions were followed.  
 

Conclusion 2-1: The approach to LCA needs to be guided on the basis of the question the analysis 
is trying to answer. Different types of LCA are better suited for answering different questions or 
achieving different objectives, from fine tuning a well-defined supply chain to reduce emissions, 
to understanding the global, economy-level effect of a technology or policy change. 
 
Recommendation 2-1: When emissions are to be assigned to products or processes based on mod-
eling choices including functional unit, method of allocating emissions among co-products, and 
system boundary, ALCA is appropriate. Modelers should provide transparency, justification, and 
sensitivity or robustness analysis for modeling choices. 
 
Recommendation 2-2: When a decision-maker wishes to understand the consequences of a pro-
posed decision or action on net GHG emissions, CLCA is appropriate. Modelers should provide 
transparency, justification, and sensitivity or robustness analysis for modeling choices for the sce-
narios modeled with and without the proposed decision or action. 

 
LIFE-CYCLE ASSESSMENT IN A LOW-CARBON FUEL STANDARD POLICY 

 
Challenges in the application of LCA for regulatory purposes, such as an LCFS—including deter-

minations of system boundaries, modeling choices, and uncertainty management—have long been recog-
nized. Nevertheless, given the desire to design policies that achieve reductions in GHG emissions, LCA 
has been increasingly applied to policy development, and energy and biofuel policy in particular, in recent 
decades.   
 

 
Recommendation 10-4: Analyses estimating the emissions implications of PEV adoption in future power grid 
scenarios should consider changes in power grid emissions caused by PEV charging in each power grid scenario. 
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Summary 3 

Conclusion 3-2: More research is needed to evaluate effective methods to collectively leverage the 
strengths of CLCA, ALCA, and verification methods in achieving LCFS objectives. 
 
Recommendation 3-1: When some emissions consequences of fuel use are excluded from carbon 
intensity values in an LCFS, the rationale, justification, and implications for these exclusions should 
be documented. 
 
Recommendation 3-2: Public policy design based on LCA should ensure through regulatory im-
pact assessment that, at a minimum, the consequential life-cycle impact of the proposed policy is 
likely to reduce net GHG emissions and increase net benefits to society. Regulatory impact assess-
ments should consider changes in production and use of multiple fuel types (e.g., gasoline, elec-
tricity, biofuels, hydrogen).  
 
Recommendation 3-3: LCA practitioners who choose to combine attributional and consequential 
LCA estimates should transparently document these choices and clearly identify the implications 
of combining these different types of estimates for the given application, scope and research ques-
tion.   
 
Recommendation 3-4: Research programs should be created to advance key theoretical, compu-
tational, and modeling needs in LCA, especially as it pertains to the evaluation of transportation 
fuels. Research needs include: 

 
● Further development of robust methods to evaluate the GHG emissions from development and 

adoption of low-carbon transportation fuels, and development or integration of process-based, 
economic input-output, hybrid, and CLCA methodologies. 

● Products could include the following: 
o development of national, open-source, transparent CLCA models for use in LCFS devel-

opment and assessment 
o continued development of national, open-source attributional ALCA models from new or 

existing models 
o evaluation of different approaches to creating, using, or combining ALCA, CLCA, and ver-

ification for evaluation of policy outcomes       
o quantification of variation between marginal and average GHG emissions for various feed-

stock-to-fuel pathways; and 
o quantification and characterization of the implications of approximations and proxies in 

LCA, such as comparisons of marginal and average emissions. 
 

DIRECT AND INDIRECT EFFECTS 
 

GHG emissions associated with transportation fuels include emissions from producing the fuel, 
from combusting the fuel, and from the full supply chain for producing and distributing the fuel. GHG 
emissions also include market effects, including changes in land use, changes in electricity infrastructure 
and electricity system operations, and changes in the demand for fuel and other products. Researchers differ 
in what they consider as direct and indirect effects. There is, however, agreement that all emissions should 
be included in an LCA. 
 

Recommendation 4-1: Because the terms “direct” and “indirect” are used differently in different 
contexts, these terms should be carefully defined and transparently presented when used in LCA 
studies or policy. Another option is to avoid using the terms “direct” and “indirect” altogether, as 
they are not considered necessary elements of LCA and may lead to greater confusion. 
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UNCERTAINTY AND VARIABILITY 
 

LCAs are subject to considerable uncertainty and variability. LCA methods need to appropriately 
characterize uncertainty and variability to aid LCA stakeholders’ interpretation of LCA results.  
 

Recommendation 4-2: Current and future LCFS policies should strive to reduce model uncertain-
ties and compare results across multiple economic modeling approaches and transparently com-
municate uncertainties. 
 
Recommendation 4-4: When LCA results are used in policy design or policy analysis, the impli-
cations of parameter uncertainty, scenario uncertainty, and model uncertainty for policy outcomes 
should be explicitly considered, including an assessment of the degree of confidence that a pro-
posed policy will result in reduced GHG emissions and increased social welfare. 
 
Recommendation 4-5: Regulatory agencies should formulate a strategy to keep LCAs up to date, 
which may involve periodic reviews of key inputs to assess whether sufficient changes have taken 
place to warrant a re-analysis, and agencies should be aware that substantial changes to LCAs on 
timescales of less than a decade can occur. 
 
Recommendation 4-6: LCA studies used to inform transportation fuel policy should be explicit 
about the feedstock and regions to which the study applies and to the extent possible should explic-
itly report sensitivity of results to variation in these assumptions. 
 
Recommendation 4-9: Modelers should conduct sensitivity analysis to understand implications of 
variation. 
 
Recommendation 4-10: To effectively inform policymaking, LCA studies should document re-
sults for a range of input values. 

 
SCALE OF PRODUCTION 

 
Scale of production can affect the life-cycle implications of a fuel or technology in nonlinear ways. 

When a fuel is produced at high volumes, it may be produced differently and have different effects on 
supply chains than when produced at low volume.  
 

Recommendation 4-11: Researchers and regulatory agencies should identify additional infor-
mation to assess impacts of large changes in fuel systems. 
 
Recommendation 4-12: Because LCA-based carbon intensities in current LCFS policy are often 
not structured to capture nonlinear and non-lifecycle implications of large changes in fuel and fuel 
pathway production volume, policymakers should consider potential complementary policy mech-
anisms. 

 
VERIFICATION 

 
An LCA considers emissions across activities that occur in varied sectors and geographic locations. 

Because many GHG-emitting activities are not regularly monitored, LCAs rely on data from theoretical 
calculations, experimental measurements, or a small number of field measurements to approximate the 
magnitude of their emissions.  
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Confirming LCA results through direct measurement of all activities for an entire fuel pathway is 
impractical. However, effort can be focused on verification of emissions sources and effects that have the 
greatest impact for a given fuel.  
 

Recommendation 5-2: The research and policy communities should develop frameworks and meth-
odologies for use of satellite data to characterize national and international land use change that may 
be in part attributable to an LCFS. Examples of framing questions include: 

 
 Should an LCFS include measures to mitigate undesirable international land use change, or is it 

sufficient to monitor international land use change that may be due to the LCFS and these GHG 
emissions to the associated fuel? 

 What are the guardrails (e.g., amount and type of land converted to agriculture in a certain region) 
that a monitoring approach would put in place and, if approached or exceeded, what action would 
be undertaken as a result?  

 How can satellite data and economic modeling be most effectively used synergistically to limit 
GHG emissions from international land use change? 

 What public data sources will be used to track land use change? 
 How should uncertainty in land use change estimates be reported? 

 
Programs may use default baseline values for parameters that are to be certified, such as assuming 

a default amount of diesel consumed when harvesting corn. The certification process will then establish 
whether a farm consumes less or more than this default amount. The ability to verify lower or higher emis-
sions can result in economic gain or loss for a supply chain actor, which may motivate them to pursue 
certification or to produce a fuel that complies with the policy.  
 

Conclusion 5-9: Certification protocols that use verification strategies can complement initial fuel 
pathway modeling with LCA and associated models (e.g., economic models used to estimate land 
use changes) to lessen the impacts of uncertainty in LCA results and to inform policymakers of the 
effects of an LCFS as they unfold. This insight can aid in policy adjustments if undesirable effects 
arise over the course of the policy. 
 
Recommendation 5-6: An LCFS should consider inclusion of a certification protocol with verifi-
cation. The protocol and its implementation should be overseen by an agency or group of agencies 
with the complementary expertise sets needed for success. These expertise sets include insights 
into multiple energy systems and new technologies, economics, environmental effects of fuels and 
their production routes, agriculture, fossil fuel production, and electricity generation.  
 
Recommendation 5-7: Certification protocols should be revisited periodically to adapt to the 
emergence of new verification technology, national and global trends in the energy, transportation, 
and agriculture sectors, and to update baselines as needed based on evolving common practice.  
 
Recommendation 5-8: Economic modeling and verification processes are complementary to each 
other and should both be used. Verification processes to assess international- and national-level 
land use change should use state-of-the art remote sensing technologies, when appropriate, which 
are evolving toward increased frequency and spatial resolution.   

 
NEGATIVE EMISSIONS 

 
In life-cycle GHG calculations, it is not always just a matter of adding the emissions from different 

portions of the life cycle; there are some cases in which quantities are subtracted (i.e., negative emissions). 
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Fuels assigned net negative carbon intensity values raise important questions that warrant special scrutiny 
to distinguish between actual carbon dioxide removal and storage and fuels pathways that include credits 
for avoided emissions.  
 

Conclusion 6-1: The carbon intensity of fuels derived from methane that would otherwise be re-
leased (e.g., methane from manure or landfill) is strongly influenced by assumptions in the LCA of 
the alternative fate of methane pollution and is subject to dramatic change if relevant regulations 
or practices change. 

 
Biomass removes atmospheric carbon (biogenic carbon) through the photosynthesis process and 

part or all of the biogenic carbon is released during biomass conversion, transportation, decay, and biofuel 
combustion. Fossil-based carbon may also be released in the same system, such as GHG emissions from 
burning fossil fuels to supply heat for biomass drying and conversion. 
 

Recommendation 6-2: All biogenic carbon emissions and carbon sequestration generated during 
the life cycle of a low-carbon fuel should be accounted for in LCA estimates. 
 
Recommendation 6-3: Research should be conducted to improve the methods for accounting and 
reporting biogenic carbon emissions.  

 
Land use change, land management, and land management change (e.g., reducing tillage frequency, 

applying manure as a soil amendment) can alter soil carbon. Changes in soil organic carbon can be a sig-
nificant contributor to the life-cycle GHG emissions of a biofuel.  
 

Conclusion 6-3: Given the importance of soil organic carbon changes in influencing life-cycle 
GHG emissions of biofuels, investments are needed to enhance data availability and modeling ca-
pability to estimate soil organic carbon. Capabilities to evaluate permanence of soil organic carbon 
changes should also be developed. 
 
Recommendation 6-4: Research should be conducted to collect existing soil organic carbon data 
from public and private partners in an open source database, standardize methods of data reporting, 
and identify highest priority areas for soil organic carbon monitoring. These efforts could align 
with the recommendations made in the 2019 National Academies report on negative emissions 
technologies to study soil carbon dynamics at depth, to develop a national on-farm monitoring 
system, to develop a model-data platform for soil organic carbon modeling, and to develop an ag-
ricultural systems field experiment network. These efforts should also be extended internationally. 
 
Recommendation 6-5: Research should be conducted to explore remote-sensing and in situ sensor-
based methods of measuring soil carbon that can generate more data quickly. 

 
Fuel production leads to the emission and uptake of carbon dioxide (CO2) and other GHGs at every 

life- cycle stage. These emissions and uptakes are then aggregated into a common unit. To aggregate dif-
ferent GHG emissions into a common unit (i.e., carbon dioxide equivalent [CO2e]), metrics expressing the 
relative contribution of GHGs to climate change are used. 
 

Recommendation 6-6: Use of more than one climate change metric should be considered in the 
analysis of low-carbon fuel policies. 

 
Recommendation 6-7: Further research should be conducted to better understand the suitability 
of different GHG metrics for LCA.  
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Recommendation 6-8: Further research should be conducted to develop a framework to include 
albedo effects from land cover change, and near-term climate forcers, in LCA of low-carbon fuels. 
 
Recommendation 6-9: Further research should be conducted to better understand the climate im-
plications of increased GHG emissions on the short-term (carbon debt) to support the selection of 
an appropriate approach to account for the timing of GHG emissions and uptakes in LCA. 

 
VEHICLE-FUEL COMBINATIONS AND EFFICIENCIES 

 
Life-cycle GHG emissions of transportation fuels can be compared on a per-unit-energy basis, but 

such a comparison can be incomplete or misleading without also considering how much energy is needed 
to propel a vehicle with each type of fuel as well as how much energy is required and emissions are created 
in the production and maintenance of each type of vehicle. Efficiency and production emissions can vary 
widely both within and across vehicle fuel type technologies, making fair comparisons with single point 
estimates challenging.  
 

Conclusion 6-5: To make a meaningful comparison of the LCA of transportation fuels, the vehicles 
that use those fuels should be considered. 
 
Recommendation 6-10: LCA of transportation fuels may include analysis using functional units 
based on the transportation service provided, such as passenger-mile or ton-mile, or otherwise be 
based on comparison of comparable transportation services. This may be reported in addition to an 
energy-based functional unit. LCAs should clearly describe their assumptions for the energy- and 
service-based functional units, such as through vehicle efficiency, market share, or other factors.       
 
Recommendation 6-11: When comparing life-cycle emissions of different transportation fuels, 
LCA studies that assess or inform policy should consider the range of vehicle efficiencies within 
each fuel type to ensure that the comparisons are made on comparable transportation services, such 
as passenger capacity, payload capacity, or performance. 
 
Recommendation 6-14: For regulatory impact assessment, LCA of transportation fuels and trans-
portation fuel policy should consider a range of estimates for possible changes in the emissions of 
vehicle production required to convert transportation fuels into transportation services, and the re-
sulting changes in vehicle fleet composition.  
 
Recommendation 6-15: LCA comparing transportation fuels for weight-constrained applications 
should present a per-ton-mile functional unit and/or explicitly model the logistical implications of 
payload effects by fuel type. 

 
FOSSIL AND GASEOUS FUELS FOR ROAD TRANSPORTATION 

 
The life-cycle GHG emissions of petroleum fuels – gasoline, diesel, jet fuel – differ by source and 

by refinery, and could vary over time as petroleum sources change, and as refinery operations change as a 
result of lower consumption of some petroleum products. The committee recommends that these variations 
be explicitly included in a low-carbon fuels policy. 
 

Recommendation 7-1: Policymakers may consider recognizing the variation in GHG emissions 
across different petroleum fuel pathways, and include mechanisms to reduce these emissions in 
fuel policies.  
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Conclusion 7-1: Additional data, reporting, and transparency are needed for petroleum sector op-
erations, including improved information on venting and flaring of methane. 
 
Conclusion 7-2: More emissions inventory data from natural gas systems are needed, particularly 
regarding emissions from storage tanks. 

 
There are multiple steps involved in natural gas recovery and delivery to the point-of-use. In natural 

gas LCAs, it is important to consider direct methane emissions from each step of this supply chain, which 
may derive from venting, flaring, or leaking.  
 

Recommendation 7-2: Further research should be done on the key parameters used to assess the 
climate impacts of natural gas production, such as methane leakage rates. These parameters will 
evolve as technology advances, data availability increases, and statistical methods may be used to 
translate the additional data into improved emissions estimates. 

 
Hydrogen can be made from steam-methane reforming or autothermal reforming of methane with 

(“blue”) or without (“grey”) carbon capture and utilization or storage. In the case of blue and grey hydrogen, 
the LCA issues pertaining to natural gas can significantly influence hydrogen LCA results. “Green” hydro-
gen is to be primarily made using electrolysis powered by renewable electricity. This pathway takes into 
account any energy consumption and associated emissions for delivering and purifying the water.   
 

Recommendation 7-5: In the context of an LCFS, LCAs of hydrogen should be well documented 
with choices of key parameters supported with facility-measured data or well-supported citations 
from the literature. These key parameters include the choice of energy source for steam-methane 
reforming or authothermal reforming, the carbon capture level from the waste gaseous stream, 
source of upstream electricity, and the rate of methane or CO2 leakage. Where relevant, the ap-
proach to quantifying emissions of upstream natural gas production should align with those used 
elsewhere in an LCFS for other fuels produced from natural gas.  

 
AVIATION FUELS 

 
The life-cycle climate impacts of aviation fuels have been evaluated in the literature and as part of 

regulatory assessments for several fuels policies. There has been  analysis of both conventional, petroleum-
derived jet fuel (i.e., “jet fuel”) and of  a variety of alternative fuels produced through a wide array of 
conversion processes (i.e., alternative aviation fuels). Several key areas that may require special consider-
ation beyond the approaches used for alternative fuels used in other sectors include: 1) the non-CO2 effects 
of aviation fuels when combusted at high altitudes, 2) the impacts of alternative fuels on airplane efficiency, 
and 3) the impact of a flexible product slate on the life-cycle emissions calculations for aviation fuels. 
 

Conclusion 8-1: Non-CO2 effects from aviation fuels may be high but remain uncertain. The larg-
est non-CO2 impact from aviation fuel combustion may be aviation-induced cloudiness, with the 
remaining contributions being much smaller.  
 
Recommendation 8-1: Because the non-CO2 effects from aviation fuels remain uncertain, research 
should be done to clarify the magnitude and direction of these effects.  
 
Recommendation 8-2: Alternative fuels and airframe combinations, particularly those with large 
density differences such as battery electric technology and hydrogen, may impact airplane effi-
ciency and thus influence overall emissions. The comparative LCA of these technologies should 
use functional units based on the transportation service provided or otherwise be based on compar-
ison of consistent transportation services. 
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Recommendation 8-3: Alternative aviation fuel LCA estimates developed for fuel policy should 
reflect existing practices at facilities or the expected behavior in response to future policies.   

 
MARITIME FUELS 

 
Marine fuels have similar supply chains to other transportation fuels (e.g., aviation, road transport). 

The unique aspects of their life cycle that is relevant to quantifying their emissions primarily come in the 
operations stage, such as methane slip from liquefied natural gas combustion in marine engines. Addition-
ally, the non-CO2 effects of the maritime sector warrant additional analysis. The contribution of aerosols to 
net radiative forcing from the sector via ship tracks—the clouds from ship exhaust—is highly uncertain and 
may require further research.5 LCA methodological considerations for marine fuels are similar to those for 
other transportation fuels. 
 

Recommendation 8-5: The baseline life-cycle GHG emissions for marine fuels should reflect cur-
rent industry trends stemming from MARPOL Annex VI and potentially be updated after several 
years’ time once the industry adjusts more fully to the new regulations through, for example, de-
ployment of more liquid natural gas-fueled vessels.  

 
BIOFUELS 

 
Corn and soybeans are the most common feedstocks currently used to produce biofuels in the 

United States. LCA methods commonly used to estimate GHG emissions associated with crop production 
in conventional agricultural systems are largely similar regardless of the specific crop in question. 
 

Conclusion 9-1: Improved data on biofuel feedstock production, including energy consumption, 
yield, and fertilizer application at fine spatial resolutions may be useful for some applications. Data 
quality improvements may support improved GHG accounting in biofuel feedstock production, 
especially should a performance-based LCFS be developed that accounts for spatially-explicit fer-
tilizer and energy consumption, and land management practices like cover crop planting, land clear-
ing, overfertilization, manure application, use of nitrification inhibitors, or noncompliance with 
long-term soil carbon storage incentives. 

 
Woody biomass is one of the most abundant feedstock for bioenergy production in the United 

States. The GHG emissions associated with the production of woody biomass come from multiple sources, 
including the use of energy and materials (e.g., fertilizers and soil amendments) for forest management, 
harvesting, storage and transportation. 
 

Recommendation 9-1: Additional research should be done to assess key parameters and assump-
tions in forest management practices induced by increased woody biomass demand, including: 
changes in residue removal rates, stand management and forest productivity, and changes in tree 
species selection during replanting.  
 
Recommendation 9-2: Research and data collection efforts should be carried out for improved 
data and modeling related to forest feedstock production and storage, including energy use, yield, 
inputs, fugitive emissions, and changes in forest carbon stock should be supported. 

 
GHG emissions associated with biomass conversion come from multiple sources, including on-site 

combustion of fuels (e.g., fossil fuels, biomass, or byproducts), direct emissions from conversion processes, 

 
5 Glassmeier F., F. Hoffmann, J. S. Johnson, T. Yamaguchi, K. S. Carslaw, and G. Feingold. 2021. Aerosol-cloud-
climate cooling overestimated by ship-track data. Science 371(6528):485-489. https://doi.org/10.1126/science.abd3980. 
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and upstream emissions associated with the production of chemicals, enzymes, and electricity used by bio-
refineries.  

Mass or energy balance are the most common methods used to estimate GHG emissions of biore-
fineries. Some of the attributional GHG emissions of upstream production of electricity and chemicals used 
in biomass conversion are available in many life-cycle inventory databases but have large variations de-
pending on the production technologies and market mix. Research articles vary in their assumptions about 
the potential for carbon sequestration using biorefinery co-products as soil amendments, but many assume 
80-85 percent of biochar is stable for at least 100 years whereas digestate and compost are not assumed to 
result in accumulation of stable carbon in soils. 
 

Recommendation 9-3: Policymakers should exercise caution in crediting biorefineries for GHG 
emissions sequestration as a result of exporting co-products such as biochar, digestate, and com-
post, as it risks over-crediting producers for downstream behavior that is not necessarily occurring. 
The committee recommends that any credits generated from these activities must be contingent on 
verification that these activities are being practiced.  
 
Recommendation 9-4: Applying credits for carbon sequestration to soil or reduced use of fertilizer 
should require robust measurement and verification to prove the co-products are applied in a man-
ner that yields net climate benefits. 

 
Large-scale production of biofuels has an effect on various markets at regional, national, or global 

scales and can affect prices in these markets. Changes in market prices can trigger other changes in produc-
tion and consumption decisions that may have positive or negative effects on GHG emissions from those 
markets. These changes may be included in the modeling of indirect effects. These secondary effects on 
GHG emissions are of concern because they affect the savings in GHG emissions obtained by displacing 
fossil fuels by biofuels. 
 

Recommendation 9-7: Though the study of induced land use changes from biofuels has been the 
topic of intense study over the last decade, substantial uncertainties remain on many key compo-
nents of economic models used to assess these impacts. Further work is warranted to update these 
estimates of market-mediated land use change and the models so as to inform the development and 
implementation of an LCFS. 

 
Recommendation 9-8:  Assessment of the consequential effects from a future proposed policy, 
such as induced land use change, should be further developed in order to assess the risk of market-
mediated effects and emissions attributable to the policy. Consequential assessment can inform the 
implementation of safeguards within policies such as limits on high-risk feedstocks, can inform the 
development of supplementary policies, identify hotspots, and reduce the likelihood of unintended 
consequences. 

 
Recommendation 9-9: To improve understanding of market-mediated effects of biofuels, research 
should be supported on different modeling approaches, including their treatment of baselines and 
opportunity costs, and to investigate key parameters used in national and international modeling 
based on measured data, including various elasticity parameters, soil carbon sequestration, land 
cover, and emission factors and others. 
 
Recommendation 9-10: Because other market-mediated effects of biofuel production, such as 
livestock market impacts, land management practices, and changes in diets and food availability 
may be linked to land use and biofuel demand assessed using induced land use change models, 
additional research should be done and model improvements undertaken to include these effects. 
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ELECTRICITY AS A VEHICLE FUEL 
 

Plug-in electric vehicles (PEVs) use energy stored in an onboard battery for propulsion and charge 
the battery using electricity from the power grid. PEVs include battery electric vehicles, and plug-in hybrid 
electric vehicles. In ALCA approaches, a portion of total power grid GHG emissions is assigned to PEV 
charging. In contrast, in CLCA approaches power grid emissions are estimated with and without PEV 
charging, and the difference between emissions in the two scenarios is the consequential effect of PEV 
charging.  
 

Conclusion 10-1: ALCA is sometimes applied to estimate emissions from electricity consumption 
because it is easy or because the modeler is interested in an attributional, rather than consequential, 
question. However, using average emission factors does not answer the question of how emissions 
will change if PEVs or PEV policy is adopted. CLCA aims to answer how PEV or PEV policy 
adoption would change emissions from the power sector.  
 
Recommendation 10-1: Regulatory impact assessment or other analyses estimating the emissions 
implications of a change in PEV charging load should use a CLCA approach to estimate the impli-
cations of power grid emissions and clearly characterize uncertainty of estimates due to assump-
tions, especially for future scenarios. 
 
Recommendation 10-2: Research should be conducted to estimate how upstream emissions in the 
power sector change in response to changes in generation.  
 
Recommendation 10-3: Analyses estimating the emissions implications of changing PEV adop-
tion or PEV policy should provide a transparent assessment of how sensitive or robust the results 
of the analyses are to reasonable variations in modeling assumptions and future scenarios. 
 
Recommendation 10-5: LCA to estimate the change in GHG emissions induced by a policy or a 
change in technology adoption should consider how interaction with existing policies may affect 
outcomes. For cars and trucks, national fleet standards are key to understanding the net GHG out-
comes of technology or policy actions. 
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1 
Introduction and Policy Context 

 
Greenhouse gas (GHG) emissions drive climate change, and transportation is the largest source of 

GHG emissions in the United States and the fastest-growing emissions source globally.1 In 2020, petroleum 
products accounted about 90 percent of the U.S. transportation sector energy use, biofuels accounted for 
about 5 percent, natural gas accounted for about 3 percent, and electricity accounted for less than 1 percent 
(U.S. Energy Information Administration, 2020). In order to mitigate further effects of climate change, the 
adoption of low-carbon energy technologies, such as fuels with low GHG emissions, will be of paramount 
importance (NASEM, 2021a). 
 

TRANSPORTATION EMISSION REDUCTION POLICIES IN THE UNITED STATES 
 

There are a number of federal and state policies that aim to reduce GHG emissions from 
transportation. This section briefly reviews those policies, with notes on their similarities, differences, or 
relationship to a low-carbon fuel policy.  
 

Renewable Fuels Standard 
 

The Renewable Fuel Standard (RFS) program,2 which is implemented by the U.S. Environmental 
Protection Agency (EPA), aims to reduce life-cycle GHG emissions from transportation fuels, expand the 
U.S. renewable fuels sector, and reduce reliance on imported oil. This standard specifies volumes of 
renewable fuels to be blended into domestic transportation fuels. Although the RFS addresses only biofuels 
and does not include other low-carbon fuels, such as electricity, it has provided regulatory experience with 
life-cycle assessment (LCA)3 of GHG emissions of fuel production pathways.  

Much of existing U.S. ethanol production was exempted from meeting GHG reduction targets; new 
renewable fuel production was required to show reductions in estimated life-cycle GHG reductions relative 
to a 2005 petroleum baseline specified by EPA. Specifically, biomass-based diesel and advanced biofuels 
must meet a 50 percent life-cycle GHG reduction; cellulose biofuels must meet a 60 percent reduction; and 
conventional biofuels, such as ethanol derived from corn starch at new facilities, must meet a 20 percent 
reduction (EPA, n.d.-b). Life-cycle GHGs are defined under the Clean Air Act (42 U.S.C. § 7545(0)) to 
include direct and “significant” indirect emissions, such as land use changes related to the full fuel life 
cycle. Since 2010, more than 200 fuel pathways have been approved using methods of LCA (EPA, n.d.-a).  
 

Corporate Average Fuel Economy Standards 
 

Perhaps the most prominent federal programs regulating transportation fuel consumption in the 
United States are the Corporate Average Fuel Economy (CAFE) standards, regulated by the National 
Highway Traffic Safety Administration (Federal Register, 2020), and their companion light-duty fleet GHG 
emissions standards, regulated by the EPA (Federal Register, 2021). CAFE and the light-duty GHG 
standard do not set GHG emissions limits for fuels. But CAFE uses a placeholder for the efficiency 
contribution of alternative fuels, and the light-duty GHG standard treats electricity and hydrogen as zero 

 
1 Information from a presentation to the committee by V. Reed, J. Fitzgerald, and A. Haq of the Bioenergy Technol-
ogies Office of the U.S. Department of Energy, “Life-Cycle Analysis for Biofuels and Bio-Products.”  
2 This program was authorized under the Energy Policy Act of 2005 and expanded under the Energy Independence 
and Security Act of 2007 (EPA, n.d.-b). 
3 The terms life-cycle assessment and life-cycle analysis are used interchangeably in this report, and the acronym, 
LCA, is used for both. 
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emission fuels (NASEM, 2021b). These assumptions, in effect, incentivize electric vehicle and alternative 
fuel adoption, and may have several effects on future vehicle GHG emissions (Gan et al., 2021; Jenn et al., 
2019).  
 

State-Level Low-Carbon Fuel Standards 
 

At the state level, California and Oregon have adopted low-carbon fuel standards (LCFSs). Both 
standards are based on life-cycle carbon reduction pathways. Credits are given for fuels based on life-cycle 
GHG reductions.  

California first adopted an LCFS in 2009, with the goal of reducing transportation fuel carbon 
intensity (CI) by at least 20 percent by 2030 (California Air Resources Board, 2020). LCA is used to 
calculate a CI score, including both the direct and indirect effects of fuel production, which in turn is used 
for crediting purposes. Oregon’s Clean Fuels program, started in 2016, also assesses life-cycle GHGs of 
fuels, and it requires a 10 percent reduction in pollution from transportation fuels used in Oregon below 
2015 levels by 2025 (Oregon Department of Environmental Quality, n.d.) This program also uses a credit 
system and applies to all fuels used in Oregon. Oregon and California’s programs are aligned with regards 
to system boundary definitions, as well as data availability and transparency.4 In a presentation to this 
committee, a representative from the Oregon program highlighted the opportunity for shared learning and 
information exchange regarding LCA.  

There is growing interest in a national LCFS. A recent majority report from the congressional staff 
of the House Select Committee on the Climate Crisis calls for Congress to develop an LCFS that builds on 
the RFS, sets a benchmark for liquid and non-liquid fuels that is technology- and feedstock-neutral, and is 
tied to LCA for determining a fuel’s CI (Select Committee on the Climate Crisis, 2020). Additionally, a 
report on behalf of a bipartisan network of former EPA career employees has called on the agency to 
evaluate the adoption of a federal LCFS (Environmental Protection Network, 2020). 
 

LIFE-CYCLE ANALYSIS TO ASSESS GREENHOUSE GAS EMISSIONS 
 

To ensure reductions in GHG emissions, metrics and accurate measurements are needed. LCA is 
the tool used to measure and account for the full environmental impacts of a transportation fuel, including 
impacts associated with feedstock production or extraction, transportation and manufacturing, and use in 
vehicles. LCA aims to include emissions that may be considered indirect as well as direct emissions of 
GHGs. A notable example is land use change stemming from increased demand for biofuels. Published 
LCA studies have differed in their implementation, with methodological differences affecting choices of 
system boundaries, quantification of market-induced effects, and allocation of emissions among co-
products. Additionally, there have been questions regarding the quantity, quality, and availability of data 
used in LCA. If low-carbon fuel policies are to rely on LCA, the methodologies and assumptions need to 
be assessed, with approaches defined for how to navigate results determined by uncertain parameters, 
models, and assumptions.  
 

THE COMMITTEE’S CHARGE AND APPROACH 
 

In May 2021 Breakthrough Energy5 requested the National Academies of Sciences, Engineering, 
and Medicine to appoint an ad hoc committee that would assess current methods for estimating GHG 

 
4 Information from a presentation to the committee by C. McConnaha, C-A. Wind, and K. Winans, K., “Oregon 
Department of Environmental Quality Clean Fuels Program Presentation to the National Academy of Sciences, Engi-
neering, and Medicine Committee, “Current Methods for Life Cycle Analyses of Low-Carbon Transportation Fuels 
in the United States.” 
5 Breakthrough Energy, founded by Bill Gates in 2015, is a network of entities supporting investments intended to 
help attain net-zero greenhouse gas emissions. For information about the organization and its mission, see 
https://www.breakthroughenergy.org/our-story/our-story. 
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emissions associated with transportation fuels (liquid and non-liquid) for potential use in a national low-
carbon fuels program. The committee’s statement of task is presented in Box 1-1. 

Individuals appointed to the committee were chosen for their individual expertise and the relevance 
of their experience and knowledge to the task, not their affiliation with any institution. All committee 
members volunteer their time to participate in a National Academies consensus study. Areas of expertise 
represented on the committee include LCA, fuel production and use (including fossil fuels, biofuels, and 
electricity), economics, GHG emission modeling, uncertainty analysis, environmental policy decision-
making, and biofuel impacts and fuel policy. For biographical sketches of the committee members, see 
Appendix B. 

The committee organized its work by focusing on the methods of LCA and the capabilities needed 
for potential use in a national low-carbon fuels program. The committee examined general methodological 
approaches of LCA, key issues for evaluating GHG emissions, issues that arise for transportation fuels, and 
methodological issues that arise for characteristic types of transportation fuel. 

The committee decided not to review or emphasize comparison of the numerical results of different 
LCAs of transportation fuels, but rather to keep the focus on the methods of GHG emission LCA for fuels. 
That is, the committee did not include tables compiling or comparing results from different studies, different 
methods, different years, or different fuels. The committee does not endorse the numerical result of any 
particular LCA or method. Instead, the committee focused, and the report emphasizes, what methods and 
approaches could be considered in order to develop reliable quantitative estimates of GHG emissions. 
Moreover, the committee focused on developing conclusions and recommendations for the use of LCA of 
transportation fuels that could be used to support an LCFS policy. That is, the committee considered that 
policymakers and the public would want the LCA to be able to reliably estimate the effect of a low-carbon 
fuel policy on reducing emissions of GHGs. To that end, the committee and the report emphasize methods 
to evaluate the consequences of a potential U.S. LCFS policy. The committee also, consistent with its task, 
identified needs for additional data, methods for data collection, standardized inputs for LCA, and model 
improvements that could provide a basis for strengthening the reliability and consistency of how LCA is 
applied for LCFSs.  
 
 

BOX 1-1 Statement of Task 
 

An ad hoc committee of the National Academies of Sciences, Engineering, and Medicine will assess current 
methods for estimating life-cycle greenhouse gas (GHG) emissions associated with transportation fuels (liquid and 
non-liquid) for potential use in a national low-carbon fuels program. In carrying out its assessment, the committee 
will identify the general characteristics and capabilities of GHG emissions estimation methods that would be 
commonly needed across various types of low-carbon fuels programs applied at a national level. The committee 
will include these considerations: 
 

 Direct GHG emissions over the entire life cycle of a given transportation fuel, including feedstock 
generation or extraction, feedstock conversion to a finished fuel or blendstock, distribution, storage, 
delivery, and use of the fuel in vehicles. 

 Potentially significant indirect GHG emissions, such as those associated with indirect land use changes 
attributed to biofuels production. 

 Key assumptions, input parameters, and data quality and quantity for application of lifecycle GHG emission 
models for different regions of the United States. 

 Needs for additional data, methods for data collection, standardized inputs for lifecycle analyses, and model 
improvements. 
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The committee deliberated and gathered information from June 2021 to February 2022, holding 10 
virtual meetings. Five of these meetings included an open session at which the committee members had the 
opportunity to hear from and have Q&A sessions with a representative of Breakthrough Energy, the study 
sponsor; federal and state agency representatives; and invited speakers. The invited speakers were requested 
to submit recorded presentations on topics relevant to the study prior to the open sessions. The agendas for 
the open session are provided in Appendix C. Video recordings of the speaker presentations and speakers’ 
slides are available on the study website. 

Throughout the study, the committee also received input from interested stakeholders and the 
public through the study website, public comments periods in the open meetings, or by e‐mail. All submitted 
comments and documents were added to the study’s public access file, which is available on request from 
the National Academies’ Public Access Records Office.  
 

ORGANIZATION OF THE REPORT 
 

The report’s 10 chapters are divided in three parts. In addition to this chapter’s general background 
for the study, Part I covers the phases and types of LCA (Chapter 2) and a discussion of LCA in an LCFS 
policy (Chapter 3). Part II addresses the general and specific considerations for LCA: direct and indirect 
effects, uncertainty and variability, and scale of production are discussed in Chapter 4; verification is 
discussed in Chapter 5; and specific issues and methods for LCA are discussed in Chapter 6. Part III 
addresses specific fuel issues for LCA: issues related to fossil and gaseous fuels for road transportation are 
discussed in Chapter 7; issues pertaining to aviation and maritime fuels are discussed in Chapter 8; issues 
related to biofuels are discussed in Chapter 9; and issues related to electricity as transportation fuel are 
discussed in Chapter 10. 
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2 
Fundamentals of Life-Cycle Assessment 

 
Life-cycle assessment (LCA) is an analysis technique that can be used to quantify a wide variety 

of environmental and social impacts that can be attributed to the provision of a good or service. This report 
focuses on the use of LCA to estimate greenhouse gas (GHG) emissions associated with transportation 
energy sources. According to the definition given by the International Standardization Organization (ISO) 
in the ISO 14040:2006 series standard, LCA is a “compilation and evaluation of the inputs, outputs and the 
potential environmental impacts of a product system throughout its life cycle.” (ISO 14040:2006). This 
chapter provides background on how LCAs are commonly conducted, reviews the foundational concepts 
in LCA, and disambiguates key terminology that is used throughout this report. Although this chapter de-
scribes LCA methods in the context of transportation fuels, the fundamental LCA concepts and guidelines 
can apply to a wide range of goods and services.  

This chapter first describes the four phases involved in conducting an LCA as defined in the ISO 
14040/14044 standards. Next, two types of LCA are presented: attributional LCA (ALCA) and consequen-
tial LCA (CLCA). The selection of functional units and system boundaries are then discussed in the context 
of these types of analysis.  

 
THE FOUR PHASES OF CONDUCTING A LIFE-CYCLE ASSESSMENT 

 
The ISO 14040/14044 (ISO, 2006a,b) series is a commonly used standard for LCA. It provides 

principles and a framework for LCA (ISO 14040:2006) and requirements and guidelines (ISO 14044:2006) 
for conducting an LCA. Notably, it does not provide specific recommendations for methods, datasets, or 
tools for conducting an LCA, noting that “there is no single method for conducting LCA” (ISO 
14040:2006). In essence, it provides a common language for conducting an LCA and basic guidelines for 
structuring an analysis without being prescriptive on the details of how an LCA should be performed. Alt-
hough other standards for LCA exist (e.g., Guinée et al., 2018), ISO is arguably the most widely used and 
this chapter makes use of ISO terminology in its description of LCA. 

Per the ISO standard, an LCA has four phases (see Figure 2-1). The first of these is the goal and 
scope definition phase. This phase lays the foundation for an LCA, specifying the goal of conducting the 
analysis. For transportation fuels policy, this goal could be to assign GHG emissions-intensity scores that 
can be compared across a range of fuel options. Another goal could be to inform and prioritize technology 
development or operational choices to reduce the environmental impact of a particular fuel. In some other 
cases, the goal of an LCA may be to conduct regulatory impact assessment to understand how a transpor-
tation fuel policy will change system-wide emissions at a national or global scale. Clarity on the goal of the 
study and how its results will be used helps shape all subsequent decisions for its design. The scope of the 
study clarifies which systems will be included. In the case of a fuel’s life cycle, a single fuel production 
route (commonly referred to as a “fuel pathway”) may be considered, or the scope may expand to include 
all sectors that are linked to the product or action being studied. The resulting differentiation between what 
sectors/activities are included versus excluded is determined by the system boundary, and any activities 
outside the system boundary are not included in the analysis.  
 The second phase of an LCA is a life-cycle inventory (LCI) analysis, which entails cataloging the 
material and energy flows across a fuel’s life cycle. This may be done in a bottom-up manner using facility-
level data, estimated through top-down approaches that rely on sector-level data, or through some combi-
nation of the two (see further discussion below). In a bottom-up analysis of fuels produced from petroleum, 
the LCI may involve compiling data on energy consumed and emissions produced during crude oil extrac-
tion and refining, on the transportation of intermediate and final petroleum products, and on the eventual 
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combustion of the fuel in a vehicle. These activities make up the primary supply chain for a petroleum-
derived fuel and, when combined, are considered to be a fuel pathway. Each stage in the fuel pathway also 
has its own supply chain, with corresponding upstream resource consumption and emissions. For example, 
petroleum refineries consume electricity, which is generated using multiple energy sources. Building ma-
terials to construct facilities and purchases from service sectors such as insurance are all part of this ex-
tended supply chain and can be important to include. As discussed further in the CLCA section, an LCI 
may also be used to quantify economy-wide changes in material and energy flows associated with the im-
plementation of a policy or a change in production of an individual fuel.  
 In systems with mature technologies, these data may be obtained from government or industry 
reports. In emerging systems that are not yet well established at a commercial scale, LCI data may be 
generated through a combination of engineering models and empirical data from small-scale pilot or 
demonstration operations. For analyses seeking to understand economy-wide impacts of an action or policy, 
general equilibrium models or other economic models and data may also be used to capture market-medi-
ated effects. Examples of market-mediated effects include the land use change (LUC) from production of 
biofuels and shifts in total market demand for fuels and other co-products as a result of a change in supply. 
Data sources can vary across an LCI; reporting one’s data sources transparently can increase confidence in 
LCA results and enable reproducibility. Data quality in an LCI directly influences the quality of LCA re-
sults. For studies that are focused on GHG emissions, carbon dioxide (CO2) from combustion can usually 
be approximated by using information about the fuel type(s) combusted for different activities across the 
supply chain and the stoichiometry of complete combustion. However, non-combustion emissions also have 
to be accounted for in the inventory phase and these emission factors often rely on field measurements, 
satellite data, or self-reported data from industry. For example, natural gas systems emit fugitive methane 
emissions, and agricultural systems emit nitrous oxide (N2O) and methane (CH4). 

Life-cycle impact assessment is the third phase of conducting an LCA. In a life-cycle impact as-
sessment, the data from the inventory phase, usually reported in physical units (e.g., kg of pollutant emitted 
or MJ [megajoule] of a fuel consumed), are used to calculate impact results in terms of multiple so-called 
indicators, which capture a wide range of human health, climate, and ecological impacts. There are numer-
ous calculation methods available to convert LCI data to indicators, including but not limited to ReCiPe, 
USEtox, TRACI, and IMPACT 2002+ (Wang et al., 2020). For example, life-cycle GHG emissions may 
be calculated on an individual basis (separate inventories for CO2, CH4, N2O, refrigerants, and any other 
relevant GHGs) based on the amounts and types of energy combusted, by process (non-combustion) emis-
sions, and measured or simulated levels of fugitive emissions. These individual emissions totals can then 
be combined based on their relative climate impact and reported as global warming potential (GWP) in the 
form of CO2-equivalents (CO2e) (Peters, 2010). This reported CO2e is often referred to as “carbon intensity” 
(CI), “carbon footprint,” or “GHG footprint”, despite the fact that not all emissions commonly included in 
the footprint (namely N2O) contain carbon. Impacts can also be converted to costs (or net benefits) by 
estimating the monetized damages to society associated with each impact. GHG emissions are typically 
translated into monetized damages by using a value known as the social cost of carbon, which can be helpful 
in conducting cost–benefit analyses for emissions mitigation efforts, although social cost of carbon esti-
mates may be incomplete in their accounting of potential damages (Bressler 2021; IWG, 2021).  

The fourth phase of an LCA is the interpretation phase, in which impact assessment results are 
translated into meaningful information and guidance. In this phase, LCA practitioners interpret the impact 
assessment to inform policy or advice on fruitful directions for research and development to reduce system-
wide effects. As noted in Figure 2-1, the process is often iterative, and the interpretation phase may highlight 
the need for collection of additional inventory data to address key sources of uncertainty or even a revision 
in the study’s goal and scope. Interpretation is not the last phase in LCA but rather part of an iterative 
process concurrently with the other phases so as to inform LCA design. 
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FIGURE 2-1 Four phases of life-cycle assessment. SOURCE: Adapted from ISO 14040:2006. ©ISO. This 
material is reproduced from ISO 14040:2006 with permission of the American National Standards Institute 
(ANSI) on behalf of the International Organization for Standardization. All rights reserved. 
 
 

TWO BROAD CATEGORIES OF LIFE-CYCLE ASSESSMENT 
 

In defining the goal and scope of an LCA, a practitioner may select from a wide variety of desired 
outcomes: perhaps two different products are being compared to inform the selection of one based on its 
environmental impact or an industrial production process is being assessed to identify opportunities for 
reducing its life-cycle impacts. However, there are two broad categories of LCA that are relevant to this 
report and require such fundamentally different approaches that they are important to discuss in greater 
detail: attributional LCA and consequential LCA. ALCA is defined by “environmentally relevant physical 
flows to and from a life cycle and its subsystem” (Finnveden et al., 2009). ALCA seeks to attribute a portion 
of total observed environmental impacts from human activities to the provision of a specific good or service. 
In contrast, CLCA is defined by its aim to describe “how environmentally relevant flows will change in 
response to possible decisions” (Finnveden et al., 2009). In other words, CLCA captures the consequences 
of some change in the provision of goods or services. Table 2-1 provides a list of definitions of attributional 
and consequential LCA from the research literature. Note that one of the examples in Table 2-1 uses the 
term “hybrid” LCA to refer to a mix of ALCA and CLCA; in this report, the term “hybrid” is used to refer 
to a combination of process-based and economic input-output (EIO) LCA, as discussed further in the ALCA 
section. While these definitions of ALCA and CLCA vary slightly, the common thread is that ALCA esti-
mates emissions as they are or could be in some projected future state (among other things, requiring choices 
about how to assign emissions to co-products), and CLCA estimates how emissions will change in response 
to a decision or action. Both ALCA and CLCA can be useful in research, analysis, and policy design, but 
they answer different questions and will produce different results (see Figure 2-2). ALCA and CLCA can 
be applied to quantify a wide variety of impacts well beyond GHG emissions. Although not discussed in 
detail here, ALCA and CLCA can be applied to quantify a wide variety of impacts well beyond GHG 
emissions. Social LCA, for example, estimates social and socio-economic impacts (UNEP-SETAC, 2020) 
and can be useful in regulatory impact assessment. 
  

http://nap.nationalacademies.org/26402


Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels in the United States

Copyright National Academy of Sciences. All rights reserved.

Fundamentals of Life-Cycle Assessment 21 

TABLE 2-1 Definitions of Attributional and Consequential LCA from the Literature 
Source Definitions of Attributional and Consequential LCA 

Matthews et al. (2014)  “Attributional LCAs seek to determine the effects now, or in the past, which inevitably 
means that our concerns are restricted to average effects. However, emerging practice 
and need in LCA often seeks to consider the consequences of product systems or 
changes to them. In consequential LCA studies, marginal, instead of average, effects 
are considered (Finnveden et al. 2009). Marginal effects are those effects that happen 
‘at the margin’, and in economics refer to effects associated with the next additional 
unit of production. Furthermore, consequential analyses seek to determine what would 
change or need to change given the influence of changing product systems on markets.” 

NRC (2012)  “Attributional LCA, the more traditional form, traces the material and energy flows of 
a biofuel supply chain and seeks to attribute environmental impact to a biofuel based 
upon these flows.  
 
Consequential LCA, on the other hand, considers the environmental effects of the 
cascade of events that occur as a result of a decision to produce or not to produce a 
given biofuel.” 

RFS2 Regulatory Impact 
Assessment (EPA, 2010)a 

“Lifecycle assessments can be divided into two major methodological categories: 
attributional and consequential. An attributional approach to GHG emissions 
accounting in products provides information about the GHG emitted directly by a 
product and its life cycle. The product system includes processes that are directly linked 
to the product by material, energy flows or services following a supply-chain logic. A 
consequential approach to GHG emissions accounting in products provides 
information about the GHG emitted, directly or indirectly, as a consequence of changes 
in demand for the product. This approach typically describes changes in GHG 
emissions levels from affected processes, which are identified by linking causes with 
effects. The definition of lifecycle greenhouse gas emissions established by Congress 
states that: “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.” This definition and specifically the clause “(including direct 
emissions and significant indirect emissions such as significant emissions from land use 
changes)” requires the Agency to consider a consequential lifecycle analyses and to 
develop a methodology that accounts for all of the important factors that may 
significantly influence this assessment, including the secondary or indirect impacts of 
expanded biofuels use. 

British Columbia Low Carbon 
Fuel Standard Avoided 
Emissions Policy: Intentions 
Paper for Consultationb  

“An attributional LCA accounts for only the direct emissions associated with the fuel 
lifecycle, including the emissions from production of energy and material inputs to the 
fuel life cycle. Emissions are allocated between co-products based on a physical 
quantity and indirect impacts are not considered…A consequential LCA determines 
the comprehensive greenhouse gas (GHG) emissions of a product by assessing the 
direct and indirect impacts of the fuel on external markets. A consequential LCA 
considers the market effects of a change in production, expands the system boundary to 
include non-fuel system impacts, and includes the indirect effects of the fuel production 
on the environment (e.g. indirect land use change)... The consequential approach to 
LCA essentially compares a scenario without the fuel to one with the fuel and attributes 
the resulting changes in affected markets to the fuel.  
 
Hybrid LCA: Hybrid LCA is a combination of attributional and consequential LCA.” 

continued 
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TABLE 2-1 continued 
Source Definitions of Attributional and Consequential LCA 

Finnveden et al. (2009)  Attributional LCA is defined by its focus on describing the environmentally relevant 
physical flows to and from a life cycle and its subsystems.  
 
Consequential LCA is defined by its aim to describe how environmentally relevant 
flows will change in response to possible decisions (Curran et al., 2005).  Similar 
distinctions have been made in several other publications (Ekvall, 1999), but often 
using other terms to denote the two types of LCA (such as descriptive versus change-
oriented) and sometimes including further distinctions of subcategories within the two 
main types of LCA (Guineé et al., 2002).     

Ekvall et al. (2016)  Attributional LCI considers the flows in the environment within a chosen temporal 
window. 
Consequential LCI considers how the flows may change in response to decisions. 

Ekvall (2019)  Attributional LCA: LCA aiming to describe the environmentally relevant physical 
flows to and from a life cycle and its subsystems.  
 
Consequential LCA: LCA aiming to describe how environmentally relevant flows will 
change in response to possible decisions. Ekvall has developed these definitions based 
on Finnveden et al. (2009) and argued that: “These definitions clearly connect 
ALCA/CLCA not only to methodological choices but also to the goal of the study, 
because they respond to different questions” described in Figure 2-2. 

UNEP-SETAC (2011) The attributional approach attempts to provide information on what portion of global 
burdens can be associated with a product (and its life cycle). In theory, if one were to 
conduct attributional LCAs of all final products, one would end up with the total 
observed environmental burdens worldwide. The consequential approach attempts to 
provide information on the environmental burdens that occur, directly or indirectly, as a 
consequence of a decision (usually represented by changes in demand for a product). In 
theory, the systems analyzed in these LCAs are made up only of processes that are 
actually affected by the decision. 

EUCAR (2020)c Attributional LCA: It depicts the potential environmental impacts that can be 
attributed to a system (e.g. a product) over its life cycle, i.e. upstream along the supply-
chain and downstream following the system's use and end-of-life value chain. 
 
Consequential LCA: It aims at identifying the consequences that a decision in the 
foreground system has for other processes and systems of the economy, both in the 
analyzed system's background system and on other systems. It models the analyzed 
system around these consequences. 

a Renewable Fuel Standard Program (RFS2) Regulatory Impact Assessment. Report number: EPA-420-R-10-006; 
Date published: February 2010. URL: https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P1006DXP.TXT. 
b See https://www2.gov.bc.ca/assets/gov/farming-natural-resources-and-industry/electricity-alternative-energy/trans 
portation/renewable-low-carbon-fuels/bc_low_carbon_fuel_standard_avoided_emission_policy_-_intentions_paper_ 
for_consultation.pdf. 
c European Council for Automotive R&D; see https://www.eucar.be/lca-in-wtt-and-wtw-review-and-recommenda-
tions/. 
 
 

ATTRIBUTIONAL LIFE-CYCLE ASSESSMENT 
 

In an ALCA, an inventory of emissions or impacts that occur along each stage of a supply chain 
are assigned or attributed to a functional unit. A functional unit is a core characteristic of ALCA (although 
not exclusive to ALCA) and it is the common basis on which environmental effects are evaluated and 
reported. Functional units serve as the denominator in LCA results (impact per functional unit), so they 
must be defined in a manner that captures the value or function provided by a product. In the case of trans-
portation fuels, common functional units are MJ of fuel and vehicle-mile traveled (Chapter 6 discusses in 
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more detail vehicle-fuel combinations and the types of functional units that are appropriate for drawing 
comparisons across multiple fuels and vehicle technologies). Other functional units may be more appropri-
ate when different modes of transportation are being compared for the movement of freight or people, such 
as ton-mile or passenger-mile traveled. Use of common functional units is one important step to enable 
comparison across different ALCAs.  
 
 

 
FIGURE 2-2 Illustration of how attributional (left) and consequential (right) LCA address different ques-
tions. NOTE: The yellow circles refer to global environmental burdens. SOURCE: Weidema (2003).  
Reprinted with permission from Copenhagen: Danish Environmental Protection Agency (Environmental 
Project no. 863). 
 
 

The system boundary is a second core characteristic of ALCA. Establishing an appropriate system 
boundary requires several steps. First, the primary stages of the product’s supply chain has to be selected 
for analysis. In the case of transportation fuels, it is common to include material extraction, transportation 
of raw material to point of processing, raw material conversion into fuel, transportation of fuel to points of 
distribution, and combustion of the fuel. In a system boundary that encompasses multiple fuel systems, this 
consideration will be more complex. 

A second consideration is the time scale of the study. An ALCA may consider an existing technol-
ogy operating in the context of current infrastructure systems or it may be focused on some future state in 
which the technology or infrastructure systems have evolved. Finally, a geographic scope has to be estab-
lished. An ALCA may limit the system boundary to a production and use occurring in one or more specific 
geographic regions.  
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There are three main techniques for carrying out ALCA: process-based LCA, EIO LCA, and hybrid 
LCA, which combines elements of the first two. 
 

 Process-based LCA uses a bottom-up emissions accounting approach, measuring or estimating 
emissions from each activity within the chosen system boundary.  

 EIO LCA uses a top-down emissions accounting approach, leveraging data on economic trade 
and emissions from each sector of the economy to estimate emissions associated with economic 
activity in particular sectors.1 

 Hybrid Process/EIO LCA combines bottom-up process-based LCA estimates with EIO LCA 
estimates.  

 
These three approaches (process-based LCA, EIO LCA, and hybrid) answer the question “what 

emissions are attributable to a product or process?” based on decisions made by the modeler about what to 
include in the system boundary and which emissions to assign to which products or processes when there 
are co-products (Matthews et al., 2014). Each of the approaches answers this question at differing levels of 
detail. The most traditional approach to ALCA is process-based LCA, which uses bottom-up emissions 
accounting to estimate the emissions from material and energy flows for producing a fuel, including a por-
tion of or all of its supply chain. A process-based LCA, by necessity, cannot include every supply chain 
activity, so system boundaries are drawn to prevent the analysis from continuing indefinitely. The level of 
detail used for modeling each supply change stage may vary. For example, national-level material and 
energy flows may be used in some cases (e.g., crude oil extraction, corn agriculture, average petroleum 
refinery energy and material consumption), facility-specific data may be used in other cases (e.g., from a 
specific refinery), and, in the absence of such data, a process model may be built to estimate anticipated 

 
1 Committee member Farzad Taheripour wishes to clarify the following: This report classifies the EIO method as an 
ALCA approach. This classification is at least inconsistent with some common ALCA definitions provided in Table 
2-1 of this report. This table asserts that:  

– “An attributional approach to GHG emissions accounting in products provides information about the GHG 
emitted directly by a product and its life cycle. The product system includes processes that are directly linked 
to the product by material, energy flows or services following a supply-chain logic.” 

– “An attributional LCA accounts for only the direct emissions associated with the fuel lifecycle, including the 
emissions from production of energy and material inputs to the fuel lifecycle.”  

– “The attributional approach attempts to provide information on what portion of global burdens can be asso-
ciated with a product (and its life cycle).”  

Table 2-1 also declares that:  
– “A consequential approach to GHG emissions accounting in products provides information about the GHG 

emitted, directly or indirectly, as a consequence of changes in demand for the product. This approach typi-
cally describes changes in GHG emissions levels from affected processes, which are identified by linking 
causes with effects.”  

– “A consequential LCA determines the comprehensive greenhouse gas (GHG) emissions of a product by as-
sessing the direct and indirect impacts of the fuel on external markets. A consequential LCA considers the 
market effects of a change in production, expands the system boundary to include non-fuel system impacts, 
and includes the indirect effects of the fuel production on the environment.” 

– “The consequential approach attempts to provide information on the environmental burdens that occur, di-
rectly or indirectly, as a consequence of a decision (usually represented by changes in demand for a product).”  

An EIO analysis, ignoring its limitations and deficiencies, quantifies changes in direct and indirect emissions induced 
by changes (usually increases) in sectoral demands and or supplies. This approach does not attribute a portion of global 
burden to a product. It calculates direct and indirect emissions induced by changes in sectoral demands or supplies. 
Therefore, this method follows a consequential approach. Figure 2-2 of this report also suggests that the EIO method 
is consequential. Taheripour et al. (2022) have outlined how a typical input-output analysis calculates direct and indi-
rect induced emissions due to changes in sectoral demands or supplies. 
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flows. Process-based LCAs can provide insight into which steps in a process are responsible for a substan-
tial fraction of total energy consumption or emissions and therefore merit attention from engineers and 
designers who want to reduce environmental burdens. A limitation of process-based LCAs is their reliance 
on a wide variety of data sources that may vary in accuracy and representativeness. Public and commercial 
databases intended for use in process-based LCA can be poorly documented and may convey false precision 
by reporting values with significant figures well beyond what is appropriate. Another limitation of process-
based LCAs is that they do not account for effects on material or energy consumption and corresponding 
GHG emissions outside the system boundary. Therefore process-based models are subject to truncation 
error, meaning they do not capture the full extent of economy-level effects and thus will underestimate 
these effects (Lave et al., 1995; Matthews et al., 2008). It is because of this last point that the approaches 
of EIO LCA, environmentally extended input–output LCA (EEIO LCA), and hybrid LCA were developed. 

The second ALCA approach, EIO LCA or EEIO LCA, uses information about how much each 
economic sector directly purchases from other economic sectors, assembled in a matrix (input–output table) 
that can be used to calculate the monetary sum of all inputs that a sector requires directly or indirectly to 
produce its output. In the United States, this information is published regularly by the Bureau of Economic 
Analysis in the form of an input–output table, with 71-sector input-output data updated each year and the 
405-sector input–output data updated every 5 years. Impact vectors are assembled as a set of linear multi-
pliers that translate dollars of economic activity in each sector to a given environmental metric (e.g., CO2 
emissions) (Matthews et al., 2014). Impact vectors (e.g., emissions intensities per dollar) are usually devel-
oped by dividing sector-specific emissions totals (or other metrics, such as freshwater withdrawals) by total 
economic output from that sector to establish direct emissions or other metrics per dollar of economic ac-
tivity in each sector. EIO LCA models are linear in nature, so each dollar of economic activity within a 
sector is assigned exactly the same set of impacts. A commonly-used U.S.-based EIO LCA model is na-
tional in scope (Matthews et al., 2014, Ch. 8), although multi-regional models are also available (Cicas et 
al., 2007; Stadler et al., 2018). Together, these data can estimate broader supply chain relationships of 
economic activity, and corresponding emissions. For example, production of automobiles requires produc-
tion of steel, which requires production of iron ore, and so forth (Hendrickson et al., 2006).  

EIO LCA models lack the technological granularity of process-based models, but can be used to 
screen for likely hot spots of high environmental impact across a broader system boundary. Another chal-
lenge is that flows are typically linked to environmental effects based on monetary value of materials or 
energy carriers. This linking requires translation of monetary values into mass or energy flows based on an 
assumed market value, and it does not differentiate different products or activities within an individual 
economic sector. Market values for any given energy carrier or material fluctuate with time, so EIO LCA 
results may become unrepresentative of a system when major market value shifts. If major technological 
advancements occur in one or more sectors, this will only be reflected once updated input–output tables 
and impact vectors are in place. In EIO LCA models, emissions from each sector are based on average, 
rather than marginal, emissions in the sector, so these analyses generally do not estimate net emissions 
implications of changes in fuel use unless marginal emissions are similar to average emissions in the rele-
vant economic sectors (e.g., if emissions are linear with economic output in the relevant sectors).2 The U.S. 

 
2 EIO LCA and process-based LCA are commonly held to be ALCA. For example, Plevin et al. (2014) state, “Con-
ceptually and structurally, EIO is a version of ALCA, with an expanded, more interconnected set of processes than in 
what might be called ‘traditional' once-through process-based LCA.” Such a view is supported by Finnveden et al. 
(2009), who conclude, “With regard to the discussion on attributional and consequential LCA, it can be noted that the 
average data contained in an IOA [EIO LCA] are adequate for attributional LCA but less so for consequential LCA. 
They typically do not describe how the resource uses and emissions of a sector are affected by possible decisions.” 
Indeed, the early developers of the EIO LCA approach note that it has “the advantage of including effects attributable 
[emphasis added] to the influences of many indirect suppliers, which can be overlooked in process models”  
(Hendrickson et al. 1998). Nevertheless, because EIO LCA models emissions throughout the economy, some research-
ers think of it as a type of CLCA. However, as noted above, because EIO LCA models average, rather than marginal, 
emissions from each sector, it does not meet the definitions in Table 2-1 that require CLCA to estimate the change in 
emissions resulting from a decision or action.  
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Environmental Protection Agency (EPA) has established a set of tools based on U.S. EEIO data which is 
updated on an ongoing basis (Yang et al., 2017a). Recent research has used EEIO methodology to evaluate 
environmental and socio-economic effects of biofuels and related technologies (Lamers et al., 2021). 

The third approach, hybrid process/EIO LCA, is an attributional approach in which process-based 
LCA modeling for specific processes of interest is combined with economy-wide process modeling from 
the EIO LCA approach (Heijungs and Suh, 2002). In doing so, it attempts to extend what is known about 
supply chains beyond the specific process under examination (Suh et al., 2004). The method and extent of 
integration can vary depending on the study, and methods include tiered hybrid analysis, input–output based 
hybrid analysis, and integrated hybrid models (Suh et al., 2004). For example, one study may represent only 
the conversion stage of a fuel’s life cycle with a detailed process model and use an EIO LCA model to 
estimate effects that occur upstream and downstream of the conversion stage. Another might use detailed 
process models for both the upstream and conversion stages and turn to EIO LCA to estimate emission 
from the downstream portions of the supply chain. As an example, EIO LCA could be used to handle the 
effects of co-products on the broader economy. Although different approaches may be well justified given 
the goals of each individual study, these inconsistencies in hybrid LCA can complicate cross-study com-
parisons. The main advantage in pursuing a hybrid approach is to combine the insights available at the 
process-level from process-based LCA with the broader reach of EIO LCAs to cover a larger swath of the 
economy and associated environmental effects. Although the limitations of EIO LCA still apply, the hybrid 
method may help to reduce systematic biases that result from truncation error in purely process-based 
LCAs. Recent work on hybrid LCA databases is improving the databases and methodology of hybrid LCA 
(Agez et al., 2021). 

It is important to consider the applicability of these types of ALCA in the context of transportation 
fuels. Process-based, EIO, and hybrid process/EIO LCA all provide approaches to track environmental 
effects across fuel supply chains. Process-based LCA, for example, can be useful in informing the devel-
opment of a new fuel production process (e.g., converting lignin to a hydrocarbon fuel). An analysis that is 
focused on understanding and improving the life-cycle GHG footprint of an industrial process may benefit 
most from focusing detailed analysis on emissions sources that will be directly affected by changes to the 
process. Some sectors that are captured in EIO LCA, such as those associated with office workers in the 
insurance or finance sector, may not be as directly affected by process-level details at the facility. Con-
versely, an analysis seeking to capture the most comprehensive picture of life-cycle environmental effects 
would benefit from development of a hybrid process/EIO LCA to capture effects across a broader system 
boundary. These three types of ALCA can all have a role to play in decision-making, depending on the 
types of insights sought from the analysis. However, when the question of interest is how emissions will 
change as a result of a policy action or a change in fuel consumption, an attributional analysis will not 
provide an answer; a consequential analysis is the only type of analysis targeted to answering that question.  
 

CONSEQUENTIAL LIFE-CYCLE ASSESSMENT 
 

As noted above, CLCA asks a different question from ALCA, focused on how emissions or impacts 
will change in response to a decision or action (see Table 2-2; Ekvall, 2019; Schaubroeck et al., 2021). It 
estimates the difference in total emissions or environmental effect between one or more scenarios, in which 
some action is taken, and one or more counterfactuals in which no action is taken. A CLCA may report 
results on the basis of a functional unit that corresponds to a given quantity of some product or service (e.g., 
a gallon of fuel). However, the application of CLCA is not limited to this type of analysis. In the context of 
this report, the change to be captured by CLCA may be increased fuel supply or implementation of a policy. 
CLCA can include cascades of effects throughout the economy, as in EIO LCA, as well as other market-
mediated effects, such as the effect that increasing fuel supply has on fuel prices and ultimately on demand 
and emissions (Earles and Halog, 2011; Ekvall, 2019). The defining feature of CLCA that differentiates it  
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from ALCA is that it estimates the change in emissions induced by a decision or action (Figure 2.2). Often 
the scope of CLCA studies is broad, estimating economy-wide changes induced by a decision or action, but 
this is not always the case, and CLCA/ALCA can both use either broad or narrow system boundaries, 
depending on the LCA goal and scope (Table 2-2). 

Methodologies used in CLCA may include equilibrium, input–output, and dynamic models (Le 
Luu et al., 2020) as well as process-based models that estimate changes, rather than averages. For example, 
while an ALCA approach may assign the average electricity grid mix and emission factors to a process that 
consumes electricity, a CLCA would attempt to estimate which types of power plants are most likely to 
increase generation to meet the increase in power demand, or how the power sector infrastructure itself may 
change (Chapter 10). For biofuel LCAs, LUC is often modeled consequentially (see Chapter 9), even as the 
biofuel supply chains themselves are modeled using a predominantly ALCA approach. This practice of 
mixing ALCA and CLCA is discussed in Chapter 3.  

The approach for conducting a CLCA will vary depending on the scale of the change being evalu-
ated. When the change in question is small in comparison with an overall market for a fuel or other product, 
consequential emissions can be estimated using models that capture the effects at the margin. Returning to 
the electricity grid example, the overall generation mix in any particular region may include substantial 
quantities of nuclear, hydroelectricity, coal, and renewable energy sources, but depending on the time of 
day, the marginal grid mix may be mostly or entirely natural gas if those power plants are responsible for 
meeting marginal increases in demand. Actions or policies that result in larger relative differences in pro-
duction require different modeling approaches to predict the structural changes needed to accommodate the 
change. Because the cascade of changes induced by a technology or policy change can be wide reaching 
and complicated, answering a consequential question may involve high uncertainty. CLCAs that seek to 
predict net changes of a policy or other action years into the future run the risk of failing to predict other 
changes that are unrelated to the policy or action but occur in parallel. This possible problem does not 
necessarily imply that all CLCAs result in greater uncertainty relative to ALCAs, as results will vary on a 
case-by-case basis. As with ALCA, there is no single approach to conducting a CLCA and the selection of 
models and datasets needs to be guided by the goal of the study. Table 2-3 summarizes the three types of 
ALCA and the category of CLCA.  
 

COMPARISON OF ATTRIBUTIONAL AND CONSEQUENTIAL LIFE-CYCLE ANALYSIS 
 

As discussed in the preceding sections, an important difference between ALCA and CLCA pertains 
to the concept of average versus marginal emissions. Equally important is the fact that CLCA tends to, in 
many cases, include a larger system boundary because of the need to incorporate market-mediated effects 
that are not captured in ALCA. Box 2-1 provides examples of system boundaries for both ALCA and CLCA 
in a particular study, although the presentation of this approach does not imply endorsement by this com-
mittee. 
 
 
TABLE 2-2 Relationship between System Boundary and LCA Type 

LCA Type 

System Boundary 

Process and Supply Chain Economy-wide 

ALCA: Average emissions attributed to 
products or services 

Process-based ALCA Economic input-output-LCA 

CLCA: Change in emissions due to a 
decision or action 

Process-based CLCA Equilibrium models  
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BOX 2-1 Example of System Boundaries in ALCA and CLCA 
 
A boundary map is a visual means of conveying what is included and excluded in an LCA. Martin et al. (2015) 
present two boundary maps showing how the system boundaries might differ between an ALCA model and a CLCA 
model of a municipal waste-to-ethanol production system. Such diagrams can aid in the comparison of results from 
different LCA studies. This paper presents CLCA as starting with the ALCA and expanding the system boundary 
to encompass additional background systems, namely the gasoline market and market for biofuels from purpose-
grown feedstocks. The system boundary for CLCA studies are often, but not always, larger than the system bound-
ary for ALCA studies. 
 
ALCA: 
 

 
 

CLCA : 
 

 
 
SOURCE: Martin et al. (2015). Reprinted by permission from Springer Nature: Current Sustainable/Renewable 
Energy Reports. 
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Figure 2-3 shows how attributional and consequential LCA relate to the research question of inter-
est. When an analysis is addressing a question of how emissions will change in response to a decision or 
action, CLCA is appropriate (see Table 2-3). If the resulting change in a fuel’s consumption is small, mar-
ginal emission factors can estimate consequential emissions, but if the change is large, consequential emis-
sions may be non-marginal. In contrast, when addressing the question of how existing emissions can be 
attributed to fuels, the researcher has a choice: a consequential approach may be appropriate if the primary 
goal is to attribute to fuels the emissions associated with changes in use of those fuels; an attributional 
approach may be appropriate if the primary goal is to assign a share of existing emissions to fuels and other 
co-products. Attributional approaches often, but not always, assign average emission rates to products. 
 
 
TABLE 2-3 Summary of Major Approaches to LCA 
Method Approach Question Addressed System Boundary 

Attributional LCA: 
Process-Based  

Bottom-up emissions 
accounting 

What emissions are attributable to a 
process or product, as approximated 
by a supply chain, within the system 
boundaries? 

Typically the process in 
question; potentially 
including portions of its 
supply chain 

Attributional LCA: 
Economic Input-Output  

Top-down emissions 
accounting 

What emissions are attributable to a 
process or product, as approximated 
by a sector, within the system 
boundaries? 

National, multi-regional or 
global economy 

Attributional LCA: 
Hybrid Process/EIO  

Both bottom-up and top-
down emissions 
accounting 

What emissions are attributable to a 
process or product within the system 
boundaries, as approximated by a 
combination of supply chain and 
economic sector information? 

National, multi-regional or 
global economy 

Consequential LCA Counterfactual emissions 
comparison 

How will emissions change in 
response to a decision or action? 

Varies, but ideally as 
comprehensive as possible, 
including global effects 

 
 

 

FIGURE 2-3 LCA approaches by research question and relationship to average and marginal emission. 
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Figure 2-4 illustrates consequential GHG emissions from increased production of a fuel for which 
GHG emissions increase non-linearly with production. The first scenario (current) has no change, decision, 
or action that would influence fuel production. The second scenario (result) includes such a change, deci-
sion, or action. Figure 2-4a shows the difference in emissions between the two scenarios. Figure 2-4b illus-
trates that using average emissions estimates from an attributional LCA in this situation can produce poor 
estimates of the emissions consequences of the change unless emissions rise linearly with volume. Marginal 
emissions are shown in Figure 2-4c and represent the slope of the emissions curve at current levels. Mar-
ginal emissions can produce good estimates of consequential emissions when changes are small or when or 
the emissions curve is linear but can produce poor estimates when changes are large and the emissions 
curve is nonlinear, as in the illustration. Non-marginal consequential analysis can estimate the consequen-
tial change directly (Figure 2-4a) by estimating the difference between emission levels with and without a 
proposed change, decision or action. 

Importantly, in practice, many LCAs draw on elements from more than one of these approaches. 
For example, many CLCAs make use of average estimates for particular products or processes when con-
sequential estimates are unavailable. Additionally, some largely process-based LCAs attempt to account 
for some consequential effects, such as LUC, credits for avoided burdens from co-product displacement or 
substitution, and other estimated changes relative to the counterfactual (baseline). 

As a consequence of the variety of approaches that an LCA practitioner can adopt, it is unsurprising 
that LCA studies of the same product or system can produce conflicting results. At a high-level, these 
differences can result from (1) different questions being asked, (2) different methods being used to answer 
these different questions, (3) different underlying data or (4) different scope and assumptions.3  
 

Conclusion 2-1: The approach to LCA needs to be guided on the basis of the question the analysis 
is trying to answer. Different types of LCA are better suited for answering different questions or 
achieving different objectives, from fine tuning a well-defined supply chain to reduce emissions, 
to understanding the global, economy-level effect of a technology or policy change. 

 
Conclusion 2-2: Process-based ALCAs entail bottom-up accounting where emissions are assigned 
to products or processes based on modeling approach of a static world. Process-based ALCA can 
identify major sources of emissions in well-defined supply chains and identify opportunities to 
reduce supply chain carbon intensity, especially when case-specific process-data can be used in-
stead of generic data. Economic input-output life-cycle assessment (EIO LCA) identifies implica-
tions of interactions across broad sectors of the economy. It can capture emissions that may not be 
immediately apparent if only a well-defined supply chain is evaluated. It also is helpful in flagging 
emissions sources that are far-removed from the foreground system but are major contributors to 
total environmental effects. Hybrid Process/EIO ALCA identifies major sources of emissions be-
yond well-defined supply chains to include economy-wide effects. CLCA assesses the net effect of 
a decision or action, such as a change in fuel use or a change in policy, on total GHG emissions.      
 
Conclusion 2-3: LCA results can vary depending on which methods are used, which data are used, 
which assumptions are made, what scope is defined, and what question is asked. 
 
Recommendation 2-1: When emissions are to be assigned to products or processes based on mod-
eling choices including functional unit, method of allocating emissions among co-products, and 
system boundary, ALCA is appropriate. Modelers should provide transparency, justification, and 
sensitivity or robustness analysis for modeling choices. 

  

 
3 For a detailed description of this effect, see Box 2-2 and Chapter 5 in National Research Council (2011). 
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Recommendation 2-2: When a decision-maker wishes to understand the consequences of a pro-
posed decision or action on net GHG emissions, CLCA is appropriate. Modelers should provide 
transparency, justification, and sensitivity/robustness analysis for modeling choices for the scenar-
ios modeled with and without the proposed decision or action. 

 
 

 
FIGURE 2-4 Illustration of the hypothetical relationships between attributional and consequential emis-
sions and average and marginal emission factors for a single fuel, shown for one possible case when GHG 
emissions from increased production of this fuel are convex with fuel production volume. The figure is not 
intended to imply that GHG emissions are always convex with production volume. Emissions’ response to 
production volumes, particularly when large shifts in production occur, may take other shapes, including 
concave, linear, or nonconcave/nonconvex. The implementation of these models may or may not translate 
analytically in results depicted by these figures, as each model differs in how it represents emissions and 
production volumes, as well as their relationship. 
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3 
Life-Cycle Assessment in a Low-Carbon Fuel Standard Policy 

 
A low-carbon fuel standard (LCFS) refers to a policy intended to reduce the overall climate forcing 

that results from the production and use of transportation fuels by incentivizing the use of fuels with reduced 
emissions intensities. In this chapter, the term LCFS does not refer to any specific existing policy. Individual 
policies are specified differently; for example, the California LCFS is referred to as CA-LCFS. In general, 
an LCFS is predicated on three ideas:  
 

1) There are multiple energy sources (fuels) for accomplishing the same goal (transportation),  
2) The production and use of different transportation fuels will result in different climate forcing 

effects, driven by greenhouse gas (GHG) emissions and other climate forcers, and    
3) There is a mechanism for increasing the use of fuels with reduced contributions to climate 

change (referred to as low-carbon fuels) over others by regulating and incentivizing individual 
fuels based on their estimated ability to reduce GHG emissions and other climate forcing effects 
relative to an assumed baseline fuel. 

 
In this context, the term “low-carbon” in “low-carbon fuel” refers not to the chemical composition 

of a fuel itself, but rather to the climate forcing, as estimated for use in the LCFS, associated with the 
production and use of a fuel relative to the impact of the use of other options. Climate forcing is typically 
accounted for based on the global warming potential of GHGs including carbon dioxide (CO2), methane 
(CH4), nitrous oxide (N2O), fluorinated gases, and other climate forcers–some of which may not be GHGs 
(i.e., aerosols, albedo changes, and other biophysical impacts). Because identical fuel molecules can be 
produced from different raw materials using different conversion methods, a specific set of material inputs 
(feedstocks) and conversion processes is referred to in many transportation fuel policies as a “pathway.”  

As highlighted in Chapter 2, there is no single life-cycle assessment (LCA) method capable of 
answering all possible questions related to the climate impacts of a transportation fuel. Attributional LCA 
(ALCA) and consequential LCA (CLCA) both have important roles to play in understanding the climate 
impacts of transportation energy use, and each answers fundamentally different sets of questions. For each 
approach, there are methodological choices that will result in different outcomes. This chapter introduces 
some of the practical considerations in applying LCA methods to LCFS, both in terms of its direct 
integration into policy as well as its use in regulatory impact assessment (RIA). It summarizes the use of 
LCA in LCFS to date and discusses the appropriateness and tradeoffs of different approaches and methods 
for estimating life-cycle GHG emissions associated with transportation fuels for potential use in a national 
LCFS. The chapters in Parts II and III of this report explore technology-specific challenges and specific 
methodological issues in greater depth. 
 

HISTORICAL CONTEXT 
 

The use for LCA in regulating transportation-sector GHG emissions stems from the fact that 
emissions do not only occur at vehicle tailpipes. Raw material production, conversion to fuel, and the 
transportation of fuels to consumers can be important contributors to the total carbon footprint. 
Furthermore, many of those upstream emissions sources are not directly regulated. Regulating only vehicle 
tailpipe emissions, for example, would unfairly advantage technologies that have upstream impacts but zero 
tailpipe emissions, such as battery electric or hydrogen fuel cell vehicles. Biofuels were, and continue to 
be, a focus in the development of LCA methods for LCFS because there are GHG emission sources along 
biofuel supply chains (e.g., N2O from farmland and fossil CO2 emissions from combustion of diesel fuel 
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and natural gas in farm equipment and biorefineries). The LCFS concept was also conceived as a way to 
track and disincentivize the consumption of more emissions-intensive fossil resources.  

In 2007, when federal and California policies were beginning to incorporate life-cycle GHG 
emissions, oil prices were increasing, stimulating increased production of tar sands, oil shale, and 
consideration of other emissions-intensive alternative production routes, such as coal-to-liquids. Some held 
the belief that this trend was unlikely to reverse and global “peak oil” (referring to conventional oil 
production) would soon be reached, implying that prevention of a rise in unconventional fossil fuel 
production was key to avoiding catastrophic climate change (Kharecha and Hansen, 2008). However, these 
alternative production routes were not being penalized for their emissions-intensive upstream activities and 
contributions to the GHG-intensity of transportation. As Farrell et al. noted in their 2007 policy analysis of 
the CA-LCFS, “[T]he LCFS is a response to this recarbonization of transportation fuels, as well as the many 
market failures blocking innovation and investments in low-carbon alternatives to petroleum” (Farrell et 
al., 2007, p. 3). In short, an LCFS attempts to capture both combustion and supply chain emissions by 
incorporating upstream GHG emissions sources that are otherwise not adequately regulated directly, such 
as power plants, farms, biorefineries, and hydrogen production facilities. This practice of regulating 
upstream emission sources can improve the comprehensiveness of an LCFS, but it also introduces 
additional complexity and uncertainty.  

Challenges in the application of LCA for regulatory purposes have long been recognized (Hunt et 
al., 1996). For example, Lave et al. (1995, p. 420) stated with respect to one LCA method commonly used 
today (process-based), "Equally credible analyses can produce qualitatively different results, so the results 
of any particular life-cycle analysis cannot be defended scientifically.” More recently, Ekvall (2019, p. 1), 
noted: 

“[I]t was clear almost from the start that results from different LCAs can contradict each other. This 
is still true, despite many attempts to harmonize, standardize, and regulate LCA. From history, we learn 
that it is not realistic to expect LCA to deliver a unique and objective result. It should not be regarded as a 
single unique method; it is more fruitful to consider it a family of methods.” Meta-analyses and 
harmonization efforts can adjust for differences in underlying assumptions and methodological choices that 
drive many of the contradictions across different LCAs, particularly for ALCAs (Heath and Mann, 2012). 
Despite the complexities of using LCA in a regulatory context, a desire to design policies that achieve GHG 
emissions reductions has motivated an increase in the use of LCA for policy development, particularly in 
the context of fuels 
 

LOW-CARBON FUEL POLICIES IN THE UNITED STATES, EUROPE, AND BRAZIL 
 

Although a comprehensive overview of international LCFS is outside the scope of this report, there 
are several examples of transportation fuel policies across the world that use LCA to varying degrees. This 
section summarizes a set of policies selected to provide a representative range of approaches to LCA 
implementation.  

In the United States, there have been federal- and state-level policies that aim to reduce GHG 
emissions from transportation fuels in which LCA has been used. For the United States, the focus is on two 
groups of policies. The first is the Renewable Fuel Standard (RFS) (75 Fed. Reg. 14863), which was created 
by the Energy Policy Act of 2005; the life-cycle provisions were added when the program was amended by 
the Energy Independence and Security Act of 2007 (EISA). The U.S. Environmental Protection Agency 
(EPA) issued the final rule implementing EISA in 2010. A second set of policies targeting transportation 
fuels includes the CA-LCFS, which took effect in 2011, and a related policy called the Clean Fuel Program 
in Oregon, which took effect in 2016. Washington State also passed legislation authorizing a Clean Fuel 
Standard in 2021, which will go into effect in 2023. The California, Oregon and Washington programs are 
closely related and for simplicity, this chapter focuses primarily on the CA-LCFS because of its longer 
history and its similarity to the other more recently-crafted state policies.  
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Outside of the United States, one policy in the European Union (EU) and another in Brazil are 
explored. The EU’s 2009 Renewable Energy Directive (RED) and the updated 2018 Renewable Energy 
Directive (RED II) cover multiple sectors but have specific targets for the use of low-carbon fuels in 
transportation sector. The RenovaBio policy introduced in Brazil in 2017 sets carbon intensity (CI) targets 
for road transportation and assigns credits based on individual fuels’ contributions to achieving those 
targets.  
 

The U. S. Renewable Fuel Standard 
 

The RFS sets threshold GHG emissions reductions compared to a fixed baseline for petroleum-
derived fuels that a renewable fuel must achieve to be eligible for the program. In addition to transportation 
fuels, liquid fuels intended for use as heating oil are also eligible. The legislation contains definitions for 
what types of feedstocks make a fuel eligible, independent of their GHG footprint. Generally speaking, 
biofuels, electricity generated using biomass as the fuel, and renewable compressed natural gas (biogas that 
has been cleaned and upgraded to pipeline quality methane) are currently, or could be, qualifying fuels in 
the RFS. Notably, the RFS excludes non-biomass sources of renewable electricity, such as solar and wind. 
Qualifying fuels are then awarded Renewable Identification Numbers (RINs), which serve as the 
“currency” of the RFS program. There are four categories of RINs, each with different GHG reduction 
thresholds that fuels must meet according to the specific LCA methods used by EPA: 
 

 Conventional renewable fuel (RIN category D6), 20 percent; 
 Advanced biofuel (RIN category D5), 50 percent; 
 Biomass-based diesel (RIN category D4); and  
 Cellulosic biofuel (RIN categories D3 andr D7), 60 percent 

 
Fuels must be, according to the specific LCA methods used by EPA, 20 percent, 50 percent, 50 

percent, and 60 percent less GHG intensive than petroleum-derived fuels, respectively, as assessed in the 
last year of statutory volumes (2022) (as shown in Figure 9-1, Chapter 9 of this report). The minimum 20 
percent GHG reduction for D6 fuels was not strictly required for grandfathered facilities, including 
biorefineries that were existing, idled, or under-construction as of the November 2009 industry assessment, 
as well as coal-burning ethanol plants whose construction commenced before December 19, 2007. As of 
2010, the EPA calculated that 14.8 billion gallons of ethanol production capacity could be grandfathered in 
regardless of whether they met the GHG reduction requirement, just short of the total 15 billion gallon cap 
for corn ethanol (EPA, 2010). There are additional eligibility criteria limiting the feedstocks from which 
the different fuel categories can be produced, including some safeguards against specific forms of domestic 
land conversion (EPA, 2010b).  

As noted above, the RFS uses a combination of life-cycle emissions estimates and feedstock 
categorization to assign different alternative fuels to different compliance categories. Therefore, eligibility 
is based on both the definitions of qualifying fuels set forth in EISA and a fuel’s partial life-cycle GHG 
emissions relative to the baseline, fossil fuel life-cycle CI determined by EPA. As part of the RFS 
implementation, EPA has assessed the LCA of a variety of fuel pathways; new fuel pathways may be 
eligible for the RFS, but producers must first petition and submit data for EPA to conduct an LCA for final 
approval. EPA (2010) uses a combination of CLCA and ALCA (see Chapter 2) in its assessment of the life-
cycle emissions for each fuel pathway. EPA (2010a) assessed the consequential impacts of RFS-induced 
biofuel demand on agricultural emissions and global land use, but not on fuel markets, for the regulatory 
impact analysis of the policy, supplemented with attributional emissions to estimate the impacts of biofuel 
production for four biofuel pathways.1  

 
1 For a high-level summary of the regulatory impact assessment, see RIAs https://nepis.epa.gov/Exe/ZyPURL.cgi? 
Dockey=P1006DXP.txt.  
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An initial RIA (EPA, 2020) is supplemented by additional analysis for new pathways prior to their 
approval, based on a predominantly attributional analysis based on the energy and emissions associated 
with feedstock production and conversion. The hybrid ALCA and CLCA-based GHG footprints are used 
to determine, along with the feedstock type, in which RIN category a given fuel will be placed. RINs are 
generated when a qualifying fuel is produced and are retired when the fuel is blended. As can be seen above, 
the conventional renewable fuel (D6) category is the broadest and requires only a 20 percent life-cycle 
GHG reduction as assessed in 2022, in contrast; the cellulosic biofuel (D3 RIN and, for cellulosic diesel, 
D7 RIN) requires both a cellulosic feedstock and a 60 percent GHG reduction (although some types of 
biogas including landfill gas, once upgraded to renewable compressed natural gas, also qualify). EPA 
annually sets volume requirements based on statutory targets set out in EISA, with periodic adjustments 
based on various market factors. EPA mandates the blending of an overall quantity of renewable fuel 
annually, with separate volumetric sub-targets for certain compliance categories. RINs can be traded and 
carried over time. The four RIN categories are nested, meaning that some types of RINs can be used in 
compliance for other RINs. For example, biomass-based diesel (D4 RINs) can be used to satisfy advanced 
biofuel (D5) mandates for advanced biofuels or conventional renewable fuel (D6) for renewable fuels; see 
Figure 3-1. 

Notably, the decision to incorporate CLCA in RFS decision-making was based on guidance in 
EISA, which included the following definition: 
 

“LIFECYCLE GREENHOUSE GAS EMISSIONS.—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.” 

 
 

 
FIGURE 3-1 Nested compliance categories in the EPA Renewable Fuel Standard (RFS2). SOURCE: EPA 
(n.d.). NOTE: D7 is not shown, and refers to cellulosic diesel; it is subject to the same requirements as D3 
fuels. 
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The EPA 2010 final rule acknowledged the uncertainty associated with estimating land use change 
(LUC) and presented results for emissions from domestic and international LUC as a mean value bracketed 
by low and high values. Because the RFS uses thresholds for GHG emissions reductions rather than directly 
tying incentives to CI scores, fuel producers are somewhat insulated from the uncertainty around the 
impacts of LUC. Once it is demonstrated that a fuel meets this threshold, more precise estimates of the life-
cycle GHG emissions of the fuel have no impact on the administration of the policy. Furthermore, while 
EPA carried out a CLCA including indirect land use change (ILUC, also referred to as market-mediated 
LUC) for its RIA, it did not ultimately include other market-mediated effects such as potential changes in 
emissions from changes in fuel markets.  
 

The California Low-Carbon Fuel Standard 
 

The CA-LCFS is a performance-based standard that requires obligated parties—in this case, 
petroleum refiners and importers—to reduce the CI of the fuel mix intended for road transportation supplied 
to the road sector, as assessed and approved by the California Air Resources Board (CARB). Amended in 
2018 to extend beyond 2020, it mandates a reduction of 20 percent by 2030 of the road sector fuel mix 
relative to 2010 levels (17 CCR § 95482), using CARB’s accounting methods. Deficits are generated from 
the production and import of fossil-derived gasoline and diesel fuel; credits may be generated through the 
use of alternative fuels based on their CI as approved by CARB relative to the benchmark CI assigned to 
each fuel type, which CARB updates annually. “Opt-in” credits may be generated for pathways such as 
aviation fuels and electricity, whose producers are not obligated parties under the CA-LCFS. In other words, 
petroleum-derived aviation fuels do not generate deficits, but alternative aviation fuels with a CI below the 
baseline jet aviation CI can generate credits.  

Unlike the volumetric mandate of the federal RFS, credit generation in the CA-LCFS is based on 
the quantity of estimated GHG reductions from blended fuel rather than the volumes. Also in contrast with 
the RFS, non-biomass fuels such as electricity and hydrogen generated from wind and solar can be used for 
compliance. Similar CI-based standards have been implemented in British Columbia and Oregon and are 
in the process of implementation in the state of Washington and other provinces in Canada (British 
Columbia, 2008; Government of Canada, 2020; Oregon DEQ, 2021; Reducing Greenhouse Gas Emissions 
by Reducing the Carbon Intensity of Transportation Fuel, 2021).2 

To be eligible under the CA-LCFS, every fuel producer must develop an LCA for each specific 
pathway and submit it for certification with CARB. The program includes pathway-specific life-cycle 
emissions estimates calculated using an ALCA approach, as well as a set of ILUC factors estimated for a 
selection of crop-based fuels using the Global Trade Analysis Project (GTAP)-BIO model (CARB, 2015). 
The ALCA portion of the assessment uses a modified version of Argonne National Laboratory’s 
Greenhouse Gases, Regulated Emissions, and Energy Use in Technologies (GREET) model (referred to as 
CA-GREET). For biofuel pathways that are well-characterized in the program (e.g., corn ethanol) users 
may submit a simplified (Tier 1) application that requires inputting facility-specific parameters into a 
calculator; novel pathways with unique operating considerations require a Tier 2 application that may 
include a modified CA-GREET model for certification. Pathway applications for new fuels require a 
combination of validation and verification by third-party verifiers as well as review by CARB. 

In contrast with the RFS, the CA-LCFS is performance-based, so the precise CI value assigned to 
each fuel is integral to the implementation of the policy. The credits a fuel can earn under this policy are 
proportional to its estimated life-cycle GHG emissions. Accordingly, there is a strong incentive to 
demonstrate estimated life-cycle GHG emissions that are as low as possible. As noted previously, life-cycle 
GHG emissions of fuels under the CA-LCFS, excluding ILUC, are generally estimated using ALCA. 
However, CARB uses a CLCA approach to evaluate GHG emissions of ILUCs.  

The policy paper developing the CA-LCFS concept in response to the California governor’s 
executive order S-01-07 recommended including some non-zero representation of LUC emissions, which 

 
2 See Washington State's 2021 Senate Bill 5231 at https://www.washingtonvotes.org/2021-SB-5231. 
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inherently requires a CLCA approach. However, the executive order acknowledged that these estimates 
were likely subject to change while methodologies were further developed. The executive order included 
the following recommendation (California Governor’s Executive Order S-01-07): 
 

“Develop a non-zero estimate of the global warming impact of direct and indirect land use change 
for crop-based biofuels, and use this value for the first several years of the LCFS implementation. 
Participate in the development of an internationally accepted methodology for accounting for land 
use change, and adopt this methodology following an appropriate review.”  

 
Methodologies to quantify the emissions from ILUCs caused by increased biofuels production and 

use have been developed and refined, as further described in Chapter 9, but no firm consensus methodology 
has emerged that has been universally adopted by regulators.  
 

The European Union Renewable Energy Directive 
 

The EU’s Renewable Energy Directive (RED) is a broad, cross-sectoral energy mandate with a 
sub-target for energy supplied to the road and rail sectors (Directive 2009/30/EC). As a directive, it provides 
high-level targets that shall be implemented with some flexibility by member states. RED II, updated in 
2018, mandates a 14 percent transport sector energy target (Directive 2018/2001/EU). There are different 
GHG reduction requirements for fuels to qualify for RED II, depending on fuel type and what year a facility 
entered operation; fuels from facilities operating prior to October 2015 must generate at least 50 percent 
GHG savings as estimated by RED relative to the fossil fuel comparator; fuels from facilities entering 
operation in 2021 must generate at least 70 percent GHG savings. These emissions reduction thresholds are 
based only on the GHG emissions estimated with ALCA for each pathway they do not include emissions 
from ILUCs. Separate from the life-cycle GHG footprint estimates, fuels must comply with a set of 
sustainability criteria, including a prohibition on biofuels made from crops grown on high carbon stock land 
converted after 2008 to crop production. To verify that fuels counted toward the RED II are in compliance 
with the RED II, qualifying third-party verification schemes verify the supply chains of those fuels. These 
third-party certifiers at a minimum evaluate the feedstock source, land conversion, and life-cycle GHG 
savings from biofuels, as assessed by RED II, to ensure alignment with the sustainability criteria, and some 
schemes go further and also assess other environmental and social impacts. These schemes must be 
approved by the European Commission in order to be recognized.  

RED II includes a variety of additional sub-targets, caps, and incentives for specific fuel categories, 
as well as consideing ILUC elements. The contribution of food-based biofuels is capped at 7 percent of 
transport sector energy or each member state’s 2020 production, whichever is lower. The cap drops to 3.8 
percent in future years. RED II also includes a sub-target of 3.5 percent for advanced biofuels, which 
includes primarily lignocellulosic feedstocks, wastes, and residues — these fuels may be double-counted 
towards both the 3.5 percent sub-target and the overall 14 percent transport target. Other fuels, primarily 
waste oils, fats, and greases, also double count towards the 14 percent target, but their overall contribution 
is capped at 1.7 percent. The contribution of non-food sustainable aviation fuels and maritime fuels is 
adjusted to 1.2 times their energy value towards the 14 percent target. 
 

Brazil’s RenovaBio Policy 
 

Brazil’s RenovaBio policy, introduced in 2017, is a CI standard for biofuels (Presidência da 
República Secretaria-Geral Subchefia para Assuntos Jurídicos, 2017).3 RenovaBio establishes a 10-year 
time horizon for the reduction in the CI of road transport fuels consumed in Brazil, mandating a 10.2 percent 
CI reduction from 73.6 gCO2e/MJ to 66.1 gCO2e/MJ (USDA GAIN, 2021). Through the program’s biofuel 

 
3 See the National Biofuel Policy (Law 13.576/2017 - RenovaBio). https://www.gov.br/mme/pt-br/assuntos/secretar 
ias/petroleo-gas-natural-e-biocombustiveis/renovabio-1/renovabio-ingles. 
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certification scheme, individual CI scores will be attributed to each biofuel producer or importer based on 
the CI of fuel supplied. Fuels generate compliance credits on the basis of their CI relative to the fossil fuel 
baseline, as estimated using the policy’s RenovaCalc LCA model. Biofuel producers must hire inspection 
firms accredited by the National Petroleum, Natural Gas and Biofuels Agency in order to achieve 
certification and become eligible to generate compliance credits. 

To summarize, the federal RFS and CA-LCFS policies both estimate fuel CIs and include emissions 
from ILUCs in the calculation of CI for biofuels. The EU RED II does not include those changes in its 
assessment of GHG savings for specific fuel pathways, but it does include limits on fuels with high 
emissions from ILUCs. The RenovaBio policy implemented in Brazil has defined CI standards, but it does 
not include emissions from ILUCs. None of these policies include emissions from changes in fuel markets 
that arise from changes in fuel production.    
 

CONSIDERATIONS IN APPLYING ATTRIBUTIONAL LIFE-CYCLE ASSESSMENT AND 
CONSEQUENTIAL LIFE-CYCLE ASSESSMENT IN LOW-CARBON FUEL STANDARDS 

 
Over the years, the use of LCA in the development of the RFS, CA-LCFS, and other policies across 

the United States and globally have been the subject of much discussion. The charge for this report is to 
“assess current methods for estimating lifecycle GHG emissions associated with transportation fuels (liquid 
and non-liquid) for potential use in a national low-carbon fuels program.” This section outlines three 
different specific applications of LCA in an LCFS and comments on the high-level methodological choices 
that must be made in each application, namely choosing between ALCA, CLCA, or some combination of 
both.  

The process of estimating life-cycle emissions may be used for several purposes in an LCFS: 
 

1. Policy implementation: LCA methods have been used to assign CI scores to individual fuel 
pathways (production routes). Historically, this process has relied primarily on ALCA methods 
with a CLCA element added to account for emissions from LUCs, although this is not by any 
means the only viable approach to developing CI scores.  

2. Policy design: In addition to the use of CI scores for purposes of calculating credits and deficits 
used for LCFS policy implementation, LCA methods can also be used to guide other aspects 
of policy design. For example, the EU’s RED relies heavily on LUC modeling, and the results 
are used to establish limits and eligibility for particular feedstocks rather than modifying CI 
scores for a performance-based policy. This approach is meant to promote a policy that does 
not have market effects that decision-makers deem unacceptable.  

3. Regulatory impact assessment: Like policy design applications, RIAs are usually undertaken 
to understand the impacts of implementing or changing a policy and to avoid unintended 
negative impacts. A RIA would likely ask, among other things, how GHG emissions and other 
factors will change if the policy in question is enacted (relative to what would happen if the 
policy is not enacted), so a consequential LCA framing, with appropriate characterization of 
uncertainty, is well suited for this purpose: see Figure 3-2. The scope of a regulatory impact 
assessment may be much broader than the methods discussed at length in this report. For 
example, social LCA may be used to quantify the social and socio-economic impacts of 
implementing or altering an LCFS. 

 
Of the three low-carbon fuel policies discussed previously, the CA-LCFS serves as a particularly 

interesting case study in applying LCA to policy. The CA-LCFS is performance-based and uses LCA in 
policy implementation through its use of CIs. California’s policy defines “life cycle greenhouse gas 
emissions” as:4 
 

 
4 See https://ww2.arb.ca.gov/sites/default/files/2020-07/2020_lcfs_fro_oal-approved_unofficial_06302020.pdf. 
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“the aggregate quantity of GHG emissions (including direct emissions and significant indirect 
emissions, such as significant emissions from land use changes), as determined by the Executive 
Officer, related to the full fuel life cycle, 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.”  

 
 

 
FIGURE 3-2 Illustration of potential consequential outcomes in regulatory impact assessment for a low-
carbon fuel standard (LCFS). NOTE: No specific outcome is implied; rather, the figure shows how an LCFS 
could decrease or increase emissions in total, depending on its design and other factors. 
 
 

Although this wording does not explicitly require a particular approach, the phrase “related to the 
full fuel life cycle” has so far been interpreted as requesting a mostly ALCA: the task is to estimate 
emissions of processes “related to” fuel production and decide which of these emissions to allocate to fuel 
production and which to attribute to other co-products produced by the supply chain. There are a few caveats 
worth highlighting: CA-LCFS does assign offset/avoidance credits that are arguably more consistent with 
a CLCA approach. For example, fuel pathways that use dairy and swine manure as a feedstock for biogas 
production are awarded emissions avoidance credits relative to a counterfactual in which manure is stored 
in lagoons that emit methane to the atmosphere (CARB, 2022). It should be noted that these methane 
avoidance credits are the subject of debate, including a recent petition to exclude dairy and swine manure 
digesters from the LCFS; in January 2022 CARB declined to take immediate action on this petition but it 
promised to consider the issue in an LCFS rulemaking process in 2023 or sooner (Corey, 2022). The 
assessed CI of dairy biogas depends on the assumed counterfactual behavior in the absence of the LCFS; 
with binding methane regulations in place, it may no longer be appropriate to assume that the methane 
would have been released into the atmosphere if it were not converted into fuel.5 An additional example of 
offset credits in the CA-LCFS is the use of a co-product accounting method called system expansion, in 
which co-products are credited on the basis of the conventional product they displace in their respective 
markets. For example, dried distillers grains and solids are accounted for by subtracting the impacts of 
producing a functionally equivalent quantity of protein-containing animal feed (e.g., soybean meal). 
Similarly, electricity exported from fuel production facilities is accounted for by assigning an emissions 
offset credit consistent with the average grid mix in that region. Arguably, the application of system 
expansion to account for electricity exports is consistent with CLCA, but the use of average grid mixes for 
those credits is consistent with ALCA. CARB does not provide clear guidance for when to use ALCA or 
CLCA. An overview of ALCA models applied to transportation policies is provided in Box 3-1. 

 
5 See https://ww2.arb.ca.gov/sites/default/files/classic//fuels/lcfs/lcfs_meetings/041717discussionpaper_livestock.pdf. 
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BOX 3-1 Attributional LCA Models Used for Transportation Fuel Policies 
 

There are numerous attributional models used for transportation fuels, some of which are built for a specific 
study or a very narrow user base, while others are designed for wider dissemination and use, including use for 
informing and developing policy. The Greenhouse gases, Regulated Emissions and Energy use in Technologies ™ 
(GREET) model is an example of a widely-used U.S.-focused ALCA model that has been used in the development 
of policy (Argonne National Laboratory, 2021). Parts of GREET such as GHG emission factors for fertilizer 
production were used as the national RFS was being developed and biofuel LCAs were conducted by EPA. The 
California Air Resources Board (CARB) supported the development of a CARB-specific version, called CA-
GREET, for use in California’s Low Carbon Fuel Standard. The Oil Production Greenhouse gas Emissions 
Estimator (OPGEE) developed at Stanford (see https://eao.stanford.edu/opgee-oil-production-greenhouse-gas-
emissions-estimator) was also adopted by CARB for use in the CA-LCFS. Another example of a petroleum-focused 
model is the Petroleum Life Cycle Inventory model (PRELIM) (see https://www.ucalgary.ca/energy-technology-
assessment/open-source-models/prelim), which is also an open-source model designed for use in policy that 
explores energy consumption and GHG emissions in refineries with different configurations.  

 
 

In contrast to the ALCA framing relied on in most of the CA-LCFS LCA, ILUC is modeled with a 
CLCA approach (the word “change” in ILUC itself implies a consequential framing). These analyses 
estimate how land use will change if a fuel is produced in higher quantities, and then translate that change 
in land use to a net change in GHG emissions. This type of CLCA, in which market-mediated effects are 
captured, is not applied for any other element of the analysis underpinning the CA-LCFS. For example, the 
potential rebound effect associated with increased supply of alternative fuels is not modeled or accounted 
for (CARB, n.d.).  

There are some drawbacks to mixing ALCA and CLCA in the manner that CARB has done in the 
CA-LCFS. Combining ALCA and CLCA approaches limits the interpretability of the CIs because some 
parts of the underlying analysis answer one question and other parts answer a different question. In other 
words, CIs in the CA-LCFS do not reflect the average emissions associated with a fuel nor the emissions 
implications of changing fuel use, per the modeling methods described by CARB (CARB, n.d.). However, 
it is worth acknowledging that there are practical reasons why CARB chose not to employ a purely CLCA 
approach. The average behavior of a system may change relatively slowly (e.g., the electricity grid will not 
double or halve its carbon footprint in a single year), but the behavior at the margin can evolve more quickly 
depending on a host of economic, geopolitical, climate, and other factors well outside the control of any 
entity being directly regulated. Cross-sectoral  
policy coordination to reduce the chances or understand the implications of policy interaction and the risk 
of double-booking benefits may be beneficial in these cases. However, these conditions may not always be 
applicable. Marginal changes in emissions averaged over a range of conditions can also be stable, so 
incorporating multiple scenarios can help to address this concern.  

More broadly, there are challenges associated with the choice to include or exclude market-
mediated effects in policy implementation of an LCFS. Some issues with including market-mediated and 
other consequential emissions in policy implementation for LCFS are that the estimates rely on modeling 
assumptions that can be difficult to validate empirically and can be sensitive to a wide range of factors such 
as commodity prices, consumer behavior, market conditions, the presence of other policies and other actors, 
and future market trends. As noted in the discussion above of CA-LCFS, consequential impacts (occurring 
on the margin) can vary on a shorter timescale than do most average impacts, so there is a tradeoff between 
capturing accurate, up-to-date impacts and providing stability and predictability in how an LCFS is 
implemented.  

On the other side, some issues with excluding market-mediated emissions consequences from 
policy implementation are that ignoring market-mediated effects does not eliminate these effects, nor the 
uncertainty surrounding them. Regulating fuels based on only a selected portion of each fuel’s emission 
consequences can create misaligned incentives, favor some fuels over others because of which factors are 
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excluded, or potentially lead to regulations that intend to reduce GHG emissions as measured by metrics 
such as CIs but end up increasing total GHG emissions, by some estimates (see Figure 3-3) (Holland et al., 
2009, 2015; Lark et al. 2022; Plevin et al., 2017; Rajagopal and Plevin, 2013).  

Existing policies have so far addressed the challenges of incorporating market-mediated effects, 
and the drawbacks of excluding them, by mixing ALCA and CLCA approaches. In an LCFS, the mixing 
of ALCA and CLCA makes the resulting CI estimates methodologically inconsistent in that they do not 
fully answer a common question with a common frame. The research community broadly, and members of 
this committee in particular, have different views about the best path forward for weighing these tradeoffs, 
particularly between ALCA and CLCA, when designing policy. 
 

CONCLUSIONS AND RECOMMENDATION ON THE USE OF DIFFERENT LIFE-CYCLE 
ASSESSMENT APPROACHES IN LOW-CARBON FUEL STANDARDS 

 
This committee is in agreement that there is an important distinction between using LCA for policy 

implementation, policy design, and RIA. In all cases, a rigorous accounting of process-level emissions (e.g., 
fossil fuel combustion emissions at a refinery, N2O emissions on farms, and CH4 leakage at compressed 
natural gas production facilities) is essential. Both ALCA and CLCA approaches rely on accounting of 
direct emissions in foreground systems in this case, each major stage in the primary fuel supply chain, from 
raw materials through fuel production and distribution. However, in some cases ALCA estimates and 
allocates average supply chain emissions and CLCA estimates marginal supply chain emissions, the data 
inputs and results are likely to differ. For example, electricity used as a transportation fuel in a battery 
electric vehicle may be assigned the average grid mix in an ALCA and the marginal grid mix in a CLCA.  

The committee also agrees that any policy proposal intending to reduce GHG emissions should be 
able to show through a RIA that the likely consequences of enacting that policy will be to reduce total GHG 
emissions. CLCA is best suited to answer the fundamental question posed in an RIA: What will the net 
impact of this policy be on GHG emissions compared with a counterfactual in which no policy is 
implemented? A rigorous RIA is essential, and it is likely necessary to periodically conduct updated RIA 
to ensure a policy is continuing to have the intended effects on GHG emissions.  

In terms of applying LCA approaches to policy design and policy implementation, opinions differ 
among committee members regarding the appropriate uses of ALCA and CLCA. Some members hold the 
opinion that ALCA frameworks are appropriate for use in implementation of an LCFS policy via CI scores 
for each fuel because the use of straightforward GHG accounting, tied to decisions within the control of 
fuel producers and primary entities in their supply chain, incentivize fuel producers to reduce their own 
process emissions and select suppliers with lower GHG footprints. In essence, these members recommend 
the use of ALCA because it allows for relatively more effective externality management by participants in 
the policy. However, these members are also of the opinion that CLCA analysis may be used to augment 
ALCA in some instances, but it should also inform policy design by highlighting risks that can be mitigated 
through other policy mechanisms (including verification; see Chapter 5), policy “guardrails,” and other 
complementary non-LCFS policies) to manage effects that are not otherwise included in CIs (Khanna et. 
al., 2017). For impacts that are outside the control of fuel producers and other entities in their primary 
supply chain, it may be defensible to use “guardrails” and other complementary policy mechanisms to guard 
against substantial unintended effects. When using multiple interacting policy mechanisms like this, the 
full committee agrees that such interacting policies should be designed with care to avoid unintended 
consequences, and the full impacts should be estimated through a RIA.  

Other members of the committee are of the opinion that LCFS policy should focus on using CLCA 
estimates. They argue that it is problematic that ALCA estimates of CIs do not model the policy-relevant 
factor: the GHG consequences of changing fuel use. These members are concerned about the effects of 
LCFS policy on competition among fuels: they believe that CIs based on ALCA favor some fuels over 
others because of modeling boundary choices rather than the GHG emissions consequences of fuel use, 
creating distorted incentives that, together with other policy factors, can potentially lead to a LCFS policy 
that increases net GHG emissions (e.g., Holland et al., 2009, 2015; Plevin et al., 2017; Rajagopal and Plevin, 
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2013). This group is of the opinion that asking how an LCFS affects climate change is a more important 
aspect of an LCFS than focusing on ALCA-based CIs that may be easier to quantify or verify.  

To summarize the key findings in this chapter: 
 

 In existing state LCFS policies, ALCA and CLCA approaches are combined to produce a single 
CI score. The choice to combine these different approaches was motivated in part, but not 
exclusively, by a decision to incorporate ILUC GHG emissions into low-carbon fuel policies. 
Combining results from different LCA modeling approaches in this manner can complicate the 
interpretation and use of the CI score. 

 LCA for RIA is a consequential analysis, estimating how GHG emissions and other factors will 
change if a policy is enacted. More work is needed to develop national, open-source, 
transparent CLCA models for use by policymakers and industry experts.  

 For policy design, the LCA approach used may depend on a variety of factors including 
coordination of multiple policy mechanisms, practical issues, limits of regulatory authority, 
politics, uncertainty, transparency, stakeholder buy-in, avoiding unintended consequences and 
perverse incentives, and goals and implications beyond GHGs. 

 ALCA does not capture market-mediated effects, including the consequences of competition 
for feedstocks (e.g., electricity, biomass), fuel markets, and land use. ALCA provides insights 
into choices in the conversion of a feedstock to a fuel pertaining to choice of technology. ALCA 
may also be used for screening pathways for viability under a particular policy framework. 

 Because ALCA and CLCA answer different questions, using both LCA approaches to inform 
the policy in different ways, together with verification techniques (see Chapter 5), has the 
potential to strengthen policy design and implementation. As discussed above, there are 
different views among the committee members on whether or not ALCA and CLCA should be 
combined in the same analysis. 

 
Conclusion 3-1: The carbon intensities of fuels used in an LCFS are not necessarily equivalent to 
the full climate consequences of their adoption. Increased use of a fuel with a low carbon intensity, 
as defined in an LCFS, could potentially decrease or increase carbon emissions relative to the 
baseline, depending on policy design and other factors. Regulatory impact assessments that use 
CLCA to project the consequences of policy can help assess the extent to which a given policy 
design with particular carbon intensity estimates will result in reduced GHG emissions. 
 
Recommendation 3-1: When some emissions consequences of fuel use are excluded from carbon 
intensity values in an LCFS, the rationale, justification, and implications for these exclusions 
should be documented. 
 
Conclusion 3-2: More research is needed to evaluate effective methods to collectively leverage the 
strengths of CLCA, ALCA, and verification methods in achieving LCFS objectives. 
 
Recommendation 3-2: Public policy design based on LCA should ensure through regulatory 
impact assessment that, at a minimum, the consequential life-cycle impact of the proposed policy 
is likely to reduce net GHG emissions and increase net benefits to society. Regulatory impact 
assessments should consider changes in production and use of multiple fuel types (e.g., gasoline, 
electricity, biofuels, hydrogen).  
 
Recommendation 3-3: LCA practitioners who choose to combine attributional and consequential 
LCA estimates should transparently document these choices and clearly identify the implications 
of combining these different types of estimates for the given application, scope and research 
question.  

 

http://nap.nationalacademies.org/26402


Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels in the United States

Copyright National Academy of Sciences. All rights reserved.

46 Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels 

RECOMMENDATIONS FOR RESEARCH 
 

This chapter concludes with a set of recommendations regarding a research agenda for LCA as it 
is developed for and applied to fuels. There are many entities that could support and participate in this 
research. The National Science Foundation supports research to develop and apply LCA methodologies. 
EPA has developed and applied LCA in transportation fuel policy and is often responsible for developing 
and implementing policies that use LCA. The U.S. Department of Energy has supported the development 
and use of LCA for transportation fuels at multiple national laboratories. Finally, because biofuels are a 
consideration in transportation policy, the U.S. Department of Agriculture, which has a history of 
supporting and developing biofuel LCAs, is another potential sponsor of LCA research. The Department 
of Transportation also has a pivotal role in transportation policy and itself implements policies that affect 
GHG emissions from transportation.  

Beyond federal agencies, state environmental and natural resource departments that have or are 
considering an LCFS may want to support LCA research. Furthermore, non-profit organizations interested 
in mitigating transportation’s effects on global warming may be interested in providing support. The 
researchers who carry out this work will likely be a comprehensive network of experts from universities, 
national laboratories, federal and state agencies, non-profit organizations, and industry. It is critical to 
obtain diverse perspectives and expertise in carrying out the committee’s recommended research agenda.  
 

Recommendation 3-4: Research programs should be created to advance key theoretical, 
computational, and modeling needs in LCA, especially as it pertains to the evaluation of 
transportation fuels. Research needs include: 

 
 Further development of robust methods to evaluate the GHG emissions from development and 

adoption of low-carbon transportation fuels, and development or integration of process-based, 
economic input-output, hybrid, and CLCA methodologies 

 Products could include the following: 
o development of national, open-source, transparent CLCA models for use in LCFS 

development and assessment 
o continued development of national, open-source ALCA models from new or existing 

models 
o evaluation of different approaches to creating, using, or combining ALCA, CLCA, and 

verification for evaluation of policy outcomes    
o quantification of variation between marginal and average GHG emissions for various 

feedstock-to-fuel pathways; and 
o quantification and characterization of the implications of approximations and proxies in 

LCA, such as comparisons of marginal and average emissions. 
 

Research goals include a comprehensive understanding of the implications of including or 
excluding various attributional and consequential emissions sources in LCFS CIs on the policy’s resulting 
overall effect on net emissions and social welfare, as well as identification of opportunities to apply ALCA 
and/or CLCA to design policies that are well-aligned with their intended outcome. 
 

REFERENCES 
 
Argonne National Laboratory. 2021. Greenhouse gases, Regulated Emissions and Energy use in 

Transportation (GREET) model. 2021 release. https://greet.es.anl.gov/. 
British Columbia. 2008. Renewable and Low Carbon Fuel Requirements Regulation, BC Reg 394/2008. 

https://www.canlii.org/en/bc/laws/regu/bc-reg-394-2008/latest/bc-reg-394-2008.html. 
CARB (California Air Resources Board). 2015. Detailed Analysis for Indirect Land Use Change. https:// 

ww2.arb.ca.gov/sites/default/files/classic/fuels/lcfs/iluc_assessment/iluc_analysis.pdf. 

http://nap.nationalacademies.org/26402


Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels in the United States

Copyright National Academy of Sciences. All rights reserved.

Life-Cycle Assessment in a Low-Carbon Fuel Standard Policy 47 

Corey, R. W. 2022. Petition for Rulemaking to Exclude All Fuels Derived from Biomethane from Dairy 
and Swine Manure from the Low Carbon Fuel Standard Program. https://ww2.arb.ca.gov/sites/ 
default/files/2022-01/LCFS%20Petition%20Response%202021.pdf. 

Ekvall, T. 2019. Attributional and consequential life cycle assessment. In Sustainability Assessment at the 
21st Century, M. J. Bastante-Ceca, J. L. Luis Fuentes-Bargues, L. Hufnagel, F-C. Mihai, and C. 
Iatu, eds. London: IntechOpen. https://www.intechopen.com/chapters/69212. 

EPA (Environmental Protection Agency). 2010a. Renewable Fuel Standard Program (RFS2) Regulatory 
Impact Analysis. https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P1006DXP.txt. 

EPA. 2010b. Regulation of Fuels and Fuel Additives: Changes to Renewable Fuel Standard Program; Final 
Rule. 40 CFR Part 80. 

EPA. n.d. Renewable Fuel Annual Standards. https://www.epa.gov/renewable-fuel-standard-program/ren 
ewable-fuel-annual-standards.  

Farrell, A. E., D. Sperling, A. Brandt, A. Eggert, A. Farrell, B. Haya, J. Hughes, B. M. Jenkins, A. D. Jones, 
D. M. Kammen, C. R. Knittel, M. W. Melaina, M. O’Hare, R. J. Plevin, and D. Sperling. 2007. A 
Low-Carbon Fuel Standard for California Part 2: Policy Analysis. UC Berkeley: Transportation 
Sustainability Research Center. https://escholarship.org/uc/item/1hm6k089. 

Government of Canada. 2020. Clean Fuel Regulations. https://pollution-waste.canada.ca/environmental-
protection-registry/regulations/view?Id=1170. 

Heath, G. A. and M. K. Mann. 2012. Background and Reflections on the Life Cycle Assessment 
Harmonization Project. Journal of Industrial Ecology 16(s1). https://doi.org/10.1111/j.1530-9290. 
2012.00478.x. 

Holland, S. P., J. E. Hughes, and C. R. Knittel. 2009. Greenhouse gas reductions under low carbon fuel 
standards? American Economic Journal: Economic Policy 1(1):106-146. https://www.aeaweb.org/ 
articles?id=10.1257/pol.1.1.106. 

Holland, S. P., J. R. Hughes, C. R. Knittel, and N. C. Parker. 2015. Unintended consequences of carbon 
policies: Transportation fuels, land-use, emissions, and innovation. The Energy Journal 36. 
https://www.iaee.org/en/publications/ejarticle.aspx?id=2626. 

Hunt, R. G., W. E. Franklin, and R. G. Hunt. 1996. LCA—how it came about. The International Journal 
of Life Cycle Assessment 1(1):4-7.  

Kharecha, P. A., and J. E. Hansen. 2008. Implications of “peak oil” for atmospheric CO2 and climate. 
Global Biogeochemical Cycles 22. https://doi.org/10.1029/2007GB003142. 

Lave, L. B., E. Cobas-Flores, C. T. Hendrickson, and F. McMichael. 1995. Life cycle assessment: Using 
input-output analysis to estimate economy-wide discharges. Environmental Science and 
Technology 29:420A–426A. 

Lark, T. J., N. P. Hendricks, A. Smith, N. Pates, S. A. Spawn-Lee, M. Bougie, E. G. Booth, C. J. Kucharik, 
and H. K. Gibbs. 2022. Environmental outcomes of the US Renewable Fuel Standard. Proceedings 
of the National Academy of Sciences 119(9). https://doi.org/10.1073/pnas.2101084119. 

Oregon DEQ. 2020. Oregon Clean Fuels Program. https://www.oregon.gov/deq/ghgp/cfp/Pages/default. 
aspx. 

Plevin, R. J., M. A. Delucchi, and M. A. O’Hare. 2017. Fuel carbon intensity standards may not mitigate 
climate change. Energy Policy 105:93-97. https://doi.org/10.1016/j.enpol.2017.02.037.  

Rajagopal, D., and R. J. Plevin. 2013. Implications of market-mediated emissions and uncertainty for 
biofuel policies. Energy Policy 56:75-82. https://doi.org/10.1016/j.enpol.2012.09.076. 

U.S. Department of Agriculture. n.d. USDA Global Agricultural Information Network (GAIN) Database. 
Greenhouse Gas Reduction (Renewable and Low Carbon Fuel Requirements) Act. https://gain. 
fas.usda.gov/#/home.  

http://nap.nationalacademies.org/26402


Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels in the United States

Copyright National Academy of Sciences. All rights reserved.

Part II 
 

General Considerations for Life-Cycle Analysis 
 

 
 

http://nap.nationalacademies.org/26402


Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels in the United States

Copyright National Academy of Sciences. All rights reserved.

49 

4 
Key Considerations: Direct and Indirect Effects, Uncertainty,  

Variability, and Scale of Production  

 
This chapter addresses key considerations for applying life-cycle assessment (LCA) methods to 

transportation fuels, including three topics: (1) the definitions of direct and indirect effects, including supply 
chain and market-mediated effects triggered by fuel production and use, (2) characterization of uncertainty, 
and (3) issues with predicting emissions as a function of the scale of fuel production. The committee’s 
conclusions and recommendations on each of the topics are included in their respective sections.  
 

DIRECT AND INDIRECT EFFECTS 
 

Definitions of Direct and Indirect Effects in the Life-Cycle Assessment Context 
 

One of the challenges in discussing the use of LCA in a proposed national low-carbon fuel standard 
(LCFS) is the inconsistent use of terminology. The guidelines in the International Organization for Stand-
ardization (ISO) 14040/14044 (ISO, 2006 2006a,b) provide a common language with which to discuss 
many aspects of the basic process of conducting an LCA, but they do not define the terms “direct” or 
“indirect.” The terms direct and indirect effects (or emissions) have been frequently used in LCA textbooks, 
regulatory documents, standards, and studies; however, definitions vary. Hertwich and Wood (2018) note 
that “different expert communities have developed a bewildering diversity of terms for indirect emissions… 
which is both a testimony to their importance and an opportunity for a more consistent terminology to ease 
communication.” 

Broadly speaking, direct emissions are defined in various references as those emissions released 
from focal activities, sources or processes, and indirect emissions are those emissions released from non-
focal activities, sources, or processes triggered by or induced by the focal activities (Argonne National 
Laboratory, n.d.-b; Carnegie Mellon University, n.d.; Hertwich and Wood, 2018; Matthews et al., 2014). 
Here the term “focal” is used to refer to whatever activities are the focus of the study, which differ across 
study contexts. 

Table 4-1 summarizes how various references including regulatory documents, standards, text-
books, and studies define direct and indirect effects. For example, in some definitions the focal activities 
are those owned or controlled by a focal entity: direct emissions are those emissions released from sources 
owned or controlled by the focal entity, and indirect emissions are those from sources not owned or con-
trolled by the focal entity but related to its activities (U. S. Environmental Protection Agency [EPA], Green-
house Gas (GHG) Protocol, Economic Input–Output LCA, Hertwich and Wood [2018]). This definition of 
activities is often used by companies or government entities who wish to distinguish between emissions 
they control and emissions triggered by their activities or purchases but released by entities that they do not 
control. In other definitions, focal activities are those associated with a particular process, a supply chain, 
or an economic sector. 

LCA studies differ substantially in how they choose focal activities and define direct and indirect 
emissions. For example, an analysis may center on a single facility, and all emissions that occur at the 
facility itself are considered direct, while all off-site emissions sources (e.g., grid-connected power plants 
supplying electricity) are indirect. Other analyses may consider all major activities within a fuel’s supply 
chain to be from focal activities (e.g., farming, transportation, biorefining, fuel combustion) and will call 
any emissions from those activities direct emissions while calling “upstream” supply chain sources, such 
as fertilizer manufacturing, indirect. Some studies use the term “indirect” to refer to market-mediated ef-
fects, such as indirect land use change (ILUC). 
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TABLE 4-1 Definitions of Direct and Indirect Emissions in the Literature 
Source Definition 

Carnegie Mellon University 
(n.d.): Economic Input Output 
Life Cycle Assessment  

Economic sector and first-tier suppliers 

“in all cases the environmental results are the total impacts, directly from the 
sector of interest and its direct (first-tier) suppliers and indirectly from all other 
sector transactions further up the supply chain.” 

EPA (2021) Entity 

“Scope 1 GHG emissions are direct emissions from sources that are owned or 
controlled by the Agency. Scope 1 includes on-site fossil fuel combustion and 
fleet fuel consumption. Scope 2 GHG emissions are indirect emissions from 
sources that are owned or controlled by the Agency. Scope 2 includes 
emissions that result from the generation of electricity, heat or steam purchased 
by the Agency from a utility provider. Scope 3 GHG emissions are from 
sources not owned or directly controlled by EPA but related to Agency 
activities. Scope 3 emissions include employee travel and commuting. Scope 3 
also includes emissions associated with contracted solid waste disposal and 
wastewater treatment. Some Scope 3 emissions can also result from 
transportation and distribution (T&D) losses associated with purchased 
electricity.” 

EPA (2016) Entity 

“Indirect emissions are those that result from an organization’s activities, but 
are actually emitted from sources owned by other entities.” 

GHG Protocol Entity 

“Direct GHG emissions are emissions from sources that are owned or 
controlled by the reporting entity. Indirect GHG emissions are emissions that 
are a consequence of the activities of the reporting entity, but occur at sources 
owned or controlled by another entity. 

The GHG Protocol further categorizes these direct and indirect emissions into 
three broad scopes: Scope 1: All direct GHG emissions. Scope 2: Indirect GHG 
emissions from consumption of purchased electricity, heat or steam. Scope 3: 
Other indirect emissions, such as the extraction and production of purchased 
materials and fuels, transport-related activities in vehicles not owned or 
controlled by the reporting entity, electricity-related activities (e.g. T&D 
losses) not covered in Scope 2, outsourced activities, waste disposal, etc.” 

GREET CCLUB (2016) Domestic vs. international land use 

“The Carbon Calculator for Land Use Change from Biofuels Production 
(CCLUB) module was released by Argonne as an Excel spreadsheet that 
functions both as a standalone model and as a component of GREET. CCLUB 
estimates the direct (domestic) and indirect (international) emissions that occur 
as a result of land use changes during the production of ethanol.” 

Hertwich and Wood (2018) Activities 

Direct emissions: Emissions directly associated with an activity, a process, or 
an entity 

Indirect emissions: Emissions associated with the production of the inputs to an 
activity or organization 
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ISO 14040 Series (LCA) Not defined 

Lave, Hendrickson and 
McMichael (1995) 

Economic sector 
“The direct economic changes associated with a choice are forecast. For 
example, switching from steel to aluminum for many automobile components 
would be represented by an increase in aluminum demand and a decrease in 
steel demand. An economic input-output model then is used to estimate both 
direct and indirect changes in output throughout the economy for each sector.” 

Matthews et al. (2014)  Activities 
“LCA models are able to capture direct and indirect effects of systems. In 
general, direct effects are those that happen directly as a result of activities in 
the process in question. Indirect effects are those that happen as a result of the 
activities, but outside of the process in question. For example, steel making 
requires iron ore and oxygen directly, but also electricity, environmental 
consulting, natural gas exploration, production, and pipelines, real estate 
services, and lawyers. Directly or indirectly, making cars involves the entire 
economy, and getting specific mass and energy flows for the entire economy is 
impossible.” 

 
 

A few concrete examples from the literature include (emphasis on terms “direct” and “indirect” 
added):  
 

(1) In Searchinger et al. (2008): “To produce biofuels, farmers can directly plow up more forest or 
grass-land, which releases to the atmosphere … carbon … Alternatively, farmers can divert existing 
crops or croplands into biofuels, which causes … emissions indirectly.”  
 
(2) In Bento and Klotz (2014) the delineation between direct and indirect “is based on the applica-
tion and context being studied and determines the allocation procedures used to assign emissions 
to a technology, data choice, and the treatment of market-induced, or indirect, adjustments.... For 
evaluating changes, consequential LCA offers distinct advantages over the attributional approach, 
particularly in recognizing that market adjustments and indirect effects can be as important as the 
physical flows captured by attributional LCA, with indirect land use change (LUC) resulting from 
expanded biofuel production being a key example.”  
 
(3) In Pehl et al. (2017): Direct emissions include direct fossil CO2 (with imperfect carbon capture). 
Indirect emissions include land use change (LUC), upstream and biogeneic CH4 operation, con-
struction, bioenergy with carbon capture and storage. 
 
(4) In Hertel et al. (2010) emissions from land use changes are indirect as noted by these authors: 
“…greenhouse gas (GHG) releases from indirect (or induced) land-use change (ILUC) triggered 
by crop-based biofuels…” On the other hand, according to these authors emissions from producing 
feedstock and conversion to biofuel is direct: “Direct releases of GHG also occur during the culti-
vation and industrial processing of maize ethanol. Estimates of these, not including ILUC.” 

 
Figure 4-1 provides examples of how the boundaries between direct and indirect emissions differ 

across a selection of corn ethanol LCA studies and standards. Note that this figure shows the delineation 
between what is considered direct versus indirect in each study, not necessarily the system boundary (see 
Chapter 3).  

Despite all of this variation, across all alternative sources that the committee reviewed, some emis-
sions sources are almost universally considered to be direct (e.g., on-site emissions from a biorefinery in a 
corn ethanol LCA) and some emissions sources are almost universally considered to be indirect (e.g., emis-
sions resulting from induced international LUCs due to market-mediated responses).  
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FIGURE 4-1 Illustration of different delineations between direct emissions and indirect emissions for var-
ious corn ethanol LCA studies. NOTE: The boxes indicate the activities considered direct in different stud-
ies. System boundaries are not shown.  
 
 
Understanding “Direct” and “Indirect” in Attributional and Consequential Life-Cycle Assessment 

 
The concepts of direct and indirect emissions are distinct from the concepts of attributional and 

consequential emissions, but in some studies these ideas are conflated. For example, the GHG Protocol 
states “Indirect GHG emissions are emissions that are a consequence of the activities of the reporting en-
tity.” Some LCA studies of biofuels estimate fuel supply chain emissions using attributional LCA (ALCA) 
and refer to these as “direct emissions” but add consequential estimates of induced LUC as “indirect emis-
sions.” Table 4-2 shows the relationship between these concepts. Because some studies use ALCA to model 
“direct” emissions from focal activities (top left) and use consequential LCA (CLCA) to model “indirect” 
emissions from non-focal activities (bottom right), the terms can sometimes become conflated in the liter-
ature. 
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TABLE 4-2 Relationship between Direct/Indirect Emissions and Attributional/Consequential LCA 
 Attributional Consequential 

Direct Assigned (e.g., average) emissions from focal 
processes or activities 

Change in emissions from focal sources due to 
an action or decision 

Indirect Assigned (e.g., average) emissions from other 
sources induced by the focal processes or activities 

Change in emissions from other sources due to 
an action or decision 

 
 

Table 4-3 provides some examples of factors that may be considered direct or indirect effects as-
sociated with expansions in biofuels and electric vehicles (EVs). These categorizations vary across studies 
and sources, and this table does not provide a definitive list of which effects should be referred to as direct 
or indirect: rather, Table 4-3 offers concrete examples of these types of effects. The terms “direct” and 
“indirect” are used frequently in biofuels LCA studies (see Chapter 9), but they are not used commonly in 
EV LCA studies (see Chapter 10). This may be, in part, because many biofuels studies use ALCA to model 
the partial supply chain but include induced LUC as an added consequential element outside the ALCA 
boundary ever since the issue was raised as a critical factor by Searchinger et al. (2008). In contrast, most 
modern EV LCA studies model power sector emissions using CLCA, estimating how power grid emissions 
will change in response to changes in EV charging load (see Chapter 10 for a list of studies) but do not 
necessarily model other market-mediated effects, such as rebound. Because CLCA is typically not focused 
on assigning emissions to products or activities, the distinction between direct and indirect has not been 
useful terminology to adopt in most of the EV LCA literature. However, we provide examples in Table 4-
3 to emphasize that both biofuels and EVs (as well as other fuels) have market-mediated effects. 
 
 
TABLE 4-3 Examples of Factors Often Referred to as “Direct” or “Indirect” in the Transportation Fuels 
Literature 
Direct/Indirect Biofuel Examples Electric Vehicle Examples 

Potentially referred to 
as direct effects 

Emissions from corn and soybeans in supply chain of 
an ethanol or biodiesel plant (Plevin et al., 2014a) 

N/A 

Potentially referred to 
as indirect effects 

Land use emissions and sequestration effects due to 
changes in demand for a given feedstock: 

– changes in agricultural biomass, 
– changes in forgone sequestration, 
– changes in soil organic carbon, 
– changes of forest or grassland 

Induced emissions due to changes in 
demand for electricity: 

– shift in dispatch towards marginal 
resources to accommodate EVs  

– adjustments in generation capacity 
expansion planning (Taheripour et 
al., 2017) 

– introduction of Time-of-Use 
charges and Demand-Side 
Management Programs (Schmidt et 
al., 2015). 

– changes in feedstock sourcing for 
additional baseload and 
intermediate electric generating 
resources (additional fracking, coal 
mining, liquefied natural gas 
import/export). 

Potentially referred to 
as indirect effects due 
to rebound or fuel 
market price effects 

– Higher demand for ag commodities increases or 
decreases feed/food prices and their 
consumption (Schmidt et al., 2015) 

– Yield improvement due to additional 
investment in agricultural activities induced by 
biofuel production 

– Yield reduction due to marginal land being 
brought into production 

– Higher demand for electricity 
increases or decreases electric rates 
to consumers, affecting other 
demand and generation or 

– Installed capacity costs decrease 
($/kW) due to economies of scale 
resulting in other electricity uses 
(electric heating, water heating) 

continued 
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TABLE 4-3 continued 
Direct/Indirect Biofuel Examples Electric Vehicle Examples 

 – Reduced gasoline or diesel consumption results 
in decline in price and an increase in use 
elsewhere (Martin, 2013) 

– Lower vehicle operating costs result 
in increased travel, reduced range 
results in reduced travel, or higher 
upfront costs affect household 
spending on other items with GHG 
implications 

– Reduced gasoline demand results in 
decline in price and an increase in 
use elsewhere. 

 
 

Finally, it should be noted that calling effects “direct” or “indirect” has no bearing on their relative 
contribution to overall life-cycle impacts. Major sources of emissions can include those within and beyond 
the focal activities (Matthews et al., 2008; Meinrenken and Lackner, 2015; Meinrenken et al., 2020). 

In sum, the terms “direct” and “indirect” are defined and used differently in different regulatory 
documents, standards, practices, scientific references, and LCA methods, and there are no universally ac-
cepted definitions. It is again worth noting that the ISO 14040 series standard for LCA does not use the 
terms “direct” or “indirect” in relation to effects or emissions. 

The distinction between direct and indirect emissions is commonly based on what a given study 
identifies as focal activities. These are typically based on the source of emissions, the entities that generate 
the emissions, or, in the case of some approaches that mix ALCA and CLCA, the ALCA system boundary 
used in the analysis.  

Some ALCA studies use the ALCA system boundary to define focal activities but also add other 
factors beyond the ALCA system boundary, such as CLCA estimates of induced land use change due to 
market-mediated responses, and label all activities captured by the ALCA system boundary as direct effects. 
These studies label all activities outside the ALCA system boundary as indirect.  
 

Conclusion 4-1: Dividing emissions into direct and indirect can be used when identifying and 
classifying sources of emissions, but it can cause confusion, even if carefully defined and transpar-
ently presented in an LCA.  
 
Conclusion 4-2: Direct and indirect emissions are concepts distinct from the concepts of attribu-
tional and consequential LCA.  
 
Recommendation 4-1: Because the terms “direct” and “indirect” are used differently in different 
contexts, these terms should be carefully defined and transparently presented when used in LCA 
studies or policy. Another option is to avoid using the terms “direct” and “indirect” altogether, as 
they are not considered necessary elements of LCA and may lead to greater confusion. 

 
UNCERTAINTY AND VARIABILITY 

 
LCAs are subject to considerable uncertainty and variability, and LCA methods need to appropri-

ately characterize uncertainty and variability to aid LCA stakeholders’ interpretation of LCA results. The 
appropriate tool for uncertainty and variability analysis depends on the nature of the uncertainty and varia-
bility as well as the decisions or policies the LCA is intended to support. Accordingly, this section begins 
with general background on the types of uncertainty and variability and the methods that are used for un-
certainty and variability characterization. It then proceeds to discuss specific uncertainties and variabilities 
in the context of low-carbon transportation fuels. Finally, it addresses the types of outputs that LCAs need 
to produce so that policymakers can be appropriately informed as to the range of possible outcomes. 
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Types of Uncertainty and Methods for Analysis 
 

Uncertainty refers to a lack of knowledge. Variability refers to any difference in outcomes of dif-
ferent trials of a process. The differences may be understood and predictable based on underlying differ-
ences in the conditions under which the trials take place. An example of this would be known variation in 
electric power sources across different regions. In other cases, the variation may be due to inherent ran-
domness of outcomes, generally termed aleatory factors, for example, a roll of the dice. Whether variability 
contributes to uncertainty depends on context, that is how much of the variation is inherent versus explained 
by known factors, and whether the explanatory factors are known. Uncertainty can come both from such 
aleatory factors and also from uncertainty in knowledge of the system in question, generally termed epis-
temic uncertainty. An example of epistemic uncertainty is the location of Genghis Khan’s tomb. There is 
no variability present as the tomb is located in one specific place, but that location is unknown. Such epis-
temic uncertainty may be reducible by further research and data collection. Both aleatory and epistemic 
uncertainty can be present in input parameters and data used in mathematical models.  

Different definitions of uncertainty are described in the literature. ISO standard 14040 mentions 
model imprecision, input uncertainty, and data variability (ISO, 2006a). For LCA, examples of model input 
uncertainty include data related to process inputs, as well as environmental emissions and technology char-
acteristics, most of which are associated with life-cycle inventory (LCI) data (Lloyd and Ries, 2007). Pre-
cision can be understood to refer to variability, such as observations’ deviation from their collective mean. 
Furthermore, ISO 14044 discusses the use of uncertainty analysis to determine the effects of uncertainties 
in empirical quantities and in modeling assumptions (ISO, 2006b). However, ISO standards do not provide 
detailed methodological guidance on uncertainty analysis. For example, the weather may influence the yield 
and ultimately the carbon intensity (CI) of biofuel feedstock cultivation, but the specific weather years in 
the future is inherently unpredictable. Both aleatory and epistemic uncertainty can be present in input pa-
rameters and data used in mathematical models.  

Uncertainty is also generally present in the scenarios that analysts should consider. Scenarios con-
sist of coherent sets of model inputs and parameters that reflect conditions of interest such as the times and 
locations at which activities will take place. They may also include the policy regime or broader market 
conditions that will apply to the analysis. Examples include common LCA modeling decisions such as 
choosing a functional unit, allocation methods, end-of-life scenarios, time frame, and geographic scales.  

The fundamental assumptions underlying the structure of an analysis represent another form of 
uncertainty (Lloyd and Ries, 2007; Morgan and Henrion, 1990). In LCA a common example of this is the 
uncertainty in the structure and mathematical relationships of the models used for deriving emission factors 
and characterizing life-cycle impacts (Lloyd and Ries, 2007). This uncertainty in the appropriate structure 
of the analysis is often difficult to characterize or in some cases even to recognize. For example, an LCA 
may use relatively precise estimates of current process inputs and outputs. However, embedded in the ap-
plication of such a model for predictions is the assumption that the processes used in the future will resemble 
the processes used in the past (Morgan and Henrion, 1990). Ascertaining the extent to which this is true 
often presents a challenge.  

Decision variables and value parameters variables are two categories of uncertainty that are defined 
with respect to the decision maker. Decision variables are those choices or quantities that are under the 
control of the decision maker. Value parameters represent the preferences of the decision maker or the 
people on whose behalf the decision is being made. These valuations are sometimes readily expressed and 
ascertainable by observing market behavior, while in other cases they involve non-market goods (Morgan 
and Henrion, 1990). A rich literature has been developed on the valuation of non-market goods. Neverthe-
less, valuation of tradeoffs among far distant futures influenced by planetary processes such as climate 
change, that the current generation will not even experience, present substantial challenges to any such 
methodologies. 

Stochastic modeling approaches such as Monte Carlo simulation or other Monte Carlo–type prop-
agation techniques have been widely used in LCA to characterize uncertainty in model outputs given un-
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certainty in model input parameters (Heijungs, 2020). Monte Carlo simulation samples inputs from statis-
tical distributions characterizing their variability and uncertainty, calculates model outputs for those inputs, 
and repeats the calculations many times (e.g., over 500 runs or more) to estimate the statistical characteris-
tics of the results (e.g., the expected value, standard deviations, and quantiles) (Heijungs, 2020). Most LCA 
studies apply Monte Carlo simulation for parameter uncertainty (Bamber et al., 2020), although some stud-
ies used Monte Carlo to propagate model uncertainty related to emission factors in LCI or characterization 
factors in life-cycle impact assessment as well as scenario uncertainties due to modeling choices 
(Meinrenken and Lackner, 2015; Mullins et al., 2011; Usack et al., 2018). A pedigree matrix, in which data 
inputs are rated on five different factors describing data quality: reliability, completeness, and temporal, 
geographical and technological representativeness, has been widely used to assess data quality and charac-
terize input uncertainty. Recent developments include the use of the pedigree matrix to provide empirical 
uncertainty factors for inventory data available in commercial databases such as Ecoinvent (Ciroth et al., 
2016). This allows for incorporating parameter uncertainty associated with background LCI data into LCA, 
but not for model structural or scenario uncertainty.  

In addition to Monte Carlo, other forms of probabilistic analyses may be used to propagate input 
uncertainty through LCA models to estimate output uncertainty. In simple cases, exact analytic approaches 
may be available. In other cases the output uncertainty can be approximated at least over a small range of 
output values, using first order uncertainty analysis (Morgan and Henrion, 1990). For uncertainties de-
scribed by a discrete set of possible outcomes, a model output distribution can be derived by exhaustive 
enumeration of outcomes. One can discretize continuous distributions (see Clemen and Reilly [2001] for 
details) and use the exhaustive enumeration of outcomes as an approximation of the output uncertainty 
distribution. This is often helpful when decision uncertainties are nested within model input parameter or 
scenario uncertainties. 

Input uncertainty is also mentioned in ISO 14040 series regarding the definition of uncertainty 
analysis as “systematic procedure to quantify the uncertainty introduced in the results of a life cycle inven-
tory analysis due to the cumulative effects of model imprecision, input uncertainty and data variability” 
(ISO, 2006a). LCI databases (e.g., Ecoinvent) and LCA software such as OpenLCA, SimaPro, GaBi and 
the Greenhouse gases, Regulated Emissions, and Energy use in Technologies (GREET) model can handle 
input uncertainty by providing probability distributions of input data that can be used in Monte Carlo sim-
ulation (Lloyd and Ries, 2007). However, the potential correlations between inputs are often ignored in 
LCA, which may lead to under or over-estimation of output variances (although such effect may be minimal 
in some cases) (Groen and Heijungs, 2017). Global sensitivity analysis is a method in which the impact of 
multiple inputs over the full range of plausible values is used. Input–output correlations are then often used 
to identify the most influential inputs in driving the output uncertainty (Cucurachi et al., 2016). Global 
sensitivity analysis has been widely used in the literature (Gregory et al., 2016; Groen et al., 2014; Guo and 
Murphy, 2012; Iooss and Lemaître, 2015), and some studies have included correlation analysis in the sen-
sitivity analysis to account for the interdependence of inputs (Bojacá and Schrevens, 2010; Cucurachi et 
al., 2016; Wei et al. 2015). For parameter uncertainty, different methods have been explored. For example, 
one study investigated different methods of parameter uncertainty analysis, including Monte Carlo sam-
pling, Latin hypercube sampling, quasi Monte Carlo sampling, fuzzy interval arithmetic, and analytical 
uncertainty propagation; the authors concluded that more directly usable information can be provided by 
sampling methods than fuzzy interval arithmetic or analytical uncertainty propagation (Groen et al., 2014).  

Model structural uncertainties can be assessed through comparison of the outputs of alternative models 
with different structural assumptions (Bamber et al., 2020; van Zelm and Huijbregts, 2013). In addition, 
there are a variety of model averaging approaches available to estimate overall uncertainty given different 
possible model forms. In some cases models can be weighted according to their fit to data or other indicators 
of reliability, but it is often difficult to assign such weights objectively. Another issue is that the results of 
such an analysis are a blend of often mutually contradictory assumptions. Given these issues, in some cases 
it is more informative to simply compare discrete model runs with different assumptions, rather than parsing 
the average output of multiple models (Morgan and Henrion, 1990). 
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Ideally, model structural uncertainty would be assessed through comparisons between models with 
fundamentally different approaches, such that there would not be common errors made by both approaches. 
In reality it is often not possible to estimate LCA model outputs through approaches that do not share many 
of the same assumptions. In such cases one often changes a single assumption at a time in order to clarify 
the impacts of that one assumption. If synergistic effects of multiple assumptions need to be assessed, then 
experimental design approaches can be used to efficiently estimate the main effects of differing assumptions 
and the interactive effects of combinations of assumptions. An example of structural model uncertainty can 
be found in carbon emissions accounting where land area changes predicted by an economic model are 
translated into carbon emissions changes. Several major carbon emissions accounting models used in the 
United States for life-cycle modeling of biofuels include the GREET submodule called Carbon Calculator 
for Land Use Change from Biofuels Production (CCLUB) developed by Argonne National Laboratory 
(n.d.), the Agro-ecological Zone Emission Factor (AEZ-EF) model developed by Plevin et al., a data set by 
the Woods Hole Institute (also an optional parameterization in CCLUB), carbon accounting factors inte-
grated in the Global Biosphere Management (GLOBIOM) model, and others (Dunn et al., 2012; Plevin et 
al., 2014b, 2022). 
 

Recommendation 4-2: Current and future LCFS policies should strive to reduce model uncertain-
ties and compare results across multiple economic modeling approaches and transparently com-
municate uncertainties. 

 
Most LCA studies have considered uncertainty associated with different parameters, while evalu-

ation of scenarios (through consideration of alternative, coherent sets of inputs) and structural uncertainties 
may be less common. A review published in 2020 found that for ALCA, 87 percent of studies reviewed 
(out of 470 LCA articles) considered parameter uncertainty, while 16 percent and 11 percent of them ac-
counted for scenario uncertainty and model uncertainty, respectively. For consequential LCA, 95 percent 
of articles (out of 19) included parameter uncertainty and 32 percent of them included scenario uncertainty, 
while only 3 papers (16 percent) accounted for model structural uncertainty (Bamber et al., 2020). Previous 
studies have presented different views of the importance of types of uncertainties in LCA. Some studies 
indicate that parameter uncertainty is more critical than scenario or model uncertainty (Huijbregts et al., 
2003; Ziyadi and Al-Qadi, 2019). Other studies made the opposite conclusion that structural or scenario 
uncertainties dominate (Buchholz et al., 2014) or stated that all of them are important (Huijbregts et al., 
2005; Steen, 1997). More recent studies show that the relative contributions of different types of uncertainty 
are likely to be context-specific.  

Essentially no LCA studies can include and explore all sources of uncertainty. The general tendency 
across a broad set of contexts is to underestimate uncertainty, that is to be overconfident in one’s analysis, 
even despite the analyst’s best efforts to accurately represent the degree of uncertainty present (Plous, 
1993). This tendency can be documented objectively in some contexts such as the measurement of different 
physical quantities, including the speed of light and the charge of an electron (Morgan and Henrion, 1990). 
In policy analysis, evaluation of the accuracy of estimates often requires comparison to a counterfactual 
scenario that cannot be empirically verified. There is a fairly limited literature attempting to validate the 
performance of regulatory impacts assessments conducted before the regulation is implemented, and these 
studies have found that actual impacts often differ substantially from the range of possible impacts that 
were forecast in advance of the regulation (Gurian et al., 2006; Harrington et al., 2000).  

To summarize the key findings in this section: 
 

 Typical uncertainty in LCA includes parameter uncertainty, scenario uncertainty, and model 
uncertainty. Parameter uncertainty is commonly considered in LCA studies. Scenario and 
model uncertainty are considered in some studies, but it is rare for LCA studies to explicitly 
consider all sources of uncertainty. 
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 Monte Carlo simulation has been widely used in LCA to quantify the statistical characteristics 
of results under parameter uncertainty, given assumptions about the distribution of input pa-
rameters. 

 Global sensitivity analysis has been widely used to identify factors driving uncertainty of the 
results.  

 
Conclusion 4-3: Explicitly considering parametric, scenario, and model uncertainty can help to 
represent the degree of confidence in model results. 
 
Recommendation 4-3: LCA studies used to inform policy should explicitly consider parameter 
uncertainty, scenario uncertainty, and model uncertainty.  
 
Recommendation 4-4: When LCA results are used in policy design or policy analysis, the impli-
cations of parameter uncertainty, scenario uncertainty, and model uncertainty for policy outcomes 
should be explicitly considered, including an assessment of the degree of confidence that a pro-
posed policy will result in reduced GHG emissions and increased social welfare. 

 
Uncertainties in Estimating Carbon Intensity 

 
As noted in Chapter 2, the results of LCAs vary substantially based on the methods, data, assump-

tions, and scope of the analysis. This section describes some of these factors in the context of how they 
contribute to uncertainties in LCA models of transportation fuels. ALCA uncertainties are addressed first, 
followed by uncertainties in consequential analyses. This section discusses many sources of uncertainty in 
ALCAs: system boundaries, representative data, temporal data variation, spatial data variation, nonlinear 
LCA effects, co-products allocation process, and scale-up uncertainty. Another source of uncertainty, which 
is estimated in both ALCA and CLCA, is estimating future land use change, which is discussed in a separate 
section below. 

System Boundaries: A fuel LCA usually starts from the feedstock production system, which is 
considered as the cradle and ends after the fuel is used in a vehicle, which is considered as the grave. For a 
biofuel LCA, the entire production system must be well defined, for instance, in one study (Sheehan et al., 
1998), biodiesel production from soybean oil was defined to include five distinct processes: (1) soybean 
farming, (2) soybean transportation to the processing facility, (3) oil extraction and purification, (4) con-
version of oil into biodiesel (or transesterification), and (5) transportation of biodiesel for distribution. It is 
nearly impossible to track all the energy used over the life cycle of a product because each input has a life 
cycle of its own. For instance, machinery used in agriculture has its own life cycle that may involve factory 
building to computer software. In turn, each of these has its own life cycle and the chain continues through 
the entire global economy. The boundaries at different levels of production drawn by researchers introduce 
uncertainty. Economic input–output analysis avoids drawing these boundaries through an integrated ap-
proach to understand economy-wide changes in production sectors. However, this approach provides only 
a highly aggregated depiction of different sectors of the economy that may not accurately characterize 
changes at the process level. This approach usually relies on the existing input–output tables that do not 
reflect new technologies under investigation and assumes no substitution in consumption and production.  

Representative Data: Much of the data used in LCA comes from several sources such as SimaPro 
GaBi, GREET, EcoInvent, OpenLCA, Brightway, GHGenius; governmental databases, such as those of 
U.S. Departments of Agriculture, Energy, Commerce, and Transportation; and global datasets from the 
Food and Agriculture Organization of the United Nations and the World Bank. The spatial and temporal 
granularity of these datasets vary considerably, as do the frequency with which they are updated and dis-
seminated. The accuracy and extensiveness of documentation accompanying these datasets also varies. 
Prior studies have attempted to communicate the representativeness of input data through the use of pedi-
gree matrices, although the scores resulting from such exercises are purely qualitative and cannot be used 
to capture quantitative uncertainty in modeling outputs.  
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Temporal Data Variation: Agriculture is weather dependent, and yields vary from year to year. 
For the same amount of inputs the yield can be different. By picking and choosing data from various years, 
the result may also be different. Also the current LCA practice may or may or may not take into account 
long-term changes in agricultural productivity through technology and changes in crop yields due to climate 
change. These factors suggests that LCA should be conducted frequently to update results in a consistent 
manner and consider a forward-looking perspective. Lee et al. (2021) document how many LCA inputs for 
corn ethanol have changed over time and find substantial changes often on timescales of less than a decade. 
Impacts of other fuel types also change with time (Masnadi and Brandt, 2017). Life-cycle studies can be-
come outdated and inaccurate in domains where technological advancement changes products and pro-
cesses. It is difficult to identify a basis for judging how quickly such estimates become outdated, but (as 
noted above) examples of substantial changes in less than a decade are available.  

 
Conclusion 4-4: Up-to-date LCA studies are needed to inform policy. 
 
Recommendation 4-5: Regulatory agencies should formulate a strategy to keep LCAs up to date, 
which may involve periodic reviews of key inputs to assess whether sufficient changes have taken 
place to warrant a re-analysis, and agencies should be aware that substantial changes to LCAs on 
timescales of less than a decade can occur. 
 
Spatial Data Variation: Crops grown around the country from which starch, lipids, or cellulose 

are derived for biofuel vary significantly in their yield, application of agrochemicals such as lime, con-
sumption of fuel, and water for irrigation. Analysts must find an appropriate degree of granularity for their 
studies, depending on the research question and scope of their analysis, given that LCA results vary by 
region and crop. For national assessments, proper aggregations should take into account spatial variation. 
Transportation of crops varies in distance from zero for on-farm crushing to hundreds of miles in other 
cases. Different modes of transportation may be available in different regions. Similarly, the transportation 
of biofuels may vary both in distance and mode. 

 
Conclusion 4-5: LCA studies can produce different estimates depending on regional scope or as-
sumptions. 
 
Recommendation 4-6: LCA studies used to inform transportation fuel policy should be explicit 
about the feedstock and regions to which the study applies and to the extent possible should explic-
itly report the sensitivity of the results to variation in these assumptions. 
 
Effects of Scale in LCA: Although LCA defines the environmental impact in terms of functional 

units, the impact is scale dependent (i.e., per unit impacts may change as a process is scaled up). For exam-
ple, a process that uses byproducts as a feedstock at small scale may have substantially different impacts if 
it is scaled up to a point where crops are grown specifically for the process. See “Scale-Up Uncertainty” 
section below for specific considerations pertaining to that case.  

Co-Products Allocation Process: Usually more than one final product is generated during fuel 
production. ALCA studies must assign emissions to products, and it is unclear how emissions should be 
divided among the different products. There are primarily two methods to estimate the co-products’ share 
of environmental impact, namely allocation and displacement methods (system expansion) (see also Chap-
ter 6 for additional discussion on this topic). The allocation method allocates the material use, energy use, 
and emissions between the primary product and co-products based on either mass, energy content, or eco-
nomic revenue. ISO 14044 (ISO, 2006b) provides the following guidance on allocation procedures: 
 

a. Wherever possible, allocation should be avoided by dividing the unit process to be allocated 
into two or more sub-processes and collecting the input and output data related to these sub-
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processes, or expanding the product system to include the additional functions related to the 
co-products expanding system boundary. 

b. Where allocation cannot be avoided, the inputs and outputs of the system should be partitioned 
between its different products or functions in a way that reflects the underlying physical rela-
tionships between them; i.e. they should reflect the way in which the inputs and outputs are 
changed by quantitative changes in the products or functions delivered by the system. 

c. Where physical relationships cannot be established or used as the basis for allocation, the inputs 
should be allocated between the products and functions in a way that reflects other relationships 
between them. For example, input and output data might be allocated between co-products in 
proportion to the economic value of the products. 

 
Despite this guidance, there is no single best method of co-product allocation, and it has been ar-

gued that physical relationships should not be prioritized over other allocation methods such as economic 
value, which is what drives demand, not mass or volume. This inconsistency in how LCA is implemented 
creates discrepancies among studies and uncertainty in how to estimate the impacts of fuel production (Kim 
and Dale, 2002). ALCA results can be sensitive to decisions made by modelers about how to assign emis-
sions to co-products, and there is no single “correct” way to do so. 
 

Conclusion 4-6: ALCA studies may produce substantially different results depending on modeling 
choices about how emissions are assigned to co-products. 
 
Recommendation 4-7: ALCA studies used to inform fuel policy should justify the approach used 
to handle co-products, and as necessary report sensitivity of results to variation in approaches to 
assigning emissions to co-products. 

 
Scale-Up Uncertainty: There are various uncertainties about the technologies and methods for 

scaling up the feedstock production and feedstock conversion from experimental field and laboratory con-
ditions that can affect the CI of the resulting fuel. These uncertainties are described below for the example 
of biofuels (analysis of the implications of these uncertainties can be found in Shi and Guest, 2020). The 
committee notes that similar scale-up uncertainties apply to other fuel systems (e.g., EVs, hydrogen fueled 
vehicles, high octane fuel vehicles). 
 

(a) Input requirements for feedstock production. Requirements for fertilizer and other inputs 
for feedstock production can significantly affect CI of biomass. With feedstocks that are yet to 
be produced at commercial scale, information about nutrient requirements is typically obtained 
from experimental field trials that are site-specific, small-scale, and do not provide generaliza-
ble information about biophysically or economically optimal input application rates. Machin-
ery requirements for large-scale feedstock production are also uncertain. LCAs are typically 
static in nature and apply fixed factors for input requirements per unit volume of biofuel at a 
certain production scale without considering how these might change in a non-linear manner 
with scale-up and the uncertainties about the process as a transition is made from experimental 
scale to commercial scale production. This issue can be addressed by careful attention in the 
goal and scope definition phase. 

(b) Composition of the feedstock. For example, biomass is primarily composed of lignin, hemi-
cellulose, and cellulose, and this composition can vary across feedstocks and across locations 
for a particular feedstock. Composition of the biomass can affect the choice of pre-treatment 
technology, if one is used, and the efficacy of the pre-treatment process, which in turn can 
affect the methods used for further processing, mass and energy balances throughout the plant, 
and the overall efficiency of the conversion of biomass to fuel. 

(c) Scale, location, and design of the refinery. Conducting an LCA of feedstock deconstruction, 
conversion, and separation processes that are still under development by scaling up process 
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information available at a lab scale requires specifying many decision variables and technology 
performance parameters. Assumptions include specifying conversion and separation technolo-
gies, reaction time, pressure, yield, product formation rate, recovery efficiency, and so forth. 
Many decisions and performance parameters are uncertain and will vary with the scale of the 
process, with location specific input availability and costs, and with other factors. Most studies 
employ a static approach to biorefinery design and simulation and specify a single value for 
each of these variables/parameters and assume these are invariant to scale, location, and eco-
nomic conditions. Sensitivity analyses that are limited to changing one variable at a time in 
discrete steps while leaving all other variables and parameters constant do not capture the po-
tentially complex and non-linear interactions among these variables and parameters, limiting 
their utility to understand the sensitivity of indicators (e.g., kg CO2e per MJ of fuel) to individ-
ual assumptions and combinations of assumptions for an optimized biorefinery at scale.  

 
While the previous section emphasized ALCA, uncertainties could be compounded or canceled out 

in CLCA, which involves predicting the induced effects of fuel production based on comparisons between 
modeled outcomes with and without the fuel production. In considering electricity (Chapter 10), the impact 
of additional electricity demand on emissions is discussed and shown to depend on the specific generation 
sources used to meet the additional demand. A somewhat analogous issue exists with biofuels regarding 
the need to forecast how the additional demand for the fuel will be met in a CLCA, in particular the extent 
to which the additional demand will be met through the cultivation of additional land (see section on LUC 
next). 
 

Conclusion 4-7: LCA of commercial-scale production for processes that have not been commer-
cialized involve assumptions that can introduce substantial uncertainty, including effects of inter-
actions among multiple uncertain data or parameters, and so may be particularly sensitive to un-
certainty. 
 
Recommendation 4-8: LCA studies used to inform transportation policy regarding processes that 
do not yet exist at scale should explicitly report sensitivity of findings to uncertainty, in order to 
produce bounding estimates.  
 

Land Use Change 
 

Over the past 15 years various efforts have been made to assess the magnitudes of GHG emissions 
induced by changes in land use and land cover due to biofuel production and policy. Regardless of the 
differences, most such studies follow a common approach consisting of two steps: 

 
(1) Using economic models or other approaches to determine changes in land use and land cover 
by region for an increase in a given biofuel type (or a set of biofuels). 
 
(2) Using a set of land related emissions factors combined with some supporting assumptions to 
convert the estimated land use and land cover changes to GHG emissions measured in gCO2e per 
MJ of biofuel produced. 
 
Both of these steps are subject to various sources of uncertainties. Some researchers have reported 

substantial uncertainties in the range of published values for the impact of induced LUC on emission. How-
ever, not all of this wide range in the existing estimates of the CI of biofuels associated with induced LUC 
emissions is due to uncertainties. Some of the variation in CI estimates reflects variation in fuels, feedstocks, 
and regions considered by different studies. In this section we explore sources of variation and uncertainties 
in this field of research.  
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Previous studies have reported a wide range of estimates based in part on variation in the following 
factors when considering induced LUC:  
 

(1) Variation in the nature of the LUC, 
(2) Variation due to the choice of amortization time horizon,  
(3) Variation across biofuels produced from various types of feedstocks, 
(4) Variation across the results of a model for a given feedstock produced in different regions,  
(5) Variations across models for a given biofuel pathway produced in a given region, 
(6) Variations across the results of a model for a given biofuel pathway due to model changes in 

the model parameters and benchmark databases, 
(7) Variations across the results of a model for a given biofuel due to changes in the implemented 

emissions account framework.  
(8) Variations in studies may reflect variations in aleatory factors or epistemic uncertainty. 

 
The following sections discuss each of these sources of variation among studies in more detail. 

 
Variation in the Nature of the Land Use Change 
 

There are many possible types of LUC. Crop rotations on existing agricultural lands may be 
changed. For example, fallow periods may be reduced and winter crops cultivated more frequently, which 
could affect the soil carbon balance. Pasture land may be converted to cropland, or seldom used land may 
be used more frequently. Of perhaps most concern is the potential for forest land or peatlands, which gen-
erally hold a large accumulated stock of carbon, being converted to cropland. LUC occurs due to many 
causal factors. These may include economic, biophysical (fire, pests), cultural (communal decision mak-
ing), technical (slash and burn to boost fertility), demographic (rapid growth of populations and the rural 
poor), and political (programs to help people who do not own land) factors (Geist and Lambin 2001; Plienin-
ger et al. 2016; Shrestha, 2015; van Vliet et al. 2015; Wubie et al. 2016). Some LUC models attempt to 
capture economically driven responses such as price–yield elasticity, double cropping, and agricultural ex-
pansion to marginal land (Shrestha et al., 2019). A high price–yield elasticity indicates that additional de-
mand for a crop, such as produced by a regulatory incentive for biofuel production, can be met through 
additional production on the same acreage in response to relatively small price signals. This might be ac-
complished through more intensive cropping practices such as increasing the frequency of winter crop cul-
tivation on existing agricultural lands (Spatari et al., 2020) or through the use of additional fertilizer inputs, 
for example. In contrast low yield elasticities would imply that additional land would be brought into pro-
duction to meet the increased demand. The prospect of changing land use introduces a host of additional 
uncertainties as to which lands would be brought into production and what the impacts of these land use 
changes would be. The impacts of bringing abandoned farmland back into production would differ from 
the impacts of clearing forest land. Furthermore, the impacts of converting land from one use to another 
may depend on the details of historical uses which impact carbon stocks in the land in question. All of these 
issues are challenging (see Plevin et al., 2015) and these challenges are amplified for countries where data 
at best are questionable. 
 
Variation Due to the Choice of Amortization Time Period 
 

The choice of amortization time horizon directly affects the size of ILUC values. While the Inter-
governmental Panel on Climate Change (IPCC) approach can be followed to evaluate ILUC values based 
on the Global Warming Potential (GWP) index over a 100-year time horizon (Schmidt et al., 2015), a 
second time horizon pertains to the assumed duration of a biofuels policy. Some existing ILUC practices 
simply amortize induced land use emissions due to a biofuels volume over the number of years the biofuels 
policy is presumed to be in effect. Some studies have used 20 years for the amortization time horizon 
following the EU regulatory emissions guidelines. On the other hand, other studies have used 30 years for 
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the time horizon following U.S regulatory emissions guidelines. There are a few exceptions. The Carbon 
Offsetting and Reduction Scheme for International Aviation (CORSIA, 2021), which represents an inter-
national scheme for offsetting and emissions reduction, has applied a 25-year time horizon, a compromise 
between the U.S. and EU time horizons. Some studies have adopted a 100-year time horizon approach.  

The choice of the amortization period over which predicted land use emissions are divided can also 
introduce significant parameter uncertainty. In the past, amortization periods considered for the EU’s Re-
newable Energy Directive and the California LCFS have differed, 20 years for the former and 30 years for 
the latter. The Committee on Aviation Environmental Protection for CORSIA agreed to use a 25-year pe-
riod stating that “this value is a compromise between the European use of 20 years and the U.S. value of 
30 years.” However, the choice of the amortization periods in ILUC modeling may be a political decision 
and subject to the time period for policy goals. There is no single correct choice for amortization period. 
Schmidt et al. (2015) state: “Applying an amortization period, however, introduces arbitrary assumptions, 
inconsistencies and strange cause-effect relationships (Schmidt et al., 2015).” 

One potential alternative is “Baseline Time Accounting” which derives ILUC values independent 
of amortization periods but takes into account global land use dynamics and the fact that land used for 
biofuels production can return to food production (Kløverpris and Mueller, 2013; Schmidt et al., 2015). 
This committee neither endorses nor discourages this alternative. While the approach has received support 
and criticism, it raises the point that what happens to the land after a policy ends may matter (Kløverpris 
and Mueller, 2014; Martin, 2013). Baseline Time Accounting also uses assumptions, such as in the deter-
mination of counterfactual scenarios. For example, with the electrification of the ground and aviation sec-
tors much smaller land use changes are expected than for biofuels policies, but the land use changes for 
transmission lines, power plants, and rare earth metal mining may not allow food/feed production after the 
policy ends. A similar concern exists with the permanence of soil carbon storage when land is converted 
between row crop and perennial biomass production. This may influence the way we think about amortiza-
tion of emissions in a one to one comparison. 
 
Variation across Biofuels Produced from Various Types of Feedstocks 
 

The estimated ILUC values can vary across feedstocks significantly. In general, other factors being 
equal, one may expect variation among ILUC values for biofuels produced from different feedstocks. Dif-
ferences in yield per unit of land across feedstocks, variations in energy content per ton of alternative feed-
stocks, differences in fuel production technologies, and differences in properties of animal feed by-products 
of biofuel pathways are important factors, among others, that explain differences in ILUC values associated 
with biofuels produced from crops.  
 
Variation across the Results of a Model for a Given Feedstock Produced in Different Regions  
 

A given biofuel could be produced from the same feedstock but cultivated in different countries. 
Since the economic, agricultural, and land characteristics vary across countries, a model may provide dif-
ferent ILUC values across regions for the same biofuel. Hence, if a model projects two different ILUC 
values for the same feedstock produced in two different countries, the differences may be due in part to 
regional variability and not necessarily entirely due to uncertainty.  
 
Variations across Models for a Given Biofuel Pathway Produced in a Given Region 
 

When various models project different ILUC values for a given pathway, that could reflect uncer-
tainty. However, in some cases the sources of differences can be determined and then a check and verifica-
tion process could help to resolve the sources of differences. Such an evidence-based check and verification 
does not make the estimated ILUC values deterministic and certain. However, it can narrow down the 
domain of uncertainty based on the existing evidence.  
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Variations Due to Model Changes or Changes in the Model Parameters and Benchmark Database 
 

Over the past 15 years various models have been used to assess LUCs for various biofuel pathways. 
Plevin et al. (2022) noted that “land representation in biofuel LUC models is an important determinant of 
CI-LUC.” Some of these models have been frequently modified over time. Hence, their ILUC projections 
have changed during the past 15 years. While these types of changes may increase variation in ILUC pro-
jections, they could reduce some uncertainties if the model improvements are based on new observations 
subject to verification.  

The existing literature shows that ILUC values are inherently uncertain. It is possible to study the 
accuracy of the fundamental bases of the theory of induced land use changes due to biofuels and check and 
verify the accuracy of the implemented assumption that has been used across the board in estimating ILUC 
values. This effort could help to limit the scope of uncertainty. Evidence on yield changes, changes in land 
allocation across crops, changes in crop prices in the long run, changes in land cover items over the time, 
and changes in international trade over time all could be examined to explore the magnitude of uncertainties 
in ILUC evaluation.  
 
Variations Due to Changes in the Implemented Emissions Account Framework 
 

To calculate ILUC values, after evaluating LUCs for a given biofuel pathway, one needs some 
emissions parameters and assumptions to convert changes in land areas to GHG emissions. These coeffi-
cients measure sinks and sources of GHG gas emissions due to changes in land use and land cover items 
including above-ground live biomass, below ground live biomass, dead organic matter, soil organic matter, 
harvest wood during land conversion, non-CO2 emissions due to land conversion, and forgone carbon se-
questration associated with changes in land cover. One needs these data items for alternative land types and 
climate conditions by region, depending on the spatial resolution of the research at hand. In addition, de-
pending on the implemented modeling approach for land use assessment, a wide range of assumptions are 
needed to convert the estimated land use changes to land use emissions, measured in terms of ILUC emis-
sions. 

Various sources of emissions factors and assumptions have been applied to convert estimated LUCs 
into ILUC values. Some of the existing sources for emissions factors are: Woods Hole Research Center 
data, Winrock International data, data sources of the IPCC, data developed by the International Institute for 
Applied Systems Analysis, data included in the AEZ-EF emissions accounting framework (Plevin et al., 
2014a,b) data included in the CCLUB emissions accounting framework – drawing on CENTURY soil or-
ganic carbon modeling results (CCLUB Manual, 20171), and many other sources.  

The existing literature has extensively highlighted uncertainty in land use modeling. Only a few 
papers address uncertainty in emissions factors associated with land use changes. Plevin et al. (2016) have 
developed a sensitivity test on the Global Trade Analysis Project (GTAP)-BIO model parameters and the 
Agro-ecological Zone Emission Factor (AEZ-EF) model parameters that jointly affect the ILUC values 
determined by these two models and concluded that “the economic model contributes the majority of the 
uncertainty” and that the carbon accounting makes only a minor contribution because the carbon account 
is based on “physical sciences.” In contrast, Taheripour and Tyner (2020), and Zhao et al. (2021) have 
estimated that one parameter of the AEZ-EF emissions model (the share of deforestation that falls on peat 
land) could largely alter the ILUC values of oilseed-based biofuels. In addition, Chen et al. (2018) and 
Taheripour and Tyner (2013) have estimated that switching from one set of land use change emissions 
factors by land type to another set could alter the ILUC values substantially. Another paper that examined 
changes in emission factors is Leland et al. (2018), who noted that the addition of a new “cropland-pasture” 
type in AEZ-EF resulted in a 50 percent lower emission factor for the conversion of pasture to cropland.  

To summarize, projected ILUC values are subject to various types of aleatory or epistemic uncer-
tainties. Variation across projected ILUC values may reflect uncertainty as well as variation across regions 

 
1 See https://greet.es.anl.gov/publication-cclub-manual-r6-2020. 
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or scenarios. ILUC values could vary by feedstock, biofuel production technology, and location of feed-
stock production. Such variation may or may not represent uncertainty, depending on study goals and scope.  

A few challenging and important issues that need additional attention regarding the emissions data 
set in order to reduce uncertainty of ILUC estimates are:  
 

 Matching the land categories defined in the economic models with the land categories included 
in the emissions data set, 

 Assigning emissions coefficients to each type of land category, in particular for alternative 
types of marginal land (fallow, idle, cropland pasture), low productivity pasture land, managed 
pasture land, and natural pasture land,  

 Changes in soil organic carbon due to LUCs, 
 Changes in land use emissions due to changes in land management practices, e.g., changes in 

tillage practice, cultivation of cover crops, and 
 Checking the validity of the assumptions used in the emissions datasets. 

 
In general, the research on ILUC assessment has performed one of three approaches or a combina-

tion of them to address uncertainty: scenario-based assessments; detailed sensitivity assessments; and more 
formal sensitivity tests.  

Scenario-Based Assessments: Many studies evaluated ILUC values under alternative scenarios 
representing a few discrete choices on intensive and extensive margins (yield per harvest, harvest fre-
quency, and productivity of new cropland), land allocation parameters, interactions between food and fuel, 
demand elasticities (income and price elasticities) for food and fuels, and trade elasticities. These scenario-
based uncertainty assessments show that the ILUC values could vary substantially depending on the as-
sumption used in the evaluation. 

Detailed Sensitivity Assessments: A few studies developed more detailed sensitivity analyses 
again on the same factors mentioned above. The findings of these analyses are similar to the findings of the 
scenario-based assessments mentioned above. Compared with scenario-based approaches, the papers that 
developed detailed sensitivity assessments examined a larger number of simulations to study the sensitivity 
of the ILUC value with respect to the changes in various model parameters or a mix of them. In these tests, 
usually ad hoc distribution functions with arbitrary ranges (or standard deviations) were assigned to each 
parameter to conduct the sensitivity test. Essentially, these sensitivity tests repeated the scenario-based ap-
proach for a larger number of scenarios. These assessments show the same results as the scenario-based 
practices: (1) the more intensification the lower the ILUC value and (2) the higher the rigidity in market-
mediated responses the larger the ILUC values.  

More-Formal Sensitivity Tests: Two studies developed more formal sensitivity tests (Plevin et 
al., 2010, 2015) using two different modeling styles (a simple reduced form model and a comprehensive 
computable general equilibrium model) and applying a Monte Carlo approach to assess sensitivity of ILUC 
values with respect to models’ assumptions and parameters. Similar to other sensitivity studies in this field, 
these studies also addressed the importance of yield improvement, the role of land allocation parameters in 
modeling land use, and the implications of marker mediated responses. These analyses emphasized the role 
of yield to price response.  
 
Uncertainties in Values 
 

In addition to these uncertainties in empirically determined parameters, there are uncertainties in 
values. These values may be parameterized relatively explicitly, such as in the discount rate that is chosen, 
with higher discount rates placing more value on the present, and hence less value on future climate change 
impacts. Other parameters may reflect values more implicitly such as the selection of an amortization period 
for emissions from land use disturbance. Longer project periods allow negative values of upfront emissions 
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to be offset by future emissions reductions. A longer project period implies that near term emissions reduc-
tions are not highly valued at the margin. Thus, the appropriate project period depends on the role of the 
particular project in an overall portfolio of efforts to achieve targeted GHG reductions over time.  
 

Summary and Policy Implications  
 

The scope of this report is limited to assessing methods for LCA of low-carbon transportation fuels 
and does not include recommendations as to appropriate policies regarding transportation fuels. Neverthe-
less, LCAs are ultimately conducted to inform decisions, including those by governmental policymakers. 
Accordingly, this report does address some outputs of LCA that may help policymakers manage uncertainty 
and variability. 

Reporting of model outputs should include both the central tendency (mean and median) of esti-
mated values and the credible range of model estimates, such as can be provided by a 90 percent or 95 
percent confidence interval. Lower bounds on the CI of fuels (that is, upper bounds on CI) may sometimes 
be useful for “margin of safety” approaches that penalize options for the amount of uncertainty in their 
impacts (Springborn et al., 2013). This greater weighting of less favorable outcomes is a feature of risk-
averse decision making with the extent of risk aversion constituting a value parameter of the decision maker 
(see Clemen and Reilly [2001] for a discussion of risk aversion). As risk aversion is a value parameter that 
is subjective in nature, it falls into the category of uncertainties that are difficult to handle with statistical 
precision but for which scenario analyses may be informative. Accordingly, LCAs should include multiple 
uncertainty ranges (90, 95, 99 percent confidence intervals, etc.) for their estimates. However, in an LCFS 
policy context if a “margin of safety” is applied its consistent use across all LCA pathways (e.g., biofuels, 
electricity) must be ensured. 

Interest rates and planning horizons, which affect the selection of amortization periods and global 
warming potential time periods of different greenhouse gases, are also complex value parameters. These 
are generally best handled by reporting values corresponding to multiple scenarios so that decision makers 
can select the ones most relevant to their policy objectives. 

 
Recommendation 4-9: Modelers should conduct sensitivity analysis to understand implications of 
variation. 
 
Recommendation 4-10: To effectively inform policy making, LCA studies should document re-
sults for a range of input values. 
 
Variability in outcomes can generally be characterized statistically (assuming data are available) 

and hence handled with the probabilistic methods (see Chapter 3). In some cases, variability will simply be 
averaged out over many different trials where trials may refer to repetitions at different times or locations. 
However, if variability is correlated with economic incentives to produce higher or lower CI products, then 
characterization of variability is paramount. For example, greater use of fertilizer inputs might be associated 
with greater economic returns for crop production but higher CI of products. Similarly, electricity rate 
schedules may favor EV charging on fossil-heavy night time baseload electricity grids. In such a situation, 
variability would not be averaged out as high CI production would be selectively incentivized. In cases 
where there are relationships between variability in economic returns and CI, LCAs may need to incorporate 
techno-economic analyses (e.g., Kar et al., 2020) to understand how variability may incentivize production 
modes with different CIs. Given the potential for variability to influence market behavior and the potential 
interest by policymakers in risk-averse approaches to manage epistemic uncertainty, explicitly partitioning 
variability and uncertainty in model outputs is recommended where tractable (for an example analysis, see 
Gao et al. 2018). 
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Conclusion 4-8: Variability in methods and circumstances under which fuels are produced may be 
associated with differential economic returns. When this is the case, a techno-economic analysis 
may be helpful to understand the conditions under which market actors will produce the fuel. 

 
In conducting LCAs, analysts should be mindful of the implications of uncertainty for policy mak-

ing, even though their analyses may not recommend any particular policy approach. Analysts may aspire 
to identify external costs of fuels in a manner that allows policymakers to implement regulatory incentive 
schemes that internalize these costs for market actors. Given the extent of uncertainty in actual CI, imple-
menting schemes that optimally incentivize market actors may be extremely challenging, particularly as the 
pace of technological change makes these objectives a moving target. Policymakers may benefit from anal-
yses that explicitly consider technological change and include scenarios that explore alternative future ca-
pabilities. In situations of high uncertainty, options have great value, and LCAs that provide policymakers 
with consideration of alternative future options can inform the development of strategies that are robust 
with respect to uncertainty. 

While options provide value, when the goal of policy is to stimulate private investment, policy-
makers’ options to revise the policy may provoke private-sector investors to require premiums for invest-
ment returns to compensate for the risk that regulatory incentives may be withdrawn in the future. To ad-
dress this, LCAs may be coupled with techno-economic analyses that explicitly consider how maintaining 
future options to vary regulatory policy may change incentives for market actors. Both the emissions asso-
ciated with fuels and the economic returns of fuel production may change in uncertain ways on timescales 
substantially shorter than capital project investment cycles, which often cover decades. 
 

Conclusion 4-9: Research is warranted on how the carbon intensity and economics of fuel produc-
tion may change over time. 

 
SCALE OF PRODUCTION 

 
Technical Factors 

 
Scale of production can affect the life-cycle implications of a fuel or technology in nonlinear ways. 

When a fuel is produced at high volumes, it may trigger different effects on the supply chain and different 
kinds of effects than when produced at low volume. For example, at low volume a process may operate 
largely using existing feedstock sources, but at high volume a process may induce new feedstock production 
with qualitatively different emission profiles. 

Small changes create marginal effects, but larger changes can create non-marginal consequential 
effects and may require a different scope of LCA (see Figure 2.3 in Chapter 2). Figure 2.4 shows an illus-
tration of how emissions can be nonlinear with fuel production and the implications for using average 
ALCA estimates or marginal CLCA estimates. The reasons that emissions can be nonlinear with fuel vol-
ume include (but are not limited to) the following examples: 
 

 For biofuels, small increases may come largely (but not exclusively) from domestic production. 
Large increases may trigger greater international shifts in supply chains, such as shifts from 
soybean oil to palm oil in Asia, with consequential effects that are highly uncertain and poten-
tially very different. 

 For electricity, small increases in demand may primarily trigger increases in dispatchable (fos-
sil) generation, but large changes may trigger construction of new capacity in the power sector 
and may support increased penetration of intermittent renewables through flexible demand. 

 The production of hydrogen may play a complementary role in broader economy-wide decar-
bonization efforts by providing a variable load that can reduce the cost of integrating a high 
level of variable renewable energy sources into the grid and reduce the need for battery storage 
or backup generation. The benefits of sector coupling will depend on the scale of demand for 
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hydrogen. For example, an analysis of cross sectoral coupling in the Northeast United States 
(He et al., 2021) found that a peak in the climate benefit of increased system coupling at hy-
drogen production levels of 5 and 12.5 million tonnes per year at carbon prices of $100 and 
$1000 per tonne carbon price, respectively.  

 
Large or sudden changes in the scale of utilization of specific inputs to transportation fuel produc-

tion can have impacts on competing users of these inputs and on the supply chains that produce these inputs. 
For example, for biofuels, rapid increases in the use of particular agricultural commodities such as grain or 
vegetable oil can create short-term supply shocks and price increases. Changes of a moderate magnitude 
may be more readily managed through the inherent flexibility of the supply chain. If there is delayed or 
slower-than-expected technological progress, over a longer time frame, the total land area devoted to crop 
production for energy could crowd out food production or land set aside for nature.2 Conversely, observed 
yield increases in row crops and increasing feed substitution values from co-products generated during the 
biofuels production process may at least partially offset demand increases.  

Similar concerns have been raised for electricity to charge electric vehicles. For small increases in 
EV adoption, consequential charging emissions are marginal emissions and can be modeled with a regres-
sion or simulation approaches (see Chapter 10), and EVs can be treated as price-takers, with demand too 
small to influence electricity prices. For large increases in EV adoption, consequential charging emissions 
may be non-marginal, and EV charging behavior may affect electricity prices, causing changes in emissions 
from other activities as well. Competing load additions and new uses for electricity (e.g., the current large-
scale relocation of crypto currency mining facilities from China) may appropriate some of the renewable 
resources currently planned to meet load additions to the electricity grid, changing the consequential emis-
sions from EV charging. Conversely, more efficient renewable generating technologies and vehicle-to-grid 
technologies may offset demand increases, and flexibility of EV charging load could help to support more 
intermittent renewable capacity, like wind and solar power, which require storage, flexible load, or backup 
dispatchable generators in order to provide reliable service on demand.  
 

Limitations of Life-Cycle Assessment for Supporting Appropriate Scale of Feedstock Utilization 
 

The debate about fuel life-cycles is broader than methodological issues, often raising questions 
about other important values. Fuel LCA provides important insight into the climate implications of different 
fuel production pathways, but this insight is incomplete. The scale of feedstock utilization for transportation 
fuel has implications that go well beyond LCA methodology and involve many competing priorities and 
values.  

Fuel feedstocks can be used for other purposes, and when a particular feedstock is used for fuel 
production, there are some impacts on the linked markets that can be modeled through CLCA and others 
that go beyond life-cycle issues. Increased use of food and feed crops for fuel production can affect crop, 
food, and cropland prices; the mix and area of crop production can affect air and water quality and biodi-
versity; while diversion of electricity to transportation will affect other ratepayers, grid stability, the sources 
of generation, and logistics, such as for emergency evacuations. Fuel LCA for GHG emissions is an incom-
plete window into these impacts, and a fuel policy based on CIs will affect these concerns.  
 

Conclusion 4-10: The scale of production can affect life-cycle GHG emissions, and current LCA 
methods often do not explicitly incorporate changes in production scale into their calculations.  
 
Conclusion 4-11: More research is needed to develop LCA methodologies for incorporating scale 
dependence.  

 
2 In light of this possibility, President Biden issued an executive order on January 27, 2021, with the goal of conserv-
ing 30 percent of land and 30 percent of water by 2030: see https://www.whitehouse.gov/briefing-room/presidential-
actions/2021/01/27/executive-order-on-tackling-the-climate-crisis-at-home-and-abroad/ 
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Recommendation 4-11: Researchers and regulatory agencies should identify additional infor-
mation to assess impacts of large changes in fuel systems.  
 
Recommendation 4-12: Because LCA-based carbon intensities in current LCFS policy are often 
not structured to capture nonlinear and non-life cycle implications of large changes in fuel and fuel 
pathway production volume, policymakers should consider potential complementary policy mech-
anisms. 
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5 
Verification 

 
THE IMPORTANCE OF VERIFICATION 

 
Life-cycle analysis (LCA), whether attributional or consequential, will consider emissions across 

various activities that occur in a variety of different sectors and geographic locations. Some of the activities 
may already be actively monitored and regulated, as is the case with many power plants across the United 
States. Many greenhouse gas (GHG)-emitting activities are not regularly monitored, meaning that LCAs 
must rely on data from theoretical calculations, experimental measurements, or a small number of field 
measurements to approximate the magnitude of their emissions. Confirming LCA results through direct 
measurement of all activities for an entire fuel pathway is outside the realm of feasibility, let alone possi-
bility. However, knowledge gathered to date using LCA can guide the targeted allocation of resources to-
ward verification of emissions sources, key data, and other effects that have the greatest impact on a given 
fuel’s net climate implications. A verification strategy can also play a valuable role in monitoring changes 
over time and prompting action to help limit any negative unintended consequences of a low-carbon fuel 
standard (LCFS).  

Verification could be developed and used in an LCFS for two purposes. The first purpose is to 
verify that at least some of the conditions defined in a policy are met and that critical systems (e.g., food 
production, ecosystem services, and provision of affordable energy) that may be affected by the policy— 
in particular through market-mediated mechanisms—are not exhibiting undesirable effects that exceed cer-
tain thresholds. If the threshold is exceeded, corrective action may be warranted as defined in the policy to 
limit adverse policy effects. The U.S. Renewable Fuel Standard (RFS) contains a very rudimentary example 
of this type of verification. It requires that the U.S. Environmental Protection Agency (EPA) verify that 
domestic agricultural expansion has not exceeded 402 million acres, which was identified as the baseline 
amount of agricultural land in 2007, when the policy was implemented. It should be noted that EPA’s 
definition of agricultural land includes cropland, pastureland, and Conservation Reserve Program land (40 
CFR Part 80 2010, 14669-15320), and changing among these different land uses can have large effects on 
net GHG emissions. Furthermore, this threshold is a net value and does not preclude land moving in and 
out of agricultural production, which can contribute to GHG emissions. This committee is not commenting 
on the efficacy of this particular use of verification, but rather acknowledging its existence. It should also 
be noted that agricultural expansion is affected by many factors beyond fuel policy. The RFS also provided 
permissions to alter and adjust the mandated level of biofuels consumption, if needed. Aside from land use, 
LCFS policy effects on other types of critical systems might be verified through collecting data on electric-
ity generation by type, energy costs (electricity, natural gas), or food prices. Related to this committee’s 
charge, these verification steps could be used to evaluate whether models that investigate market-mediated 
effects associated with the use of transportation fuels and the GHG implications of these effects are reflect-
ing trends (e.g., in land use, energy prices) observed in the real world. If models produce results that veri-
fication strategies do not support, the models or the parameters they contain may need to be adjusted. Im-
portantly, it is not always possible to establish a causal relationship between policy or fuel use and measured 
outcomes, such as land use change (LUC), without modeling assumptions, so verification can provide use-
ful information but may not definitively establish consequences of fuel use or policy intervention. 

A second objective of using verification in an LCFS could be to confirm that individual supply 
chain actors are meeting certain standard requirements or adopting practices that reduce GHG emissions 
beyond baseline values for fuel pathways. For example, in the RFS, energy consumption at ethanol plants 
is assigned a default value. Verification that an individual ethanol plant is consuming less or more energy 
than this default value, and therefore possibly lowering or raising corn ethanol life-cycle GHG emissions 
below the default value, can serve to incentivize companies to reduce emissions or flag whether action is 
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needed to reduce plant emissions if a less GHG-intensive fuel earns more credits (as in an LCFS). This 
approach can also provide agencies implementing an LCFS with data about the state of an industry. Fur-
thermore, it can reduce uncertainty in parameters used in baseline LCAs the agencies would develop—
though it is important to be cautious of reporting bias (e.g., entities with lower GHG intensity than the 
default have incentives to report, while entities with equal or higher GHG intensity do not). Such outcomes 
support mandatory reporting where possible. The last motivation is especially important for parameters that 
greatly influence LCA results (e.g., methane leakage rates from natural gas infrastructure). Information 
obtained for this purpose could be used to improve both attributional and consequential LCA models. 

The distinction and interaction between verification and certification merits further explanation. 
“To verify” is generally defined as to substantiate or prove the truth of a claim. The California Air Resources 
Board (CARB) states: “The LCFS verification program, under CARB oversight, provides confidence and 
reliability in reported data for stakeholders, market participants, and the public.” In this chapter, we refer 
to verification as a process through which auditors collect data that substantiate a claim on the part of an 
actor in the fuels supply chain that the requirements of a certification standard are met. Certification in-
volves attesting (thorough verification) that a product, service, organization, or person has met an official 
standard established in an LCFS.  

This chapter provides examples of verification’s use in contemporary low-carbon fuel policies. The 
chapter includes recommendations for how verification might be used in the future to reduce potential un-
desirable effects of LCFS and improve low-carbon fuel LCAs that inform policy.  
 

CURRENT USE OF VERIFICATION 
 

The next three subsections will address how existing LCFS incorporate verification at the national 
level to account for market-mediated effects and at the individual fuel supply chain level. 
 

National-Level, Market-Mediated Effects 
 

The predominant market-mediated effect that has been subject to verification is LUC. While LUC 
in the context of biofuel production has been known and studied for some time, increased attention given 
to LUC in the context of biofuels production stems from the 2007 Energy Independence and Security Act 
(EISA), which limited the types of feedstocks that can be used to make renewable fuel that is eligible for 
renewable identification numbers (RINs) under the RFS (see Chapter 2). Specifically excluded for biofuels 
production under the EISA definition was virgin agricultural land or land cultivated after December 19, 
2007 in the United States. These land types were defined to include pastureland and land from the Conser-
vation Reserve Program while native grasslands and forests would be excluded.1 In the final rule document-
ing changes to the RFS in 2010 (40 CFR Part 80 pages 14669–15320), EPA established a national-level 
baseline for agricultural land in the United States at 402 million acres based on three data sources: the Farm 
Service Agency Crop History, the U.S. Department of Agriculture (USDA) Census of Agriculture, and the 
USDA Cropland Data Layer. It established an aggregate compliance approach in which, if the amount of 
agricultural land in the United States that is eligible for growing what the RFS defines as renewable biomass 
stays below 402 million acres, aggregate compliance has been achieved and RIN-eligible renewable fuels 
are being produced with what the policy defines as renewable biomass. However, if the amount of agricul-
tural land exceeds 402 million acres, then renewable fuel producers would need to undertake verification 
processes to demonstrate that renewable fuel is made from renewable biomass. Notably, this is a threshold 
amount and does not preclude the possibility of land entering and leaving agriculture, which can contribute 
to GHG emissions. While this threshold has not yet been exceeded, in 2010 a lower threshold (397 million 
acres) was exceeded, which triggered a requirement that EPA should revisit the ability of the aggregate 
compliance approach. There is no public record of EPA’s response. Beyond EPA’s quantification of LUC, 

 
1 See https://www.epa.gov/laws-regulations/summary-energy-independence-and-security-act. 
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a series of studies seeking to quantify LUC produced widely differing results (Copenhaver et al., 2021; 
Dunn et al., 2015; Lark et al., 2015, 2022; World Wildlife Fund, 2021; Wright and Wimberly, 2013). 

In 2018, EPA reported the environmental and resource conservation impacts of biofuels to-date 
and into the future (EPA, 2018). Part of this assessment includes evaluating LUC. In this context, EPA uses 
the term “land use change (LUC)” to include different types of land uses and how land cover changes to 
meet these uses. In its 2018 triennial report to Congress, EPA described its use of five data sources to 
characterize LUC, displayed in Table 5-1. These sources include USDA’s Major Uses of Land in the United 
States (Bigelow and Borchers, 2017), USDA’s 2012 Census of Agriculture (USDA, 2014), USDA’s 2012 
National Resources Inventory (USDA, 2015), the U.S. Geological Survey’s (USGS) U.S. Conterminous 
Wall-to-Wall Anthropogenic Land Use Trends 1974-2012 (Falcone, 2015), and two studies from academic 
institutions (Lark et al., 2015; Wright et al. 2017).   
 
 
TABLE 5-1 Studies Used in EPA’s 2018 Triennial Report to Congress 

Study Comparable term(s) Definition 
Years 
Reported 

Changes in 
Million 
Acres (%) 

USDA Major 
Uses of Land in 
the United States 
(2017)   

Cropland used for crops Three of the cropland acreage components 
– cropland harvested, crop failure, and 
cultivated summer fallow – are 
collectively termed cropland used for 
crops, or the land used as an input in crop 
production. 

2007 – 2012 +5 (1.5%) 

USDA Census of 
Agriculture 
(2014) 

Harvested cropland + 
failed/abandoned + 
summer fallow 

Harvested cropland – includes land from 
which crops were harvested and hay was 
cut, land used to grow short-rotation 
woody crops, Christmas trees, and land in 
orchards, groves, vineyards, berries, 
nurseries, and greenhouses. No separate 
definition for failed/abandoned, or summer 
fallow cropland. 

2005 – 2012 +7.8 (2.4%)a 

USDA National 
Resources 
Inventory (2015) 

Cultivated cropland Cultivated cropland comprises land in row 
crops or close-grown crops and also other 
cultivated cropland, for example, hayland 
or pastureland that is in a rotation with row 
or close-grown crops. 

2007 – 2012 +4.3 (1.4%) 

USGS U.S. 
Conterminous 
Wall-to-Wall 
Anthropogenic 
Land Use Trends  

Production, Crops Areas used for the production of crops, 
such as corn, soybeans, wheat, vegetables, 
or cotton, as well as perennial woody crops 
such as orchards and vineyards. Includes 
cultivated crops, row crops, small grains, 
and fallow fields. 

2002 – 2012 +3.9 (1.2%) 

Lark et al. 2015  Net cropland Net cropland increases (gross expansion – 
gross abandonment) of lands in the lower 
48 states that have no evidence of 
cultivation since 1992. 

2008 – 2012 +3 (1%)b 

Wright et al. 2017 Net cropland Net cropland increases (gross expansion – 
gross abandonment) of lands in the lower 
48 states that have no evidence of 
cultivation since 1992. 

2008 – 2012 +4.2 (N/A)c 

a Harvested cropland, failed/abandoned cropland, and summer fallow changed by +5.4, +4.0, and -1.5 million acres, 
respectively between 2007 and 2012 according to the Census of Agriculture. 
b Estimates from Lark or Wright are likely to be lower because they focus on a subset of lands that had no evidence 
of cultivation for 20 years or more, rather than all land. The committee include these in the table for convenience and 
completeness. 
c The committee could not calculate the percentage increase from Wright et al. (2017) because the 2008 baseline 
acreage within 100 miles of a biorefinery was not reported. 
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EPA noted several challenges in using the data sources in Table 5-1 to assess aggregate compliance. 
First, many of these data sources are not collected annually. Additionally, over time, the methods used to 
compile these data in the different studies enumerated in Table 5-1 change. This is true of the multiple data 
sources used in the USDA Major Uses of Land in the United States. These methodological changes them-
selves—not actual changes in land use—can drive LUC analysis results. The USDA National Resources 
Inventory and USGS U.S. Conterminous Wall-to-Wall Anthropogenic Land Use Trends, however, retro-
actively adjust results to account for changes in methodology over time. Approaches to modifying the 
USDA Cropland Data Layer to reduce error, particularly in areas such as grassland–cropland land types 
that may alternate between cultivation and idle or fallow states annually, can help reduce error estimates 
but it is unclear to what extent. Comparing estimates of agricultural land among data sources shows better 
agreement at the national level (e.g., for the Census of Agriculture and the USDA National Resources In-
ventory) but with less agreement at the state level (Copenhaver et al., 2021). In fact, agricultural expansion 
may occur in small parcels that would be hard to detect with data sources such as the USDA Cropland Data 
Layer, which has a 30 m resolution (Dunn et al., 2017). Many non-agricultural land types, such as wetlands, 
hold high ecosystem value even at small sizes (López-Tapia et al., 2021; Van Meter and Basu, 2015). 
Moreover, the USDA Cropland Data Layer relies on the National Land Cover Database for non-agricultural 
land type data, but the National Land Cover Database currently suffers from low accuracy when applied to 
LUC analyses. One way remote sensing datasets report accuracy is with user and producer accuracies. User 
accuracy reflects the reliability of a remote sensing dataset’s classification from the perspective of the da-
taset user. It corresponds to error of commission and accounts for the occasional inclusion of land types 
that are not actually in a given category (e.g., inclusion of alfalfa pixels in the grassland category). Producer 
accuracy corresponds with the error of omission and accounts for a given category of land cover omitting 
pixels that it should contain (e.g., exclusion of land planted in soybeans from cropland). The National Land 
Cover Database reports producer and user accuracy for various land categories. For example, using the 
National Land Cover Database to estimate grassland loss between 2011 and 2016 had a producer accuracy 
of 80 percent and a user accuracy of 34 percent (Wickham et al., 2018). In the case of agricultural gain, 
these accuracies are 23 percent and 33 percent, respectively (Wickham et al., 2018). These very low accu-
racies for the very types of change the EPA is required to assess under the requirements of the RFS limit 
the ability of the National Land Cover Database (and accordingly, the USDA Cropland Data Layer) to serve 
as a primary resource for use in land cover monitoring (Wickham et al., 2018). The major challenge that 
arises in the use of remote sensing data to evaluate LUC is that distinguishing between land that is eligible 
(e.g., pasturelands) versus ineligible (e.g., natural grasslands) for producing renewable fuel feedstocks is an 
error-prone process. Different types of grasslands pose a particular challenge given the relatively low ac-
curacy and differences in reported area in various data sources. For example, the USDA Cropland Data 
Layer has a 30 percent commission error for grasslands in the southern plains (Wang et al., 2022). Further-
more, the USDA Cropland Data Layer (2017)2 estimate of grasslands (including natural and other grass-
lands) is 250 million acres greater than that in the 2015 National Resources Inventory. 

To summarize, the remote sensing–derived data sources available at the time of RFS implementa-
tion, and still today, have some technical limitations on their use for particular applications as a source of 
information on LUC, particularly at the high resolution necessary to understand effects on small but im-
portant ecosystems. However, they have been deemed sufficiently useful by EPA (2018) for the agency to 
have concluded in its Second Triennial Report that there has been a change in cropland area since the 
passage of EISA. Signals such as this can be useful in determining the direction of change, if not the abso-
lute amount, of LUC. 

The committee notes again that estimates of changes in agricultural land area in the United States 
depend on the data source. These have differences in definitions and methodology, data collection fre-
quency, spatial resolution, and other factors. Accordingly, current data allow for some insight into LUC, 
but challenges stemming from data frequency and methodological differences exist.  
 

 
2 See https://www.nass.usda.gov/Research_and_Science/Cropland/Release/. 

http://nap.nationalacademies.org/26402


Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels in the United States

Copyright National Academy of Sciences. All rights reserved.

78 Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels 

Conclusion 5-1: In verification to evaluate land use change at a national level, specifying the ap-
proach used to evaluate the extent, location, and type of agricultural expansion and the degree of 
uncertainty aids in transparency and clarity. 
 
Conclusion 5-2: Insight into the degree of agricultural expansion domestically into ecologically 
important, but potentially small, land parcels requires more frequent data with higher spatial reso-
lution and ideally high producer and user accuracy. 
 

Recommendation 5-1: Estimates of historical land use changewhich may be used to inform 
economic models that evaluate market-mediated land use changebased on survey or remote sens-
ing data should rely on more than one data source and should include estimates of uncertainty. 
Higher resolution, higher accuracy, and more frequently collected data sources should be made 
accessible to the public. 

 
It should be noted that even if it were possible to evaluate expansion of agricultural area without 

error, it is not possible to verify in most cases, using the strict definition used here, that agricultural expan-
sion was driven by a policy that encourages the use of biofuels (which is the case for other market-mediated 
effects as well). When changes in agricultural patterns (either through expanded agricultural area or changes 
in crop rotation patterns) occur near biofuels facilities, it may be possible to attribute these changes partially 
to the demand from the biorefinery, especially when these insights are accompanied with survey data. How-
ever, there are many other factors that drive LUC including urbanization and industrialization.  

It is important to verify and determine the source(s) of discrepancy in data on changes in area of 
U.S. cropland. Beyond LUC, other national-level market-mediated effects may be evaluated under LCFS 
policies. Expanded use of electric vehicles could result in incremental load additions that may put increased 
pressure on the use of marginal generating resources. One study has shown that marginal resources often 
result in higher carbon intensities (Ryan et al., 2016). Conversely, smart charging technologies can provide 
load shaping and reduce ramp rates on the power infrastructure (van Triel and Lipman, 2020). Others have 
shown potential stress to power grids from electric vehicles (EVs), or result in reassignment of resources 
to EV charging from other loads and adjustments in electricity prices3 (Brown, 2020; Garcia and Freire, 
2016; Graff Zivin et al., 2014; Vivanco et al., 2014). Electricity price adjustments from load shaping pro-
grams, renewable portfolio standards, and other measures aimed at addressing market-mediated effects as-
sociated with EVs must be carefully monitored to ensure transparency for rate payers. 
 

Conclusion 5-3: In verification to evaluate electricity load shifts from national electric vehicle 
policies, specifying the approach used to evaluate the extent, location, and type of load expansion 
to be verified and the degree of uncertainty will aid transparency and clarity. 
 
Conclusion 5-4: While smart charging has potential to provide information about the carbon in-
tensity of retail electric vehicle load, the assignment of specific generators to specific loads relies 
on assumptions from either an attributional frame (e.g.: under what conditions renewable genera-
tion should be assigned to electric vehicle load or to another load) or from a consequential perspec-
tive (e.g.: what emissions would look like in a counterfactual scenario without electric vehicle 
load).  

 
International Land Use Change 

 
There has long been concern that demand for biofuels in the United States stemming from renew-

able fuel policies would lead to international agricultural expansion into forests, grasslands, and wetlands 

 
3 Ryan et al. (2016) found an up to 68 percent difference between marginal and average emissions factors for an 
individual charging station. For the U.S. average they found that marginal emissions factors are 21 percent higher than 
average emissions factors. These findings were generally corroborated by others but the inverse can also occur. 

http://nap.nationalacademies.org/26402


Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels in the United States

Copyright National Academy of Sciences. All rights reserved.

Verification 79 

(e.g., Searchinger et al., 2008 and other citations in Chapter 9). In recent years, many satellite-based tools 
have been used to monitor LUC globally and particularly in regions sensitive to biofuel-induced LUC. In 
the case of global LUC, optical observations from sensors on satellites including the Advanced Very High 
Resolution Radiometer, the Moderate Resolution Imaging Spectroradiometer, Sentinel data, and the Land-
sat Enhanced Thematic Mapper Plus among others have been used to create global land use land cover 
maps that allow for detection of change (Song et al., 2018). As Karra and Kontgis (2021) describe, these 
types of maps enable non-geospatial experts to track changes in land use and land cover that might require 
policy or other interventions to slow it. Further, to enable use of satellite data to monitor land use and land 
cover change at a global scale (and even a national one) automated methods of converting the pixels in 
spatial observation data to land categories needs to be automated to produce a map with high accuracy and 
resolution on a policy-relevant time scale. 

While monitoring land use and land cover for the entire globe is now a possibility with this tech-
nology (e.g., Potapov et al., 2022), it may be desirable within the context of an LCFS to focus attention on 
regions that have historically been prone to deforestation or regions with high carbon stock lands, at least 
in part as a result of demand for biofuel feedstocks, or that economic modeling point to as potential hotspots 
of carbon stores or LUC. Driven by recognition that preserving the Amazon rainforest is critical to slow 
global warming and for maintaining the many other ecosystem services it provides, there are long-standing 
efforts to build a near real-time ability to monitor deforestation in the Amazon using satellite imagery (Finer 
et al., 2018). Similarly, the GHG implications of palm oil plantation expansion into peatland in Indonesia 
have been a long-term concern around the use of palm as a biofuel feedstock (Fargione et al., 2008). Efforts 
to use satellite data to track the history of palm oil plantations in this region are also a reality (Danylo et al., 
2020; Irvin et al., 2020). 

Clearly, it is possible to monitor international land use using satellite data. There are several ques-
tions that remain regarding how to use this information in an LCFS because of challenges in establishing 
causality of international LUC, as with any market-mediated effect, or to tie it to any one policy. This 
concern is important in understanding whether an LCFS is having its intended effect and not inducing 
unintended effects. It may be possible within an LCFS to set a threshold for international LUC of concern 
(e.g., occurring in a biofuel feedstock producing region) because the GHG emissions that would occur if 
that threshold were exceeded would jeopardize the climate benefits of an LCFS. The use of satellite data to 
guide design and implementation of a U.S. LCFS—together with or in place of international GHG emis-
sions from LUC assigned to a biofuel based on economic modeling—is relatively unexplored and deserves 
attention from the research and policy communities, especially as it might be used to complement modeling 
efforts that aim to predict the location of future LUCs. 
 

Conclusion 5-5: Since satellite data allow for monitoring of international land use change, it would 
be possible to use satellite data to monitor international land use change, support calculations of 
land use change impacts, and support results from economic models used to estimate international 
land use change GHG emissions. 
 
Recommendation 5-2: The research and policy communities should develop frameworks and 
methodologies for use of satellite data to characterize national and international land use change 
that may be in part attributable to an LCFS. Examples of framing questions include: 
 
 Should an LCFS include measures to mitigate undesirable international land use change, or is 

it sufficient to monitor international land use change that may be due to the LCFS and these 
GHG emissions to the associated fuel? 

 What are the guardrails (e.g., amount and type of land converted to agriculture in a certain 
region) that a monitoring approach would put in place and, if approached or exceeded, what 
action would be undertaken as a result?  

 How can satellite data and economic modeling be most effectively used synergistically to limit 
GHG emissions from international land use change?  
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 What public data sources will be used to track land use change? 
 How should uncertainty in land use change estimates be reported? 

 
Fuel Supply-Chain Emissions Verification 

 
As described previously, an objective of using verification in an LCFS could be to provide agencies 

implementing an LCFS with data about the state of an industry that informs parameters used in transporta-
tion fuel LCAs. Furthermore, it can reduce uncertainty in parameters used in baseline LCAs the agencies 
would develop, particularly for the parameters that greatly influence LCA results (e.g., soil carbon changes, 
methane leakage rates from natural gas infrastructure). Information obtained for this purpose could be used 
to improve LCA models.  

For individual fuel supply chains, certification protocols lay out the criteria datasets that are re-
quired to achieve certification under various certification programs that may be part of policies. Auditors 
collect the required data under the protocol and verify the conditions within the fuel pathway that determine 
the fuels’ carbon intensity (CI). Certification schemes are akin to certification protocols, although the term 
“scheme” is used more often in a European context. The committee therefore uses the term “protocol.”  

A non-comprehensive example list of currently operating certification protocols in the sustainabil-
ity field include International Sustainability and Carbon Certification (ISCC), Bonsucro, Red Cert, and 
Roundtable on Sustainable Biofuels. These systems certify compliance with defined specifications for feed-
stock production but also conversion into other products including biofuels. Separately, other protocols 
focus on parts of the supply chain such as the ANSI/LEO-4000 Comprehensive Sustainable Agriculture 
Standard. A non-comprehensive example list of certification bodies includes SCS Global Services, SGS, 
Peterson Control Union, and Technischer Überwachungsverein. 

Among the policies, the European Union’s (EU) Renewable Energy Directive (RED), the Carbon 
Offsetting and Reduction Scheme for International Aviation (CORSIA), and the California Low Carbon 
Fuel Standard (CA-LCFS) currently have the most robust approaches to verification, although none of these 
policies are without their shortcomings. RED and CORSIA utilize a system of recognized certification 
protocols and auditors who are trained by the protocol developers to verify the intended application of the 
protocols. The EU and CORSIA regularly review and accredit (“re-recognize”) certification protocols. All 
EU-recognized certification protocols are listed publicly at the European Commission’s website (European 
Commission, n.d.). Likewise, all CORSIA-recognized certification protocols are listed on their website.4 
Certification protocols, in turn, then list all of the certification bodies that have been trained to follow and 
implement an individual protocol. In the case of the ISCC protocol, for example, their collaborating certi-
fication bodies are listed at their website (ISCC, n.d.-a). 

CARB, which administers the CA-LCFS, developed its own set of certification protocols, using 
established sustainability auditing firms to verify compliance with them (CARB, 2020). CARB publishes 
the list of verification bodies and verifiers accredited to perform LCFS verification services (CARB, 2022). 
CARB states that its verification is based on the International Organization for Standardization (ISO) 14064 
standard (ISO, 2020a,b). Beginning in 2019, verifiers started applying for CARB accreditation and taking 
required training and exams.  

On-farm practices are a commonly-verified aspects of low-carbon transportation fuel policies (e.g., 
RED and CORSIA). For example, the EU’s RED provides for recognized EU certification protocols that 
have established specific guidelines on how to assess soil carbon levels for inclusion in biofuels life- cycle 
modeling, although this committee notes caveats on the functionality of this approach as described else-
where in this report. Within the protocols’ framework, improvements in soil carbon on individual farms 
can generate incremental credits to meet, for example, the qualifying 50 percent GHG reduction in CI 
threshold set under the EU RED for corn ethanol blending into the transportation fuel supply (ISCC, 2021). 
In the RED, soil carbon credits are specifically required to be assessed on a field-by-field basis. 

 
4 See https://www.icao.int/environmental-protection/CORSIA/Documents/ICAO%20document%2004%20-%20App 
roved%20SCSs.pdf.  
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In a letter to CARB by 20 stakeholder groups, the Midwestern Clean Fuels Policy Initiative re-
quested that CARB allow farmers to generate individual farm-level GHG life-cycle emissions values rather 
than the current fixed average agriculture phase value. This would allow farmers to generate incremental 
credits for enhanced agricultural practices (Great Plains Institute, 2020). CARB, to date, has not acted on 
this request. Inclusion of soil carbon credits under the proposed Midwest Low Carbon Fuel Standard re-
mains a topic of discussion mostly around the topic of permanency and additionality. 

On-farm audits can also verify whether an individual property has increased the amount of agricul-
tural land or changed the type of crop being grown. For example, it is relatively straightforward for a farmer 
or auditor to report changes in land use on private farmland. These changes could include idling a field or 
expanding agriculture into forested land on farm property. In the EU RED, under various certification pro-
tocols accredited by this policy, on-farm LUC is assessed via self-declaration forms as well as on-farm 
audits. In this policy, the number of required on-farm audits by protocols is a function of a region’s risk for 
land use conversion. Audit frequency is higher in areas that are near rainforests or sensitive grasslands. The 
number of farm audits in low-risk regions for agricultural expansion is the square root of all growers deliv-
ering to a first gathering point (e.g., a grain elevator or biofuels plant) whereas 100 percent of plantations 
supplying palm oil producers in Southeast Asia must be audited. In policy frameworks where agricultural 
feedstock producers can generate reductions in GHG emissions from the feedstock production stage and 
thereby extra revenue, conservation management practices are encouraged (Piñeiro et al., 2020). 

In contrast to the extent of the previously-described verification approaches related to biofuels, 
only the LCFS addressed verification approaches relative to EV life-cycle GHG emissions. Under the LCFS 
credit, generators may submit applications to verify a lower CI rating for unique pathways that would result 
in greater potential GHG reductions (California Low Carbon Fuel Standard Regulation, CCR 17 §). Within 
that framework, a relatively new provision under the CA-LCFS allows for incremental credits for electric 
vehicles.5 Utilities, automakers, and others can use meters or vehicle data to claim additional credits from 
residential EV charging that uses lower carbon electricity. CARB states that, ”Any equipment that is capa-
ble of measuring electricity used for residential EV charging, and for tracking and recording the amount of 
electricity dispensed to that vehicle over a specific time period, may be registered in the LCFS Reporting 
Tool (LRT) as a piece of Fueling Supply Equipment (FSE).”6 Incremental credits are calculated based on 
the difference between the low-carbon electricity used to fuel vehicles and the California average grid elec-
tricity (CARB, 2020b, n.d.).  Utilities are required to reinvest a share of the credits on customers, EV drivers, 
and to support transport electrification broadly. Further, utilities must dedicate a minimum portion of credit 
revenues to EV rebates and equity projects. In essence, verified retail metering and the credits generated 
are used for reinvestment in transportation electrification. This effort can generate clear benefits to offset 
the costs of verification (see Kelly and Pavlenko, 2020). 

In summary, protocols exist that could inform LCA for an LCFS for individual fuel producers 
including estimated on-farm soil carbon level changes and risk-based LUC verification. This does not pre-
clude new protocols being created independently of existing ones. In addition, as practiced under the CA-
LCFS for residential EV charging, incremental credits can generate extra revenue to offset verification costs 
and encourage additional renewable infrastructure.  
 

Conclusion 5-6: Certification and verification approaches have been implemented in contemporary 
LCFSs to inform values for many parameters that influence emissions. 

 
CHALLENGES IN IMPLEMENTING VERIFICATION APPROACHES 

 
Challenges have arisen in the implementation of the verification strategies described previously, 

including managing competing certification protocols, potentially high costs, trade effects, inadvertent pre-

 
5 See https://ww2.arb.ca.gov/sites/default/files/classic/fuels/lcfs/guidance/lcfsguidance_19-01.pdf. 
6 See https://ww2.arb.ca.gov/sites/default/files/classic/fuels/lcfs/guidance/lcfsguidance_19-03.pdf. 
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ferred treatment for certain technologies, baseline selection, and timing of verification and associated cor-
rective action. 
 

Competing Certification and Verification Systems and Their Level of Quality 
 

As described in the section on verification in LCFS, there are multiple certification protocols for 
biomass and biofuels alone. One challenge in implementing verification protocols within an LCFS is de-
ciding whether to adopt one or more existing protocols or to devise a new one.   

In the U.S. RFS, EPA has pathways that are generally applicable to renewable fuels that any pro-
ducer using a certain feedstock-conversion-fuel pathway can use.7 Alternatively, fuel producers can apply 
for individual pathway assessments to demonstrate that they are able to achieve life-cycle GHG emissions, 
as estimated by EPA, for a pathway that differ from the generic pathways. EPA has established the Quality 
Assurance Plan, which is a voluntary program that is meant to verify if conditions for a preferred pathway 
are met. When they are, the fuel is eligible to receive RINs under the RFS (see Chapter 3). Quality assurance 
plans are customized to individual producers aiming to demonstrate their fuel meets the qualification for 
RINs in certain categories such as advanced (50 percent GHG reduction threshold) or cellulosic (60 percent 
GHG reduction threshold) as opposed to renewable fuel (20 percent GHG reduction threshold). Through 
the quality assurance plan process, verification data are collected. EPA has minimum requirements for 
quality assurance plans but it does not specify their exact content or form. 

While devising a new protocol may allow for incorporation of criteria that are important to the 
regulatory body implementing a policy, new protocols may create barriers for new and existing fuels and 
companies to participate in a policy. One approach (Moosmann et al., 2020) to managing the existence of 
multiple protocols is for different policies to accept certifications undertaken under a separate policy. This 
can reduce costs and administrative burden on producers and enables coverage across long supply chains, 
but it comes with the drawbacks of possible inconsistencies in accounting and accepted levels of deviation. 

In Brazil’s RenovaBio program, life-cycle GHG emissions are calculated for fuel produced from 
each participating plant. The RenovaBio policy does not allow third-party protocols. Instead, they devel-
oped their own protocol but utilize existing auditing groups (e.g., SCS, SGS, Peterson Control Union) 
(USDA, 2021a). Each grower must provide their farm-level data to the government. In Colombia’s case, 
the sustainability protocol was developed by the government but third-party auditors are enlisted to ensure 
sustainability and compliance with ISO standards (USDA Foreign Agricultural Service, 2018). In contrast, 
the Japanese allow the use of the already established ISCC Plus protocol (a European Protocol derivative) 
for ethyl tert-butyl ether sustainability certification (ISCC, n.d.-b; USDA Foreign Agricultural Service, 
2020). With the ISCC Plus certification requirement, biofuel deliveries into Japan are subject to farm-level 
audits. 

CARB was interested in pursuing verification strategies but desired to develop its own certification 
standard. This effort is on hold in part because of the labor involved in establishing a certification protocol 
that is unique to CARB.  

It should be noted that certification protocols may be carried out by private companies within rules 
set by public, policy-setting entities (e.g., co-regulation). In a regulatory context, the term co-regulation 
(German Federal Ministry for Economy Cooperation and Development, 2013) indicates that regulators have 
defined sustainability criteria for certain economic sectors or activities and recognize verification processes 
carried out by private sector auditors that ensure compliance with those criteria.  In co-regulation, these 
private actors carry out this control and reduce the regulatory burden of regulators while increasing engage-
ment within the private and nongovernmental sectors in achieving the policy’s objectives. Alternatively, 
policymakers may prefer these functions to be carried out by the public sector.   

Co-regulation via third party verification protocols needs to be adequately organized. Verification 
systems should be independent, third party systems with multi-stakeholder governance (including large 
nongovernmental organization shares). They should also incorporate internal integrity auditing systems. In 

 
7 See https://www.epa.gov/renewable-fuel-standard-program/approved-pathways-renewable-fuel. 
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these procedures, the certification protocol periodically audits their own recognized auditors to ensure that 
the protocols are followed correctly. For example, the American National Standards Institute supports ver-
ification protocols in assessing the “competence of verification bodies in accordance with international 
standards for accreditation” (ANSI, 2015). Furthermore, there is a need for ongoing auditing of certification 
protocols through mechanisms like ISO 17065 or ISO 17021 and the principles of the ISEAL Alliance Code 
of Good Practice for Assuring Conformance with Social and Environmental Standards (ISEAL, n.d.; ISO 
2020a,b).  

Finally, co-regulation protocols need to be rated in benchmarking efforts that provide comprehen-
sive, verified, and transparent information on voluntary sustainability standards.27  
 

Administration of Certification 
 

Some data used to satisfy one certification protocol could be applied to being certified for another. 
 

Trade 
 

Verification can be used to allow fuels produced in one country to qualify for inclusion in LCFS in 
other countries. In the case of the U.S. ethanol plants described previously, verification enabled trade of 
biofuels between countries. Conversely, verification systems can also act as non-tariff trade barriers partic-
ularly when a multitude of systems competes for legitimacy. Narenda points out: “thus, rather than filling 
institutional voids, the multiplicity of competing standards creates additional non-tariff barriers for emerg-
ing economy firms.” (Montiel et al., 2018). 

Brazil’s RenovaBio program is an example of a policy that has raised concerns for preferential 
treatment of domestic fuels. This concern has arisen even though the country is dependent upon interna-
tional supply chains. Fuel standard programs that rely on international supply chains may have to be mindful 
whether a policy acts as an implicit trade barrier. However, RenovaBio is a relatively young policy, and 
future adjustments may potentially level the playing field. 
 

Conclusion 5-7: Certification through protocols and methods that are consistent or compatible 
across regions and countries may mitigate global trade barriers. 

 
Inadvertent Favoring of Individual Fuels 

 
Observation of CA-LCFS, which allows for individual, company-specific fuel pathways to become 

eligible based on their CI, has highlighted how an LCFS policy might inadvertently or intentionally favor 
one fuel pathway over another. Such a concern has been raised about the LCFS because it awards CI credits 
for activities that could reduce transportation GHG emissions but are not directly tied to the process of 
selling low-carbon fuels themselves. The CA-LCFS, however, currently only applies this approach to EV-
related pathways. It awards rebates for installing charging stations funded by selling credits generated by 
supplying electricity to EVs. Within the LCFS, there is no comparable incentive for infrastructure related 
to biofuels like e85 pump installation (Bushnell et al., 2021) or other fuels. If using verification to award 
credits for non-fuel-sales related activities is inconsistent across different fuel types, the policy may not be 
technology-neutral.8 

A second and more serious issue of asymmetry arises because residential retail metering for EVs 
is instituted as an incentive rather than a requirement. In the absence of full retail metering as a requirement, 
CARB relies on EV usage surveys, which have been shown to be inaccurate (Davis, 2019). Accordingly, it 
is possible that vehicle miles traveled in EVs is lower than the policy is counting as it calculates its GHG-

 
8 Energy Institute WP 318R: “EnPolicymakers have begun to treat the LCFS as a means for directing resources to 
preferred technology solutions, such as ZEVS in California, setting the policy on a path different from the science-
based, technology-neutral fuel standard it was originally positioned to be.” 
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reducing benefits. Differences in driving patterns among EV owners and gasoline vehicle owners is an area 
of active research. 
 

Recommendation 5-3: If applied, verification requirements should be used consistently and com-
parably across pathways to encourage technology development and deployment. 

 
Benchmark Selection 

 
Policies can define default baseline values for parameters that are to be certified. For example, a 

policy may set a default amount of diesel consumed in the harvesting of corn. The certification process will 
then establish whether a farm consumes less or more than this default amount. This ability to verify lower 
or higher emissions can result in economic gain or loss for a supply chain actor, which will motivate them 
to pursue certification or to produce a fuel that complies with the policy. Accordingly, default values must 
be chosen judiciously such that they reflect common practice rather than adoption of new technologies or 
practices that lower or raise emissions. If a default value reflects what can be achieved with emerging 
technologies and practices that lower emissions, a supply chain actor may lose the economic incentive to 
undertake certification, let alone underestimating actual emissions. One example of this situation is the 
previously-described incremental credits awarded under the CA-LCFS for retail EV charging. Emissions 
from residential charging are assessed relative to those from the average grid electricity (rather than the 
marginal mix). The average grid electricity CI can sometimes (but not always) be significantly lower than 
the marginal mix for EV charging (Mueller and Unnasch, 2021; Tamayao et al., 2015). As a result, utilities 
and automakers may be less encouraged to generate the extra, incremental credits. Therefore, calculating 
incremental credits based on the difference between renewable electricity that is presumably used to charge 
vehicles at motorists’ homes and the CA average marginal mix (rather than the average mix) could result 
in a much stronger incentive for incremental credits. This approach could further incentivize verified retail 
metering.  

As illustrated in Figure 5-1, producers with emission rates above or near the default have incentives 
to use the default benchmark emission rates, whereas producers with emission rates sufficiently below the 
default have incentives to collect data and document emission rates. 
 
 

  
FIGURE 5-1 Hypothetical illustration that when producers with emission rates higher than the default use 
the default and producers with emission rates lower than the default measure and document, reported aver-
age emission rates can be substantially lower than true average emission rates.  
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Recommendation 5-4: Baselines, if used, should consider (1) the state of technology, (2) inputs 
from multiple stakeholders, (3) implications for cost of implementation, and (4) incentives that the 
baselines create for innovation to reduce emissions and for data collection to demonstrate emissions 
reductions. 

 
Timing of Verification and Associated Corrective Action 

 
The frequency of verification of national-level effects and potential corrective action requires care-

ful consideration. One viewpoint is that if verification and corresponding corrective action is too frequent, 
unclear policy signals will be sent to the actors who produce fuels, and efforts to achieve policy objectives 
could be destabilized. Another viewpoint is that frequent and ongoing verification and corresponding cor-
rective action provides a clear policy signal for compliance, promoting and stabilizing policy objectives. 
On the other hand, if verification occurs too infrequently, undesirable effects may be ongoing and irreversi-
ble. The influence of frequency of verification and corrective action on verification program outcomes 
requires research.   
 

FUTURE TECHNOLOGY FOR VERIFICATION  
 

Verification of national-level, market-mediated effects of LCFS policies and parameters used in 
LCA values requires reliable and consistent data gathering from in-person audits, through apps, database 
systems, sensors, and a combination thereof. Sensor data can come from satellites, airplanes, and unmanned 
aerial vehicles, for example, to measure land use and land management practices as well as emissions from 
oil and natural gas extraction. As these data become increasingly available with high-resolution and fre-
quency, automated methods and artificial intelligence algorithms are increasingly needed to process and 
publish them efficiently, in a simple form to be used. Satellite data should be converted to simple tables to 
be compared with other available data sources for verification. Internet of Things sensors are ubiquitous 
and can be used to measure, assess, and verify a host of processing variables (e.g., at biorefineries). Finally, 
“smart metering” can be used to verify natural gas use and control electric smart charging, vehicle-to-grid, 
and vehicle-to-everything charging. Sensor technologies are continuously improving and the cost for all 
three groups has declined significantly (Microsoft, 2019; Spaceref, 2021). 

While technologies that support verification of sustainability requirements set by policies keep con-
tinuously improving, policymakers need to be mindful of their limitations as well, including their accuracy 
and resolution.  

To date, technologies in the sensing area have been substantially improving as described in the 
following state-of-the-art examples.  
 

Technologies to Support Verification of Land Use Changes 
 

Increasingly, high-resolution, high-frequency imagery that could be used to monitor national- or 
global-scale LUCs is becoming available. Critically, automated techniques that use artificial intelligence-
based techniques are needed to process this imagery rapidly. Research is underway with this purpose 
(Lopez-Tapia et al., 2021). These techniques rely on ground-truth data in multiple years. These data, which 
are fairly limited, are needed to build training and testing datasets for artificial intelligence techniques. 

At the farm level, some remote sensing tools have been specifically developed to support LUC 
audits. The Global Risk Assessment Services tool uses satellite and remote sensing data on a global level 
to assess, monitor, and manage the risk of biofuel producers to cause deforestation and LUC (GRAS, n.d.). 
A mapping app complements the Global Risk Assessment Services to enable users to collect farmer land 
use and equipment activity data, fields polygons, and pictures. Remote sensing tools have also been devel-
oped to specifically track reclaimed lands that qualify as a special land use category (unused, underused) 
for biofuels production under several policies (RED, CORSIA) (Mueller et al., 2021).  
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On-farm emissions associated with management practices may also be important to verify. Farm 
equipment manufacturers and technology providers have developed a host of data gathering tools to opti-
mize farm operations that can be used to inform sustainability practices. All of them include apps, desktop 
applications, and data from equipment sensors. Examples include (no endorsement by this committee is 
implied): 
 

 Original equipment manufacturers make decisions to include sensors on their farm equipment 
that can track the type of data that are needed in biofuel LCA. These manufacturers are helping 
generate high-quality data by their selection of accurate sensors. One example of this advance-
ment is John Deere’s Operations Center, which is an online farm management system that in-
tegrates field equipment data.  

 Several organizations have close interactions with growers and can therefore directly verify 
LCA-relevant conservation management data. 
o The Bayer Carbon View Program provides nutrient and conservation management insights 

and monetary incentives via the Climate Field View platform. The strength of the platform 
for LCA verification is the direct large-scale interaction with growers.  

o The Farmer Business Network’s Gradable Carbon platform aims to integrate practices with 
voluntary carbon management programs. Notably, this system has a parallel tie-in with soil 
carbon sampling.  

o Precision Conservation Management is supported by Midwest grower organizations who 
work directly with farmers to input management data into the Precision Conservation Man-
agement Farmer Portal. The portal generates a “sustainability-focused Resource Analysis 
and Assessment Plan (RAAP).”9 This program works directly with growers to show the 
value of conservation management practices. The strength of the program is the direct, 
personal interaction with growers. 

 Other organizations collect equipment and logistics data that is relevant for LCA. 
o Bushel’s FarmLog app collects data on standard activities like planting, fertilizing, spray-

ing, irrigating, and harvesting operations. Of particular interest for LCA parameter verifi-
cation is that the company is working with delivery points to collect weight-scale data from, 
for example, grain elevators.10  

 
These technologies support easier collection of individual LCA-relevant data points. Additionally, 

database systems and blockchain technologies originally developed for supply chain applications can en-
sure that those individual data points gathered can be more easily inserted, linked, and verified (e.g., across 
feedstock growing, processing, transportation, and blending). USDA has repeatedly researched and show-
cased the use of blockchain technology (USDA, n.d.-a,b).  GEVO, a U.S.-based ethanol and aviation fuel 
producer formed a joint venture to track land use and production practices using blockchain (Verity Track-
ing, 2022). Alternatively, or in complement, database systems like Trace-Your-Claim have been integrated 
successfully into certification protocols (GRAS, n.d.). 

Farm apps have also been examined in peer-reviewed publications, and some gaps have been iden-
tified. Eichler Inwood and Dale (2019) state: “Nearly all of the apps we found can be characterized as 
“single solution” approaches that provide limited data to improve one specific aspect of efficiency—and 
often sustainability—but they are not effectively designed to integrate sustainability concerns from multiple 
dimensions or themes of indicators for sustainable agricultural landscapes.” Ideally, the data collected to 
support an LCFS would be available to the public for analysis.  
  

 
9 See https://www.precisionconservation.org/.  
10 See https://farmlogs.com/essentials.  
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Technologies to Support Data Verification of EV Pathways 
 

The International Renewable Energy Agency (IRENA) states that “smart charging means adapting 
the charging cycle of EVs to both the conditions of the power system and the needs of vehicle users” 
(IRENA, 2019, p. 3). The different charging technology types and potential for detailed charging data col-
lection have been widely documented in the peer-reviewed literature (see Barone et al., 2020; Haotian Liu 
et al., 2020). Many smart chargers enable participation in utility demand response programs. Moreover, 
smart chargers are also helpful to track the EV vehicle class and types as well as verified electricity use for 
more accurate tracking of energy efficiency ratio groups by LCFS regulators. Both user-managed charging 
and supplier-managed charging technologies can be used for smart grid management. 

Some selected technologies have been reviewed to showcase their integration with LCA: 
 

 Chargepoint offers residential and fleet smart chargers for EVs. The chargers come with an app 
that allows tracking time-of-use charging and “real-time access to estimated environmental 
impact data” (Chargepoint, 2022). 

 Enel X JuiceBox features load-sharing, which enables the owner to use one dedicated circuit 
for multiple units. This is useful for two-EV parties sharing a dwelling without the capacity for 
separate dedicated circuits. 

 Nuvve offers a Heavy-Duty Charging Station designed specifically for vehicle-to-grid applica-
tions with smart charging capability for heavy-duty fleet vehicles such as electric school buses. 
The charging stations are controlled through Nuvve’s fleet management app that allows bidi-
rectional vehicle-to-grid and vehicle-to-building services when connected to a vehicle-to-grid 
compatible vehicle. 

 Siemens Vericharge offers modular charging stations at the residential and commercial level 
that can be integrated with building management systems. This technology enables tracking of 
commercial charging where electric feeders serve multiple charging stations. 

Accuracies of verification technologies for EVs are increasing over time as a host of promising 
new technologies has emerged over the last decade.  
 

Recommendation 5-5: Combinations of newly developed sensor (including satellite) and supply 
chain technologies (e.g., database systems, blockchain) could be considered to improve land use 
change assessments. Policies need to be consistent with verification technology and set realistic 
expectations for verified LCA values. Data should be made publicly available for external verifi-
cation. The GHG footprint of verification technologies should be included in the LCA as well. 

 
Emerging Satellite Technologies to Support Verification of Crude Oil,  

Natural Gas Pathways, and Existing Emissions Models 
 

New satellite sensors can directly measure GHG emissions from oil and natural gas fields. Some 
selected technologies in this area include the following: 
 

 The Carbon Mapper Consortium is the first-ever public–private–nonprofit satellite collabora-
tive that is measuring methane and CO2 from oil and gas and other assets (waste, coal mines, 
dairies, etc.). The consortium includes Carbon Mapper and RMI (nongovernmental organiza-
tions), NASA Jet Propulsion Lab and CARB (government), Planet (private), and philanthropies 
(including High Tide Foundation and Bloomberg). Carbon Mapper is now conducting exten-
sive flyovers with methane sensors in the United States and Canada (and planning international 
flights for 2022), in advance of its first two satellites launching in 2023. A total of 25 satellites 
are ultimately planned in the buildout (Carbon Mapper, n.d.).  
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 European Space Agency Sentinel-5P Satellite. This satellite sensor collects methane and aero-
sol data that can be used to verify models or emissions from large sources (The European Space 
Agency, n.d.). 

 
In sum, new satellite technologies are emerging that enable direct GHG measurements of some 

emissions sources. In addition, verification of some CI LCA emissions components can be one tool to 
enable implementation of an LCFS to move beyond use of fixed default values. Verification programs have 
incentivized fuel providers to adopt emissions-reducing technology; there is a large body of verification 
efforts to draw best practices from and to apply in an LCFS. 

 
Conclusion 5-8: There are a number of issues relating to the choice of certification protocols that 
use verification, including the cost to fuel providers, the benefits of reciprocity among protocols, 
and whether protocols act as trade barriers. These should be weighed against the net costs or bene-
fits that verification provides to society including the carbon footprint of the certification process 
itself. 
 
Conclusion 5-9: Certification protocols that use verification strategies can complement initial fuel 
pathway modeling with LCA and associated models (e.g., economic models used to estimate land 
use changes) to lessen the impacts of uncertainty in LCA results and to inform policymakers of the 
effects of an LCFS as they unfold. This insight can aid in policy adjustments if undesirable effects 
arise over the course of the policy. 
 
Recommendation 5-6: An LCFS should consider inclusion of a certification protocol with verifi-
cation. The protocol and its implementation should be overseen by an agency or group of agencies 
with the complementary expertise sets needed for success. These expertise sets include insights 
into multiple energy systems and new technologies, economics, environmental effects of fuels and 
their production routes, agriculture, fossil fuel production, and electricity generation. 
 
Recommendation 5-7: Certification protocols should be revisited periodically to adapt to the 
emergence of new verification technology, national and global trends in the energy, transportation, 
and agriculture sectors, and to update baselines as needed based on evolving common practice.  
 
Recommendation 5-8: Economic modeling and verification processes are complementary to each 
other and should both be used. Verification processes to assess international- and national-level 
land use change should use state-of-the art remote sensing technologies, when appropriate, which 
are evolving toward increased frequency and spatial resolution.   
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6 
Specific Methodological Issues Relevant  

to a Low-Carbon Fuel Standard 

 
This chapter discusses several methodological issues that are relevant to assessing life-cycle green-

house gas (GHG) emissions for transportation fuels: (1) allocation applied to multi-output systems that 
produce fuels or provide feedstocks for fuel production; (2) negative emissions and the implications of 
negative carbon intensity (CI) values for fuels; (3) biogenic carbon, including accounting methods for car-
bon in short- and long-rotation biomass and soil; (4) indicators and temporal aspects of GHGs and climate 
change; and (5) vehicle–fuel combinations and efficiencies.   
 

ALLOCATION TO AND FROM OTHER PRODUCTS 
 

Allocation is a fundamental aspect of attributional life-cycle analysis (ALCA). In contrast to con-
sequential LCA (CLCA), which estimates differences in net emissions across counterfactual scenarios with-
out necessarily attributing emissions to products, ALCA requires that decisions are made about how to 
allocate emissions to co-products and byproducts.   

The process to quantify the emissions of a specific type of fuel or energy source needs to include 
all the inputs of materials and energy required to produce that fuel, or, alternatively, the emissions that 
result from producing and using that fuel. Many industrial processes, including fuel manufacturing, produce 
not just a single product but a variety of outputs. Allocation is the process of dividing the total process 
emissions or otherwise attributing portions of the total emissions to individual output streams. Allocation 
by a variety of methods is common in ALCA. The concept of multiple outputs—each carrying responsibil-
ity for a portion of total emissions— is also critical for system expansion and CLCA methods as practition-
ers seek to assign emissions to causational factors that can be addressed to reduce net emissions in the 
context of climate change. 

Output streams can be classified as products, co-products, byproducts, residues, and wastes. These 
classes of outputs exist on a continuum. It can present a challenge to objectively classify output streams 
along this continuum, particularly when the economic value of a waste stream changes or is relatively close 
to the value of byproducts and co-products. 

Economic incentives to optimize net profits from manufacturing often translate to minimizing 
waste. However, the efficiency of waste minimization is subservient to the overall profit incentive. For 
instance, when fossil energy prices are relatively cheap, net profit may incentivize the use of more cheap 
energy to convert feedstock into greater amounts of higher value products. Existing regulations that address 
the environmental or public safety consequences of waste may shift the economic incentives by adding cost 
to waste disposal. Public policy may also seek to create markets for the utilization of wastes. Such success-
ful programs may shift the economic value along the waste-to-product continuum. However, the classifi-
cation of the waste material rarely changes. The original motive for manufacturing operations remains of 
interest for the maintenance of ongoing policies and the development of new policies. 

These concepts can be illustrated by examining some common fuel types and their associated out-
put streams. Petroleum transportation fuels are co-produced with a range of outputs including butane, gas-
oline, naphtha, kerosene, diesel fuel, heavy gas oil, and residual fuel oil. All of these may come from a 
single unit of refined crude oil. Each of these may be sold as a marketable product or further refined into 
products with greater market demand. These examples do not include additional waste products that also 
result from refining the same unit of crude oil. In order to quantify the life-cycle emissions for gasoline, 
diesel, or kerosene jet fuel, the total process emissions for the refining process needs to be determined, as 
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well as the transportation and other effects of crude oil extraction. Then, those total emissions need to be 
allocated to each of the process outputs (Bredeson et al., 2010). 

There are multiple ways to perform these allocations, and the choice of method can have a signifi-
cant impact on the results (Wang et al., 2004, 2011). Therefore, it is important to pair allocation methods 
with the policy objective. It is common practice not to allocate process emissions to waste products. Doing 
so would reduce the emission burden of marketable products. By allocating emissions only to marketable 
products, the opportunity is preserved to influence emissions through market strategies. When the policy 
goal is to reduce emissions, the policy has more economic leverage to affect that outcome when emissions 
impacts are carried by the most valuable products in high demand. 

For waste, residues, and byproducts of fossil fuel origin, the emissions of combusting those prod-
ucts should be added to the net emissions that are allocated to the marketable products. Failing to do so 
would under-represent the actual emissions of producing petroleum fuels. Special attention is also needed 
to avoid double counting when byproducts and residues are consumed internally. Emissions from combust-
ing biomass or biomass-derived products are discussed in the Biogenic Emissions section. 

Allocation is often quantified by ratios between products based on stoichiometry, mass, volume, 
energy content, economic value, or a combination of these and other factors. Significant literature exists 
about the pros and cons of allocation choice (Cherubini et al., 2018; Schrijvers et al., 2016; Tillman, 2000; 
Wang et al., 2011). Mass ratio has often been used as a simple, consistent method but can also distort results 
for some applications and neglect to account for the relative value of products, which can drive demand. 
Energy ratio has also been applied commonly for energy policy such as the Renewable Energy Directive 
(RED) of the European Union (EU). Economic ratios reflect the impetus for different products but can be 
challenging to apply because they may change over time. They also require the consideration of how to 
address market changes as a result of the policy itself. 

Allocation by economic ratio could be more philosophically consistent with the aims of market-
based approaches to reducing emissions, such as a low-carbon fuel standard (LCFS). In recent history, in 
some countries, gasoline demand was thought to be a critical motivation for the refinement of crude oil; in 
other countries, other distillates, liquefied petroleum gas, or petrochemical feedstocks were thought to be 
the motivation. In reality, factors such as system requirement, the net profit margin from every stream of 
refined output, emission caps, seasonable shift, and other strategic and tactical drivers determine the busi-
ness decision of refinery operators. A fuel policy that mandates increased volume of ethanol may erode the 
economic incentive to produce gasoline but does nothing to address the other output streams from refining 
a unit of crude oil. If demand for distillate fuels including diesel, heating oil, and aviation fuel remains 
steady with few low-carbon alternatives, then distillate demand may take over as the leading profit center 
for petroleum refining. Refiners could continue processing the same fossil throughput with higher profit 
margin on distillate fuels and lower profit or even loss on gasoline. Co-products or byproducts such as 
residual gas oil may have weaker demand or market value. In lieu of their production, users of those prod-
ucts could switch to other alternatives with less influence on the overall refining business. Increasingly, 
olefin production for chemicals feedstocks drives product slate shifts in refineries. As gasoline and distillate 
demand decreases, there could be increased focus on petrochemical production. 

Allocation by energy content alone deprives the market from acknowledging that some fuels have 
greater versatility. Liquid fuels, for instance, have more power in economic decisions, because they are 
more versatile to a wider market base. Liquid fuels are easier to handle than solid fuels. Liquid fuels can be 
pumped and stored or shipped in containers of various sizes or shapes, which makes them less costly to 
move. Liquid fuels are also more energy dense than gaseous fuels. However, fuel prices are not determined 
on parity with energy density, but by relative supply and demand. 

Corn ethanol is the most common biofuel used in U.S. transportation today. The outputs of ethanol 
production include distillers grains, technical corn oil, biogenic carbon dioxide (CO2), and corn stover that 
remains on the field. Other biofuel feedstocks and conversion processes produce a variety of animal feed 
and energy coproducts including protein meal, glycerin, propane, and naphtha. 

For biofuels, emissions can be allocated for the cultivation of feedstock as well as the processing 
and transportation of materials. Most current ethanol facilities in the United States receive whole kernels 
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of corn as their input of raw materials. This corn can come directly from nearby farms, or it can come by 
truck, rail, or even barge from distant storage facilities. Unlike ethanol facilities that mill and process grain, 
biodiesel and renewable diesel processors generally take in vegetable oil, not oilseeds. Some biodiesel pro-
cessors are co-located with oilseed crushers, but they retain the capacity to operate completely inde-
pendently depending on economic conditions. Allocation can still be carried out, even though ethanol and 
biodiesel and renewable diesel facilities receive different kinds of feedstock. 

Common agricultural commodities such as corn, soybeans, wheat, sorghum, and canola are gener-
ally stored, transported, and traded as whole grain. Their natural seed structure is relatively stable with a 
protective coating that allows grains to be transported and stored for long periods with low rates of degra-
dation. The same is not true for biofuel commodities such as sugar cane and palm fresh fruit bunches, which 
need to be processed quickly after harvest. When an agricultural commodity is processed into usable com-
ponents, the emissions of planting, cultivating, harvesting, and transportation can be allocated to those var-
ious components. Such processing is common for soybeans for instance. 

Approximately half of the soybeans produced in the United States are exported to other countries 
as whole beans (Denicoff et al., 2014). The majority of soybeans that are used in the United States are first 
processed to separate the constituents. Soybeans can be consumed whole as livestock feed. However, the 
ratio of nutrients is not perfectly matched to an optimized diet. More flexibility for livestock growers and 
more value for processors can be achieved when grains are processed to separate various components. 

While the EU has applied allocation according to energy content to all fuels participating in RED, 
such allocation has a distorting effect when the supply chain affects food production and not merely energy 
production. The nutritional (and thereby economic) value of food and feed co-products is affected by more 
than their simple calorific content. Not all calories are equal in nutritional value. Protein calories tend to be 
the most expensive calories for food and feed; carbohydrate and fat calories are considerably less expensive; 
and energy from fat is generally the cheapest of all edible energy because fat is more energy dense. Because 
of this, energy allocation puts more burden on diesel fuels derived from fats and vegetable oils than it does 
on gasoline replacements derived from carbohydrate sources. In contrast with energy allocation, mass allo-
cation assigns lower burdens to fat-based fuels because fat contains more energy per unit of mass.  

Allocation by economic ratios is more complicated to conduct, but it has the potential to capture 
nuances that transcend food and energy markets. Proper economic analysis should be able to recognize that 
protein is valued more highly than agricultural outputs of fats and carbohydrates. The relative value of 
protein, fats, and carbohydrates is a consequence of supply and demand. Human nutrition requires calories 
from each macronutrient group. Plant physiology supplies a different ratio of these macronutrients than 
required for human nor animal nutrition. Plants tend to optimize the storage of fat and carbohydrate energy 
in seeds. 

Allocation is a critical approach for attributing emissions for product systems with multiple prod-
ucts that have comparable values (whether in terms of mass, energy, or market value); however, there are 
complexities that arise when attributing emissions to product system outputs that only comprise a small 
share of the overall a product system. For example, inedible tallow from beef production has a high market 
value and has a well-developed market for secondary uses, but it accounts for less than 2 percent of the 
overall value for beef production based on a study in 2015 (ICF International, 2015). Given its high market 
value and multiple uses, tallow and similar materials occupy a niche somewhere between a co-product and 
a waste, depending on their relative value to all other meat products. 

The material definition for outputs for a given product system can have substantial implications for 
the assessed emissions of those materials, with high relevance for the assessment of different biofuel feed-
stocks. The standard of the International Organization for Standardization (ISO) for LCA broadly defines 
co-products as “any two or more products coming from a unit process or product system,” and wastes as 
“substances or objects which the holder intends or is required to dispose of,” but does not provide any 
clarity on materials whose significance in the product system is more ambiguous (ISO, 2006). In the ab-
sence of a formal definition, common terminology for these kinds of products in the literature includes the 
terms byproducts, residues, and wastes. For these materials, system expansion can sometimes be preferable 
to allocation (Weidema, 1999); in other cases, they are treated similarly to wastes. 
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Existing biofuel policies have not developed a consistent approach for material categorization for 
biofuel feedstocks. The GREET model,1 developed by Argonne National Laboratory, distinguishes between 
co-products and “waste byproducts,” but does not have a middle category. For feedstocks in the latter cat-
egory, upstream emissions are only attributed to those feedstocks from the point of diversion; in the case 
of tallow, GREET models it as a waste byproduct of cattle production and subsequently, a co-product of 
the rendering process (Wang et al., 2020). The U.S. Renewable Fuel Standard (RFS) and the California 
Low-Carbon Fuel Standard (CA-LCFS) draw on this approach. In its LCAs for the RFS, the U.S. Environ-
mental Agency (EPA) allocates upstream emissions to co-products, but not for either byproducts or wastes. 
EPA uses some flexibility in classifying feedstocks as byproducts or wastes, taking into account their mar-
ket value, existing uses, and whether those feedstocks would be incinerated or landfilled at end of life (ICF 
International, 2015). 

The CA-LCFS does not have a formal framework to determine the categories for different biofuel 
feedstocks; they are determined on a case-by-case basis. As in GREET, the CA-LCFS does not allocate 
emissions toward byproducts or wastes. Secondary products, byproducts and wastes do not bear indirect 
land use change (ILUC) emissions, but co-products do. The CA-LCFS also includes another category called 
secondary or incremental products, which are products produced from existing processes after modifica-
tions to the process—such as corn oil produced from existing corn ethanol production. In the case of corn 
oil a displacement approach is used, in which the emissions impact of a reduction in wet distillers grains 
with solubles credits from the corn oil produced is added to the corn oil feedstock (CARB, 2018). 

The EU RED also assesses emissions differently based on material categories, distinguishing be-
tween products/co-products, wastes/residues from processing, and residues from agriculture, aquaculture, 
fisheries, and forestry. The RED LCA approach considers wastes and residues to have zero GHG emissions 
up to the process of collection of those materials. RED defines co-products as the materials that are “the 
primary aim of the production process” and utilizes the energy allocation method in most cases to attribute 
emissions.2 RED specifies that allocation shall not be used for co-products that are not the intended output 
for the product system such as crop residues, or for processing residue, which “is a substance that is not the 
end product(s) that a production process directly seeks to produce. It is not a primary aim of the production 
process and the process has not been deliberately modified to produce it.”3  

The U.K.’s Renewable Transport Fuel Obligation identifies outputs that have a high economic 
value relative to primary products and have uses beyond energy recovery as products, rather than wastes or 
residues (U.K. Department for Transport, 2021). In the Renewable Transport Fuel Obligation, wastes and 
residues are considered to have zero life-cycle GHG emissions up to the process of collection of those 
materials. For materials not explicitly included in RED, the Renewable Transport Fuel Obligation guidance 
suggests that materials trading for 15 percent or higher of the price of the primary product is an indicator 
of economic significance, though other factors may be taken into account, such as the quantity of the ma-
terial and its other uses (U.K. Department for Transport, 2018). 

Expanding on the RED approach, one potential method to classify feedstocks would be to assess 
the extent to which they motivate production for an overall product system. For example, a material with 
high per-kilogram market value that comprises a low overall share of value for a product system is likelier 
to be a byproduct or secondary product than a co-product or primary product. An economic cut-off may be 
straightforward to use, but as with other allocation methods it may be arbitrary, and a material’s value 
relative to other outputs may change over time (U.K. Department for Transport, 2015). ICF International 
(2015) proposes an approach in which a product is understood to be a valuable material whose supply is 
elastic with demand, while a byproduct (or secondary product) has some economic value, but its supply is 
not elastic to demand. Wastes and residues have lower value and inelastic supply, and are primarily dis-
posed of or combusted for energy recovery.  

 
1 Formally, the greenhouse gases, regulated emissions, and energy use in technologies model. 
2 See Directive (EU) 2018/2001 on the promotion of the use of energy from renewable sources. See https://eur-lex. 
europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L2001. 
3 See Directive (EU) 2018/2001; 2010/C 160/02. 
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An illustrative example evaluates the impacts of different product definitions on life-cycle emis-
sions for tallow-derived sustainable aviation fuel and diesel (Seber et al., 2014). The well-to-wheel emis-
sions of the fuel using a co-product allocation is more than twice as large as the same fuel treating the tallow 
as a byproduct.  

The choice of allocation method can affect the relative CI of fuels under an LCFS. Allocation will 
also affect the CI assigned to co-products that fall outside of fuel markets and low-carbon fuel policy. For 
instance, in the example of tallow-derived biofuel, treating tallow as a co-product rather than a waste re-
flects that these fuels have become responsible for more of the emissions of cattle production. Any increase 
in emissions allocated to fuel accompanies a corresponding decrease in the emissions assigned to meat 
production, which lies outside the system boundaries of RFS, CA-LCFS, and RED. 

For some byproducts, wastes, and residues with existing uses outside of alternative fuel production, 
allocation may not be a suitable method for attributing upstream emissions. They may be either low-value 
or account for a small share of the total output of a product system; nevertheless, their use for fuel produc-
tion may divert them from an existing use and necessitate material substitution (ICF International, 2015). 
For example, EPA estimates displacement emissions for sorghum oil (a byproduct of sorghum grain)  
diverted from animal feed, as a component of its LCA of sorghum-derived biodiesel for the RFS (83 
FR37735).4 In that analysis, the displacement emissions for sorghum oil are estimated on the nutritional 
deficit from its diversion from animal feed and an assumption that it would be replaced by corn. This sub-
stitution approach is one type of system expansion application (Heijungs et al., 2021). 

Allocation is often used in ALCA. The decision to define a fuel feedstock as a co-product, byprod-
uct, or waste can have implications for its LCA, and therefore on the understanding of its climate implica-
tions and its role in a future fuels policy. In practice, upstream emissions for most co-products are subject 
to allocation whereas upstream emissions attributable to waste-based feedstocks are only included from the 
point of collection onward.  For byproducts and wastes with existing uses prior to fuel conversion, a system 
expansion-substitution approach is an option.  
 

NEGATIVE EMISSIONS 
 

Fuels assigned net negative CI values raise important questions that warrant special scrutiny to 
distinguish between actual CO2 removal and storage and fuels pathways that include credits for avoided 
emissions. To date, the life-cycle CI of most fuels is a positive number. However, there are already several 
fuel pathways assigned negative CI scores under the CA-LCFS, and there are many other proposed future 
fuel pathways that may achieve negative emissions. In addition to fuels with a negative CI score on an 
overall basis, the use of CO2 capture, utilization, and storage in fuel supply chains can add a carbon removal 
term to existing pathways if they are shown to be effective at a large scale.  

The most significant fuels with large negative CI scores under existing policy are based on bio-
methane from manure. (A few pathways for hydrogen from landfill gas also have received much smaller 
negative CI scores). The use of manure-based biomethane for transportation (either as compressed natural 
gas, liquefied natural gas [LNG], electricity or hydrogen) has been assigned CI scores under the CA-LCFS 
as low as – 630 g CO2e/MJ for dairy biomethane-based electricity, –530 g CO2e/MJ for dairy manure bio-
methane based compressed natural gas and –360 g CO2e/MJ for swine manure-based biomethane LNG 
(CARB, 2021).  

These large negative scores arise from the assumption that confined animal feeding operations will 
store manure in lagoons, thus emitting methane to the atmosphere, and LCFS support for the use of manure-
derived biomethane will result in the construction of enclosed anaerobic digesters that would otherwise not 
have been constructed. If, for example, more stringent policies were to require all confined animal feeding 
operations to manage manure in enclosed anaerobic digesters, this assumption about the counterfactual 
would no longer hold true. Similarly, by capturing the reduction in emissions for the LCFS, no reduction 
in emissions can be assigned to the animal food product pathways. Policy or practice changes that reduce 

 
4 Renewable Fuel Standard Program: Grain Sorghum Oil Pathway, Final Rule. 
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assumed manure methane emissions outside their use for transportation fuel would require an update to the 
life cycle, which could reduce or eliminate the negative emissions presently associated with the fuel path-
way. This phenomenon is not unique to biomethane, and other LCA pathways will also depend on the 
external policy and technology landscape. However, the impact on manure methane pathways is potentially 
among the largest of pathways because the GHG potential of the avoided methane emissions is so large. 
This dependence of the large negative CI scores on methane pollution policy is especially important for 
planning over a time frame in which such policies may change. 
 

Conclusion 6-1: The carbon intensity of fuels derived from methane that would otherwise be re-
leased (e.g., methane from manure or landfill) is strongly influenced by assumptions in the LCA of 
the alternative fate of methane pollution and is subject to dramatic change if relevant regulations 
or practices change.  

 
In addition to the fuels with net negative CIs because of methane destruction, the California Air 

Resources Board (CARB) has also developed protocols that allow crediting for carbon capture and seques-
tration either as part of the production of other fuels sold in California, or from direct air capture provided 
the project satisfies the permanence certification requirements (CARB, 2018). Pathway applications sub-
mitted by at least one ethanol producer showed a substantial reduction in the CI score (> 40 percent), but 
not a negative CI score (Red Trail Energy, 2019). In addition to existing pathways for carbon sequestration, 
several stakeholders in the biofuels and agricultural sector are advocating for crediting of carbon removal 
through soil carbon sequestration associated with biofuel feedstock production (see comments from Gevo 
and Indigo Ag in CARB [2020]) and building of pipelines to move CO2, which can facilitate CO2 seques-
tration and/or utilization including for enhanced oil recovery. The integrity of any carbon removal elements 
in the biofuel life cycle depends on  the permanence of the carbon storage, which is especially uncertain for 
soil carbon and which could be lost following changes in tillage. Furthermore, the use of CO2 for enhanced 
oil recovery affects both the CI of the ethanol (one CO2 source) and the petroleum products. 

Many transportation fuel producers in the biofuel and petroleum industries are emphasizing the 
importance of carbon removal in their long-term decarbonization plans. It is important to note that the 
negative elements of fuel LCAs arising from avoided methane emissions, avoided CO2 emissions, or carbon 
capture and sequestration in geologic reservoirs or soil are subject to different regulatory contexts that are 
evolving over time.  
 

Recommendation 6-1: LCA for LCFS policies should provide as much transparency as possible 
on the different carbon removal elements of fuel life cycles allowed under the policy, as well as 
insight into how these may change over time, to inform policymakers and stakeholders. Specifi-
cally, LCA pathway analyses used to determine carbon intensity scores should separately indicate 
the contributions from negative elements (if any) and the counterfactual scenarios, such as avoided 
CO2 emissions, avoided methane emissions, carbon capture and sequestration in geologic reservoirs 
or soil, and use in enhanced oil recovery.  

 
BIOGENIC EMISSIONS 

 
Biomass removes atmospheric carbon (biogenic carbon) through the photosynthesis process, and 

part or all of the biogenic carbon is released during biomass conversion, transportation, decay, and biofuel 
combustion; see Figure 6-1. Fossil-based carbon may also be released in the same system, such as GHG 
emissions from burning fossil fuels to supply heat for biomass drying and conversion. Estimating the carbon 
uptake and biomass growth is the first step to track the biogenic carbon associated with a biomass feedstock. 
Carbon stock changes in ecosystems are also important given their role in determining GHG fluxes associ-
ated with land use change (LUC).  
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FIGURE 6-1 GHG emission flows across the life cycle of biofuel.   
 
 

Different methods of evaluating carbon flows for short-rotation crops and long-rotation woody bi-
omass are assessed and discussed in this section. Changes in soil carbon caused by LUC can generate sig-
nificant GHG emissions; the soil carbon section discusses different models and methods to estimate soil 
carbon change and the challenges in modeling and data collection. GHG emissions associated with growing 
and harvesting are discussed in Chapter 9. Emissions are generated during the process of combustion of 
biofuels in a vehicle and during the process of conversion of feedstock (e.g., corn) to fuel in a refinery and 
its transportation to the consumer. These emissions can be referred to as biogenic carbon, contemporary 
carbon, or organic carbon. In contrast, the carbon in petroleum, natural gas, and coal is referred to as fossil 
carbon.  

Biogenic CO2 emissions are the release of the carbon embodied in the feedstock that was removed 
from the atmosphere through the process of photosynthesis and stored in the biomass. These emissions are 
returned to the atmosphere during the process of conversion of the feedstock to biofuel in a refinery and 
through combustion of biofuel in a vehicle. These biogenic emissions are sometimes excluded from the 
estimation of the GHG intensity of corn ethanol (Wang et al., 2012). This approach is controversial, and 
some studies accounted for these biogenic emissions (during conversion and combustion) to determine the 
extent to which they are offset through sequestration during biomass regrowth. The feedstock for biofuels 
from annually harvested agricultural crops has sometimes been treated as carbon neutral in that the annual 
biogenic carbon uptake by the feedstock from the atmosphere is considered to offset the emissions released 
during conversion and combustion of the biofuel. It is important to note that, based on this reasoning, only 
the biogenic carbon emissions embodied in the feedstock and released during its production and consump-
tion as fuel are considered carbon neutral; it is not intended to imply carbon neutrality of the life-cycle 
emissions (De Kleine et al., 2016). This approach of treating all biogenic carbon as carbon neutral ignores 
more potent GHG emissions, particularly methane (CH4), that may be generated in the process of conver-
sion and release of biological carbon. Thus, with different global warming potentials for different forms of 
carbon, the fuels with non-CO2 GHG emissions cannot be considered carbon neutral. This is one of the core 
reasons in the argument against assuming carbon neutrality of biogenic carbon, and there are other reasons 
such as the impacts of land use and temporal aspects associated with long-rotation feedstocks (Fargione et 
al., 2008; Lan et al., 2021; Searchinger et al., 2008; Wiloso et al., 2016). 
 

Biogenic Emissions from Annually Harvested Feedstocks 
 

The treatment of biogenic CO2 emissions from agricultural feedstocks, specifically food crops, 
converted to biofuels as carbon neutral has been questioned by DeCicco (2016), Searchinger (2010), 
Searchinger et al. (2009), and others (Fargione et al., 2008; Lan et al., 2021; Searchinger et al., 2008; Wiloso 
et al., 2016). When food crops, such as corn and soybeans, are used to produce biofuels, two things happen 
in order to meet the demand for biofuel. First, there is some diversion of the crop from food/feed use to 
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produce biofuels. Second, this raises crop prices (given a fixed demand for food/feed) and creates incentives 
to bring additional land to be planted under this crop to produce feedstock for the biofuel. Thus the total 
feedstock used for biofuel production is partly coming from the existing production and partly from new 
(additional) production of feedstock.  

Searchinger (2009) suggests that “biomass should receive credit to the extent that its use results in 
additional carbon from enhanced plant growth or from the use of residues or biowastes.” In other words, 
the carbon uptake by the crop that would have been produced anyway for use as food/feed should not be 
used as an offset for the carbon emissions during production and combustion of the biofuel. The additional 
carbon may be generated from the increase of biomass uptake due to changes in land management or from 
the utilization of biomass that would otherwise emit GHG emissions through rapid decomposition 
(Searchinger, 2009). DeCicco et al. (2016) use an analysis of direct carbon exchanges by comparing only 
the additional biogenic carbon emissions uptake during the production of the feedstock directly converted 
to biofuel and the biogenic emissions released during the production and combustion of the biofuel. 
DeCicco et al. (2016) mentioned their work as a narrow analysis that examines carbon neutrality by evalu-
ating the extent to which feedstock CO2 uptake offsets biogenic CO2 emissions from fuel combustion.  

De Kleine et al. (2017) have argued that for crops being grown and harvested annually, all carbon 
taken up by the crop, whether the crop is used for food, feed, or fuel will be returned to the atmosphere 
within a year or in a short period. This contemporary carbon, when released by a biorefinery or vehicle, 
should not be considered as net addition of carbon to the atmosphere. They explained that biofuel produc-
tion leads to an exactly equal increase in net ecosystem production; therefore a 100 percent biogenic carbon 
offset should be applied. Net ecosystem production was used by DeCicco et al. (2016) to estimate the 
additional carbon, which is a portion of carbon taken up by biomass that becomes material available for 
local sequestration or other disposition. In response to this argument, DeCicco (2017) pointed out the need 
for careful analysis to circumscribe the temporal and spatial scope for any net ecosystem production in-
crease instead of assuming that net ecosystem production increases occur somewhere and justify the full 
biogenic carbon offsets. Furthermore, the use of biomass for one purpose affects the production of biomass 
for other purposes (plant growth), so there can be an opportunity cost from reducing biomass productivity. 
The assessment of carbon emissions of non-food crops used as feedstocks for biofuels may be considered 
to depend on the alternative use of the land on which they are grown. Future research should clarify how 
changes in carbon stock (including soil carbon change) are being considered in assessing changes in net 
ecosystem production (DeCicco and Schlesinger, 2018; Field et al., 2020, 2021; Haberl et al., 2012; Kalt et 
al., 2019; Khanna et al., 2020; Searchinger, 2012; Searchinger et al., 2018). 

Different frameworks exist, and one of them was developed by EPA for biogenic CO2 emissions 
from stationary sources. This framework “assesses the extent to which the production, processing, and use 
of biofuels results in a net atmospheric contribution of biogenic carbon emissions”. This assessment frame-
work does not “include a full LCA, which would take into account all upstream and downstream GHG 
emissions and sequestration related to feedstock production and use, including from all fossil fuel inputs 
used, for example, to power machinery used to harvest and transport biogenic feedstocks.” The framework 
mentions the key decisions for biogenic CO2 flux assessment, including the choice of baseline, temporal 
and geospatial scales, and feedstock categories. In this framework, the baseline approach is used to evaluate 
the landscape emissions associated with the feedstock growth, potential leakage, biogenic emissions that 
would have occurred on the feedstock landscape without the use of biogenic feedstock, and changes in land 
use or land management. The EPA framework presents two baseline approaches. The first is the Reference 
Point Baseline approach that measures the net change in carbon between two points in time. The second 
approach is the Anticipated Baseline approach, where the carbon stocks in a baseline scenario that "estab-
lishes historic or simulates future anticipated biogenic feedstock use and related environmental and socio-
economic conditions and impacts along a specified time scale" is compared with  an "alternative scenario 
of changed (e.g., increased or decreased) biogenic feedstock demand.” The EPA framework suggests no 
preferences between the two approaches. The Reference Baseline approach has several limitations. First, it 
attributes all of the changes in carbon stocks in the after–biofuel production scenario to the level of biofuel 
production relative to the start year; this disregards other factors that could have changed over time, such 
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as, weather, market conditions and technology that affect carbon stocks. Second, the time period chosen as 
the reference point can influence the magnitude of biogenic emissions that are considered additional. The 
limitation of the Anticipated Baseline approach is the uncertainty associated with assumptions for future 
scenarios. These future anticipated baselines need to be developed using some modeling or analytical ap-
proaches, such as dynamic modeling or extrapolation of historical trends, which bring in different kinds of 
uncertainty (EPA, 2014). 
 

Biogenic Emissions from Long Rotation Feedstocks 
 

Demand for long-rotation feedstock such as forest feedstocks for bioenergy could be met by some 
combination of increasing intensity of forest harvest; diverting biomass from other uses such as pulp, tim-
ber, and mill residues; and by planting more land under forests. Increasing the intensity of forest harvesting 
will reduce the stock of carbon on existing forestland and create a carbon debt. Diversion of biomass from 
other uses, such as pulp and timber that can be stored for forest carbon, can also create a carbon debt 
(Fargione et al., 2008). 

 Researchers use a variety of methods to estimate carbon debt in long-rotation feedstocks. Two 
commonly used approaches are stand-level and landscape-level assessments, and a third less-common ap-
proach is the dynamic landscape-level assessment, which are all described below. These approaches are 
points on the LCA spatial spectrum, as defined in the goal and scope definition phase, that can range from 
a forest stand to global forested land. A forest stand is “the fraction of a landscape belonging to one age 
class” (Berndes et al., 2013; Peñaloza et al., 2019) while a forest landscape is an area with different age 
classes. Stand-level assessment models the forest system as a single stand of trees or an increasing stand of 
trees. Therefore stand-level carbon accounting can show the carbon dynamics of sequential events such as 
site preparation, plantation, thinning, tree growth, and final harvest. The starting point of analysis strongly 
affects the results of stand-level assessment (Cowie et al., 2021). Landscape-level assessment considers a 
fixed landscape of several stands that are being managed jointly to meet the demand for forest biomass in 
a continuous manner, or a region in which land can move in and out of forest production. With a single 
stand scale of accounting, increase in the harvest of trees for bioenergy will result in a carbon debt and then 
a dividend. This is because at a stand level, trees can take many years to grow back after harvest; there is a 
time interval between carbon release and re-absorption of that carbon from the atmosphere, which can 
temporarily increase GHG emissions in the atmosphere. As a result forest bioenergy may not necessarily 
be carbon neutral or it may only be carbon neutral over longer time frames (Cherubini et al., 2011; McKech-
nie et al., 2011). The magnitude of this debt may depend on the counterfactual level of carbon stock that is 
considered to prevail in the absence of the demand for bioenergy. This could be one where the forest is 
being cut for timber only, or it could be a forest that is never harvested; the carbon debt created by cutting 
a natural forest is larger than with cutting a plantation forest. 

One alternative to the stand-level view of forest management is the landscape view of the forest 
that recognizes a forest that is being managed in a way to generate biomass continuously to feed an indus-
trial operation. In this case if the demand for bioenergy leads to more intensive harvesting then the carbon 
stock in the landscape could decrease, but the carbon debt created would be spread out across the landscape 
and be recovered over a shorter time frame (as in Dwivedi et al., 2016). In this case the landscape is man-
aged in an integrated way like a plantation that is part of a bioenergy supply chain and the whole fuel shed 
is considered together when examining the carbon balance (Jonker et al., 2014). 

A third approach is one that allows the size of the landscape to change dynamically in the scenario 
with forest bioenergy use compared to the baseline with no harvesting of the forest for bioenergy. The 
dynamic landscape view incorporates market-driven effects that arise when the demand for bioenergy af-
fects the returns to land and creates incentives for LUC as well as for changing forest management practices. 
In this view, biogenic carbon accounting involves accounting not only for changes in carbon stock in stand-
ing biomass but also for changes in carbon stock due to changes in land use as land moves in and out of 
forestry. It also accounts for changes in carbon stock as forest biomass is diverted from wood products, 
which provide long-term storage for carbon, to bioenergy.  
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The differences between stand-level and landscape-level approaches have been widely discussed 
in literature (Cintas et al., 2016; Cowie et al., 2021; Peñaloza et al., 2019). Jonker et al. demonstrated how 
stand-level and landscape-level approaches yield different carbon debts. Using the stand-level approach, 
the study estimated the carbon debt based on the forest carbon stock changes of stands at the same age. 
Using the landscape-level approach, they estimated the carbon debt as the average carbon debt of uneven-
aged trees (in this study, 0–25 years for low management intensity and 0–20 years for high management 
intensity) (Jonker et al., 2014). Stand-level and landscape-level approaches answer different questions 
(Cowie et al., 2021). Stand-level assessment provides in-depth understandings of growth patterns and in-
teractions between different carbon pools in the forests (Cowie et al., 2021). Landscape-level assessment 
better represents the dynamics of the forest system managed at a landscape level in which fluctuations 
observed at the stand level are evened out (Cowie et al., 2013). It can consider changes in forest manage-
ment in response to retrospective or anticipated bioenergy demand, as well as natural disturbance such as 
fire. Previous studies suggest stand-level assessment may be useful when one specific forest stand can be 
traced for a forest product (Peñaloza et al., 2019) or when the purpose is to inform forest management; 
while landscape-level assessment is appropriate for assessing the large-scale impacts of bioenergy policy 
(Cowie et al., 2021). 
 

Forest Bioenergy 
 

In the case of forest bioenergy it is important to integrate both LCA of supply chain emissions 
during the production of the feedstock as well as biogenic carbon due to changes in forest carbon stocks 
(which could be biogenic carbon emissions or sinks, depending on the net forest carbon stock changes) to 
provide a complete assessment. This accounting is needed because life-cycle related carbon emissions from 
bioenergy production can be expected to be accompanied by changes in forest management practices that 
will affect biogenic carbon stocks, for example by affecting the age at which trees are harvested, the inten-
sity with which forests are managed, the species that are planted, the collection of residues, and a change 
in land use between forestland and cropland. Life-cycle accounting of the CI of using pulpwood for bioen-
ergy needs to consider the forgone sequestration of biogenic carbon in forest products due to the diversion 
of biomass from forest products to bioenergy. Collection of logging residues for bioenergy will involve 
emissions in the collection and transportation of biomass but lead to avoided biogenic carbon emissions 
from gradual decay of forest biomass. This practice will lead to biogenic emissions during combustion of 
the residues but can displace fossil emissions from generating an equivalent amount of energy. Since 
changes in land use and in the production of forest products in bioenergy scenarios are likely to be induced 
by market price changes caused by the increased demand for bioenergy, including their carbon implications 
requires a dynamic landscape-based accounting approach. 
 In some methods of accounting, it is necessary to cumulate the changes in biogenic carbon over a 
specified time horizon and add them to the life-cycle emissions over the same horizon. This approach re-
quires specifying a time frame over which to cumulate the negative and positive changes in biogenic carbon 
over time to estimate the total carbon impact of increased demand for bioenergy (McKechnie et al., 2011). 
Typically, for a forestland, carbon stocks could decrease in the near term after harvest and then grow in the 
future with forest regrowth. The estimated overall impact of bioenergy demand will depend on the time 
horizon used to account for the total effect. A short time horizon for cumulating changes will ignore longer 
term impacts and could under- or over-estimate the carbon impacts of forest bioenergy. Studies differ in 
the time horizon used for cumulating the impact of a demand for forest bioenergy on forest carbon stocks. 
Jonker et al. (2014) use a 75-year horizon as the time frame while McKechnie et al. (2011) use a 100-year 
horizon; these studies provide no scientific criteria to choose the justification for the choice of time horizon. 
Thus, using different time frames may be appropriate to explore the sensitivity of results. The magnitude 
of the carbon savings with using forest biomass for bioenergy relative to the baseline increases as the length 
of the time horizon increases. 

Sometimes woody biomass is assumed to be carbon neutral if it is harvested from a forest with 
stable or increasing carbon stock, which is questionable if the life-cycle GHG emissions and all biogenic 
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carbon flows are not considered and compared with a realistic counterfactual scenario (Cowie et al., 2021). 
This carbon neutral assumption is often used as a basis for ignoring and not reporting biogenic carbon. 
However, whether and how long the biogenic carbon can be fully refilled by growth or re-growth of forest 
depends on many factors such as the temporal and geospatial scales of the carbon analysis and the impacts 
of biofuel production on forest management, as discussed previously. Optimistic assumptions (Giuntoli et 
al., 2020) of forest management practices in counterfactual scenarios assumed in the literature may over-
state the carbon savings associated with forest biomass. Stand-level analysis is more often used in LCAs 
for forest bioenergy, given its capacity to investigate sequential forest management activities, growth pat-
terns, and different carbon pools. Landscape-level analysis allows for exploring forest dynamics, especially 
the changes in forest management and carbon stocks in response to biofuel demand (Cowie et al., 2021). 
The landscape-level analysis may be more challenging given the additional data needs of forest carbon 
stocks. Historical data available from the U.S. Forest Service could be used as a reference to understand the 
potential impacts of using woody biomass for biofuel production. 

In sum, different biogenic carbon accounting methods exist but there is no method widely agreed 
upon (Brandão et al., 2013).  This committee does not endorse any biogenic accounting method discussed 
in this section. Biogenic carbon has been included in some studies with a simultaneous consideration of 
carbon uptake and release, while some other studies exclude biogenic carbon.  

For long-rotation woody biomass, stand-level and landscape-level approaches have been used; both 
methods consider forest carbon stock changes but differ in the temporal and spatial scale of accounting for 
these changes. 
 

Conclusion 6-2: Different biogenic carbon accounting methods exist and the choice of method 
affects the carbon intensity of fuels. 
 
Recommendation 6-2: All biogenic carbon emissions and carbon sequestration generated during 
the life cycle of a low-carbon fuel should be accounted for in LCA estimates. 
 
Recommendation 6-3: Research should be conducted to improve the methods for accounting and 
reporting biogenic carbon emissions.  

 
Soil Carbon  

 
LUC, land management, and land management change (e.g., reducing tillage frequency, applying 

manure as a soil amendment) can alter soil carbon (NASEM, 2019). These changes and corresponding 
GHG emissions (or carbon sequestration) can be accounted for in LCA. For example, if a biofuel is to be 
made from an energy grass feedstock that is planted on land that was previously planted in corn, the changes 
in soil carbon per unit land area could be multiplied by the amount of land previously in corn that is now 
planted in energy grasses, but there would also be changes in land use elsewhere due to market-mediated 
effects. More broadly, the results of LUC models that predict the amounts, types, and locations of land that 
would be used for feedstock production can be used in conjunction with soil organic carbon (SOC) model-
ing results to estimate soil carbon stock changes that would accompany widespread LUC. 

There are some efforts (Ledo et al., 2019) to gather and distribute the data for soil carbon changes 
(Xu et al., 2019). It is common to estimate soil carbon changes. One way of doing this is to use the Inter-
governmental Panel on Climate Change (IPCC) emission factors. The simplest approach the IPCC offers is 
use of Tier 1 emission factors, which allows for SOC change estimation even in the absence of site-specific 
data. In the 2019 Refinement to the 2006 IPCC Guidelines for Natural Greenhouse Gas Inventories,5 IPCC 
puts forward reference SOC stocks for six different soil types in 10 climate regions. These values are ac-
companied by an uncertainty value that in some cases is the 95 percent confidence interval but may also be 
90 percent of the mean value when limited data are available. If more data are available (e.g., country-

 
5 See http://www.ipcc-nggip.iges.or.jp/. 
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specific data on tillage practices or reference soil carbon stock) IPCC defines two additional levels of SOC 
calculations, Tier 2 and Tier 3. 

Another approach is to use a soil carbon model such as DAYCENT (Colorado State University, 
n.d.) or CENTURY (Parton, 1996) although many other models exist (e.g., MEMS [Zhang et al., 2021]) or 
to build a model for specific use in a study. There are many parameters involved in SOC modeling. Docu-
menting them transparently can improve the LCA community’s ability to interpret the defensibility of the 
SOC modeling approach. For example, the choice of soil depth can influence results. Historically (see EPA, 
2010), a soil depth of 30 cm was often used, but SOC changes further below the surface (e.g., 100 cm) can 
be notable, particularly for deep-rooted energy crops (Qin et al., 2014, see Figure 6-2).  

Modeling results that choose a final year soon after a disruption to historical land use may report 
SOC changes that are very large and not reflective of long-term trends. On the other hand, if land use, cover, 
or management practices change frequently, the soil carbon model will not reach equilibrium. In that case, 
choosing the starting and final SOC values can be challenging. One notable challenge in using soil carbon 
models is determining the appropriate land use history. This can be particularly challenging for land that 
may be idled in some years and planted in crops in others. Some studies show that SOC modeling results 
can be insensitive to assumptions about land use history (Emery et al., 2017). However, this is not true in 
every instance, and transparency in the choice of land use history, and other SOC modeling parameters, is 
important. Some have argued that using SOC modeling approaches that assume too detailed of an approach 
to land use history could introduce a false sense of confidence in results and that a more general approach 
is more appropriate. Further study supported by SOC data is needed to support a harmonized approach to 
addressing land use history modeling, particularly for marginal lands or cropland-pasture that varies in how 
it is used. 

Recently, the permanence of any soil carbon change has come into question for at least two main 
reasons. Even if land management practices do not change, climate change can “undo” SOC stock gains. 
Permanence issues have been raised in multiple literature reports (Dynarski et al., 2020; Leifeld and Keel, 
2022). Accordingly, permanence needs to be raised as a methodological issue that arises in biofuel LCA. 
First, economic or political conditions may change, which may affect land use. For example, soil carbon 
stored due to conversion of row cropland to perennial species, such as with the Conservation Reserve Pro-
gram of the USDA Farm Service Agency, may be lost when land is returned to production. Second, given 
the influence of climate on SOC (Hicks Pries et al., 2017), future SOC modeling efforts may need to address 
the changing climate. 

Given the uncertainty arising in SOC modeling, reporting of uncertainty assists the community in 
interpreting SOC modeling results that are used in LCA. 

Overall, more data are needed to inform both high-level approaches such as those in the IPCC Tier 
1 methodology, to inform the parameters used in SOC modeling, and to provide ground truth to validate 
SOC modeling results. It should be noted that IPCC Tier 1 methodology may have limited value for as-
sessing SOC effects of dedicated perennial bioenergy crops, which could be treated as generic “managed 
grassland” or “managed forest,” which would not account for the high productivity of these purposefully-
selected crops. These data could be collected from emerging, remote-sensing based methods that may be 
more cost effective and rapid than conventional sampling methods. 

In sum, changes in SOC can be a significant contributor to the life-cycle GHG emissions of a bio-
fuel. SOC modeling results are sensitive to parameters including soil depth and land use history. The per-
manence of modeled SOC changes is uncertain given climate change and other factors that could include 
market drivers or policy changes that would influence land use. Researchers have varying views on the 
level of detail that is appropriate in modeling SOC, in particular for land use history. Despite efforts to 
collect additional data, many data and knowledge gaps remain regarding SOC changes for land with varying 
land use histories used to grow different biofuel feedstocks. These data gaps impede calibration and vali-
dation of soil carbon models. 
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FIGURE 6-2 Soil carbon sequestration rate changes with time. The rates were estimated for three soil 
depths: (a) 0–30 cm, (b) 0–100 cm, and (c) 30–100 cm, corresponding to Fig. 7 (Qin et al., 2014, p. 75). 
Land use types changed from cropland (C), grassland (G), and forest (F) to corn (C), switchgrass (S), Mis-
canthus (M), poplar (P), and willow (W). These estimates are for the specific conditions and assumptions  
described in the paper. SOURCE: Qin et al. (2014, p. 75). Reprinted with permission © 2014 John Wiley 
& Sons Ltd. 
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Conclusion 6-3: Given the importance of soil organic carbon changes in influencing life-cycle 
GHG emissions of biofuels, investments are needed to enhance data availability and modeling ca-
pability to estimate soil organic carbon change. Capabilities to evaluate permanence of soil organic 
carbon changes should also be developed. 
 
Recommendation 6-4: Research should be conducted to collect existing soil organic carbon data 
from public and private partners in an open source database, standardize methods of data reporting, 
and identify highest priority areas for soil organic carbon monitoring. These efforts could align 
with the recommendations made in the 2019 National Academies report on negative emissions 
technologies  to study soil carbon dynamics at depth, to develop a national on-farm monitoring 
system, to develop a model-data platform for soil organic carbon modeling, and to develop an ag-
ricultural systems field experiment network. These efforts should also be extended internationally. 
 
Recommendation 6-5: Research should be conducted to explore remote-sensing and in situ sensor-
based methods of measuring soil carbon that can generate more data quickly. 

 
INDICATORS, OTHER CLIMATE FORCERS, AND TIMING OF EMISSIONS 

 
Fuels lead to the emission and uptake of CO2 (biofuel) and other GHGs in every life-cycle stage. 

These emissions and uptakes must then be aggregated into a common unit so that the climate change impact 
of different fuels can be compared. To aggregate different GHG emissions into a common unit, namely 
CO2 equivalent (CO2e), metrics expressing the relative contribution of GHGs to climate change are needed. 
Since its publication in the First Assessment Report of the IPCC in 1990 (IPCC, 1990) and its adoption for 
the application of the Kyoto Protocol, global warming potential (GWP)6 calculated for a 100-year time 
horizon (GWP100) established itself as the most commonly used metric in LCA (Levasseur et al., 2016a). 

GWP is the cumulative radiative forcing caused by a unit-mass of GHG released to the atmosphere, 
integrated over a given time horizon, relative to that of a unit-mass of CO2. However, as stated by the 
authors of the First Assessment Report: “It must be stressed that there is no universally accepted method-
ology for combining all the relevant factors into a single global warming potential for greenhouse gas emis-
sions. A simple approach (GWP) has been adopted here to illustrate the difficulties inherent in the concept” 
(IPCC, 1990). Despite this warning, the use of GWP for a 100-year time horizon in LCA has rarely been 
challenged. In its Fifth Assessment Report, the IPCC reminds that “the most appropriate metric will depend 
on which aspects of climate change are most important to a particular application, and different climate 
policy goals may lead to different conclusions about what is the most suitable metric with which to imple-
ment that policy” (Myhre et al., 2013). 

Since the IPCC First Assessment Report, the science regarding climate metrics has evolved, and 
many other metrics have been proposed to compare the climate impact of different GHGs. For instance, in 
its Fifth Assessment Report (Myhre et al., 2013), IPCC proposes and discusses the use of global temperature 
change potential (GTP) for 20-, 50-, and 100-year time horizons in addition to GWP for 20- and 100-year 
time horizons. GTP is defined as the instantaneous global temperature change caused by a unit-mass of 
GHG released to the atmosphere a given number of years following the emission corresponding to the time 
horizon selected, relative to that of a unit-mass of CO2 (Shine et al., 2005). Additional metrics, such as 
global precipitation potential (Shine et al., 2015), are presented in the very recent IPCC Sixth Assessment 
Report (Forster et al., 2021). 

Metrics vary according to the element of the cause–effect chain that it quantifies (e.g., radiative 
forcing for GWP, temperature change for GTP or precipitation change for global precipitation potential), 
the time horizon selected, and its cumulative or instantaneous nature. An instantaneous metric quantifies 
the change at a particular time after the emission, expressing the effect of the emission persisting after a 

 
6 A measure of how much energy the emissions of 1 ton of a gas will absorb over a given period, relative to the 
emissions of 1 ton of CO2. 
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given time horizon. A cumulative metric integrates the impact over the selected time horizon following the 
emission, that is, it expresses the total effect from the time of the emission up to the given time horizon. 
Any metric can be presented as an absolute value, or as a relative value, dividing the absolute value by the 
equivalent value for CO2 (Forster et al., 2021). Instantaneous metrics could be deemed more appropriate if 
the goal is to not exceed a fixed target at a specific time, while cumulative metrics could better suit the need 
to reduce the overall damage when the impact depends on how long the change occurs for (Forster et al., 
2021). The selection of a time horizon can also be driven by the types of impact to be captured by the 
metric. On the one hand, metrics addressing shorter-term climate change are more appropriate to capture 
impacts affected by the rate of change such as the adaptation of species to changing habitat, heat stress, or 
extreme weather events. On the other hand, metrics addressing long-term climate change are more suitable 
for impacts associated to sea level rise or coral bleaching, among others (Levasseur et al., 2016a). 

In its Sixth Assessment Report, IPCC also discusses new emission metric approaches, such as 
GWP*7 (Cain et al., 2019; Smith et al., 2021) and combined global temperature change potential (Collins 
et al., 2020), that have been developed to better account for the different physical behaviors of short- and 
long-lived GHGs. They found that these new approaches can improve the evaluation of the contribution to 
global warming of different GHGs within a cumulative emission framework, as pulse-based emission met-
rics (e.g., GWP, GTP) do not represent accurately the effect of sustained short-lived GHG emissions (For-
ster et al., 2021). The combined global temperature change potential values are published in the IPCC Sixth 
Assessment Report and are to be applied to a change in emission rate rather than a change in emission 
amount, as it has been designed for cumulative emission frameworks such as national-level inventories, 
which is different from the LCA framework. 

From 2014 to 2016, the Life Cycle Initiative, hosted by the United Nations Environment Pro-
gramme (UNEP), led an international initiative aiming at developing consensus-based metrics for use in 
LCA for climate change. A task force composed of researchers from both the climate metric and LCA fields 
performed a critical analysis of the most recent scientific findings and developed recommendations (Che-
rubini et al., 2016; Levasseur et al., 2016b). This was followed by a consensus-finding workshop (Jolliet et 
al., 2017; Levasseur et al., 2016a). Indicators were evaluated according to their environmental relevance, 
that is their capacity to cover the broad spectrum of relevant long- and short-term impacts, as well as relia-
bility. The recommendation from this international consensus-finding workshop is to use two different in-
dicators in parallel: GWP for 100 years (GWP100) for shorter-term impacts, and GTP for 100 years for long-
term impacts, including climate–carbon feedbacks for both. 

For very short-term impacts, another recommendation from the international consensus-finding 
workshop is to perform a sensitivity analysis using GWP for 20 years, including emissions from near-term 
climate forcers. Near-term climate forcers (CO2, NOx, SOx, volatile organic compounds, black carbon, and 
organic carbon) affect the climate through different physical and chemical mechanisms (e.g., changes in 
methane lifetime or cloud cover). These pollutants have lifetimes in the atmosphere of days to weeks, which 
is too short to allow them becoming well mixed in the atmosphere, leading to strong spatial and temporal 
heterogeneities (Myhre et al., 2013). Therefore, their global warming impact highly depends on the region 
of emissions and are very short-term, which makes their aggregation to a CO2e unit challenging (Levasseur 
et al., 2016a). This regional variability increases uncertainties associated with emission metrics for near-
term climate forcers. However, their contribution to the rate of temperature increase in the short-term has 
been shown to be important (Allen et al., 2020; Fuglestvedt et al., 2008). 

Another issue related to the evaluation of the contribution of CO2 and other GHGs to global warm-
ing is the consideration of the timing of emissions and uptakes. Some emissions and uptakes within the life 
cycle of biofuels might occur several years or decades before or after the fuel is produced and used. The 
two most discussed cases in the literature regard carbon uptake by growing biomass, which can occur over 
several years after harvesting for forest or long-rotation crops (Lamers and Junginger, 2013; McKechnie et 

 
7 GWP* is an alternative application of GWPs where the CO2-equivalence of short-lived climate pollutant emissions 
is predominantly determined by changes in their emission rate. See https://iopscience.iop.org/article/10.1088/1748-
9326/ab6d7e. 
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al., 2011; Zanchi et al., 2012), and upfront LUC emissions for short-rotation crops, which are usually amor-
tized over several years of biomass production (Fargione et al., 2008; Levasseur et al., 2010). Upfront LUC 
emissions, incurred immediately but occurring both in the short- and long-term, and delayed carbon uptakes 
both lead to a so-called carbon debt. 

Using common accounting approaches, a given CO2 emission is considered compensated by the 
uptake of an equivalent amount of CO2, no matter when they occur. However, if the emission occurs several 
years before the uptake, the CO2 released will contribute to global warming on the short-term, and the time 
required to reach a net-zero warming effect can be several decades or centuries (Levasseur et al., 2012). 
Moreover, biogenic carbon emissions from biofuel combustion are usually disregarded in LCA, as they are 
systematically considered compensated by equivalent uptakes, which could lead to potential accounting 
errors (Searchinger et al., 2009). Given the urgency of climate change and the ambitious binding targets for 
GHG emission reduction set by climate policies such as the Paris Agreement (i.e., net zero CO2 emissions 
in 2050), the increase in GHG emissions in the short-term could be an issue even if they are compensated 
by equivalent uptakes later on. 

Different approaches have been proposed to address the timing issue of GHGs in LCA. Some of 
them are applicable to very specific cases. For instance, the PAS 2050 carbon footprint standard (British 
Standards Institute, 2008) and the EU International Life Cycle Data System (ILCD) Handbook (European 
Commission, 2010) proposed methods to account for the climate benefits associated with temporary carbon 
storage in long-lived products. O’Hare et al. (2009) and Kendall et al. (2009) proposed two different ap-
proaches to amortize upfront LUC emissions for short-rotation crops, while considering their contribution 
on global warming. Cherubini et al. (2011) proposed a new metric to assess biofuel combustion emissions 
while accounting for the delay of carbon uptake, depending on the biomass rotation period. Levasseur et al. 
(2010) proposed the broader dynamic LCA approach in order to account for the timing of every GHG 
emission and uptake in LCA. The method develops a temporally differentiated inventory, then calculates 
associated radiative forcing over time based on the models used to calculate GWP values. A similar ap-
proach has been proposed and applied to the assessment of bioenergy systems, using the temperature change 
as an indicator instead of radiative forcing (Ericsson et al., 2013). 

The use of any of these approaches implies the selection of a time horizon beyond which global 
warming impacts are disregarded. Therefore, an emission occurring the first year will lead to a higher im-
pact than an emission occurring 25 years later, as this second emission will contribute to global warming 
for a period of 75 years instead of 100 years, given that a 100-year time horizon is selected. For methods 
proposing new metrics for specific cases (e.g., Cherubini et al., 2011; Kendall et al., 2009; O’Hare et al., 
2009), the time horizon is fixed by the developers. In contrast, methods based on the dynamic LCA ap-
proach provide time-dependent impacts (radiative forcing or temperature change), and it is up to the deci-
sion-maker to select one or more time horizons for the comparison of fuels. Dynamic LCA results are more 
complex to understand for non-experts compared to approaches proposing specific metrics, but they allow 
decision-makers to compare the global warming contribution of different fuels on the short-, mid-, and 
long-terms as different time horizon can be selected for the analysis. 
 

Conclusion 6-4: Several metrics in addition to global warming potential for 100 years are now 
available with differing emphases such as short-term, long-term, or cumulative impacts. 

 
Different metrics capture different climate change impacts, depending on their characteristics (e.g., 

cumulative or instantaneous, time horizon). It is recognized that the most appropriate metric depends on 
which aspects of climate change are most important to a particular application. Some biofuel pathways lead 
to a so-called carbon debt, increasing global warming impacts in the short-term. Given the urgency of cli-
mate change and the ambitious binding targets for GHG emission reduction set by climate policies such as 
the Paris Agreement (i.e., net zero CO2 emissions in 2050), the increase in GHG emissions in the short-
term could be an issue even if they are compensated by equivalent uptakes later on. The most recent re-
search, including the recently published IPCC Sixth Assessment Report, present different metrics to aggre-
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gate GHG emissions into a single unit. Different metrics can be used depending on the context of applica-
tion (e.g., national-level inventories, LCA), and the type of climate change impacts to address (e.g., extreme 
weather events or species adaptation related to the short-term temperature peak, sea-level rise associated 
with the longer-term stabilization temperature). Some studies reviewed different GHG metrics, such as 
Brandão et al. (2019). There is a clear consensus in the literature that the sole use of GWP100 does not 
capture the full range of climate change impacts. 

Low-carbon fuels could also affect the climate through mechanisms other than GHG and near-term 
climate forcer emissions. The production of biomass often leads to land cover changes (e.g., transformation 
of natural lands to crops, forest harvesting), which could then affect the albedo, i.e., the proportion of solar 
radiation reflected by the surface. Researchers have estimated the potential warming or cooling effect of 
albedo modifications due to different land cover changes for bioenergy production (Cai et al., 2016; Che-
rubini et al., 2012; Darvin et al., 2014; Holtsmark, 2015). Some have shown that, in some cases, the order 
of magnitude of the climate effect due to albedo modifications can be as high as that of associated carbon 
stock changes (Betts, 2000; Jones et al., 2013). This is the case for harvesting forests at high latitudes 
because of the reflectivity of snow cover in the winter (Bernier et al., 2011). Although potentially very 
important, climate impacts from albedo changes are difficult to quantify in LCA because they are site-
specific and rely on solar irradiance measurements (Sieber et al., 2019). Some approaches have been pro-
posed by researchers for their integration in LCA, but they have not yet been implemented (Muñoz et al., 
2010; Sieber et al., 2020). 

Biofuels could affect the climate through mechanisms such as modifications in surface albedo due 
to land cover changes. Although potentially very important, climate impacts from changes in albedo, evap-
otranspiration, or other biogeophysical changes are difficult to quantify in LCA because they are site-spe-
cific and rely on solar irradiance measurements. Researchers have proposed different approaches to account 
for the timing of GHG emissions and uptakes. However, all these approaches rely on the subjective choice 
of a time horizon beyond which impacts are disregarded. There is currently no consensus in the literature 
regarding the valuation of delayed emissions in LCA. 

 
Recommendation 6-6: Use of more than one climate change metric should be considered in the 
analysis of low-carbon fuel policies. 
 
Recommendation 6-7: Further research should be conducted to better understand the suitability 
of different GHG metrics for LCA.  
 
Recommendation 6-8: Further research should be conducted to develop a framework to include 
albedo effects from land cover change, and near-term climate forcers, in LCA of low-carbon fuels. 
 
Recommendation 6-9: Further research should be conducted to better understand the climate im-
plications of increased GHG emissions on the short-term (carbon debt) to support the selection of 
an appropriate approach to account for the timing of GHG emissions and uptakes in LCA. 

 
VEHICLE–FUEL COMBINATIONS AND EFFICIENCIES 

 
Life-cycle GHG emissions of transportation fuels can be compared on a per-unit-energy basis (e.g., 

emissions could be measured per MJ of a fuel’s energy), but such a comparison can be incomplete or mis-
leading without also considering how much energy is needed to propel a vehicle with each type of fuel as 
well as how much energy is required, and how much emissions are created in the production and mainte-
nance of each type of vehicle. Efficiency and production emissions can vary widely both within and across 
vehicle fuel type technologies, making fair comparisons with single point estimates challenging. This sec-
tion discusses issues specific to the vehicles that convert transportation fuels into transportation services. 
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To compare emissions from transportation fuels, rather than using an energy-based functional unit, 
a more meaningful functional unit might be based on the transportation services delivered. Common func-
tional units for passenger transportation in the United States are vehicle-mile or passenger-mile, and a com-
mon functional unit for transportation of goods in the United States is ton-mile. Using a functional unit 
based on transportation services provided requires knowing or estimating the efficiency of the vehicle and, 
in some cases, the number of passengers or weight of cargo transported. The service-based functional unit 
could be reported in addition to an energy-based functional unit.  

The life-cycle implications of transportation fuels depend on the vehicle efficiency as well as emis-
sions associated with production, maintenance, and disposal of vehicles. 

 
Conclusion 6-5: To make a meaningful comparison of the LCA of transportation fuels, the vehicles 
that use those fuels should be considered. 
 
Recommendation 6-10: LCA of transportation fuels may include analysis using functional units 
based on the transportation service provided, such as passenger-mile or ton-mile, or otherwise be 
based on comparison of comparable transportation services. This may be reported in addition to an 
energy-based functional unit. LCAs should clearly describe their assumptions for the energy- and 
service-based functional units, such as through vehicle efficiency, market share, or other factors. 

 
The efficiency of the vehicle that will use the fuel is typically unknown to the fuel producer and 

heterogeneous across fuel customers. The CA-LCFS policy handles this by introducing energy efficiency 
ratios. This section will first discuss issues of LCA of transportation fuels and then discuss how energy 
efficiency ratios are used in CA-LCFS policy. 
 
Efficiency 
 

Vehicle efficiency can vary widely within and across fuel types, as well as across driving condi-
tions; individual vehicles also have variations based on the level of maintenance (e.g., tire pressure). Models 
that use a single “representative” vehicle to represent each fuel type can mask this heterogeneity. This 
section summarizes and quantifies the efficiency of vehicles available today that use each fuel type and 
summarizes how much the efficiency of each fuel can change depending on conditions that vary regionally 
and across drivers, such as weather, terrain, driving style, regional energy sources, and other factors. 
 
Variation in Vehicle Design 
 

Figure 6-3 summarizes the energy consumption rates of vehicles by fuel type. Energy consumption 
rates (kWh/mile) are used here rather than efficiency (mile/kWh) because emissions implications are pro-
portional to consumption rates (and inversely proportional to efficiency) (Larrick and Soll, 2008). Figure 
6-3 shows a range of new vehicles available for sale today, with efficiency values taken from fuelecon-
omy.gov, including (1) the least efficient mass-market vehicle for each fuel type (excluding low-volume 
luxury and sport models, such as Rolls-Royce and Lamborghini designs); (2) the most efficient mass-mar-
ket vehicle for each fuel type; and (3) one of the most popular vehicles for each fuel type sold in the United 
States. In addition, for passenger cars the figures include the efficiency value used in GREET. There are no 
mass-market hydrogen vehicles today, so the three available (low-volume) models are used to establish the 
range. All energy values are converted to kWh, and consumption rates are reported in kWh per 100 miles. 
Plug-in hybrid electric vehicles (PHEVs), which use a combination of grid electricity and gasoline, are not 
shown, and E85 vehicles represent the efficiency of flex fuel vehicles when operating on E85 (with the 
exception of the GREET data point, which represents a dedicated E85 vehicle). For comparison, the energy 
efficiency ratios (inverted to map to relative consumption rates) used in CA-LCFS are also plotted on a 
secondary axis. 
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Conclusion 6-6: If an LCA uses a single point estimate for efficiency of each vehicle type, its 
conclusions may vary substantially depending on which vehicle design (make-model-trim) is used 
to represent each fuel type. 
 
Recommendation 6-11: When comparing life-cycle emissions of different transportation fuels, 
LCA studies that assess or inform policy should consider the range of vehicle efficiencies within 
each fuel type  to ensure that the comparisons are made on comparable transportation services, such 
as passenger capacity, payload capacity, and performance. 

 
 

 

 
FIGURE 6-3 Range of vehicle energy consumption rates (inverse of efficiency) by fuel type. NOTE: Low 
= vehicle with lowest energy consumption rate among all currently available new mass-market U.S. vehi-
cles; High = vehicle with highest energy consumption rate among all currently available new mass-market 
U.S. vehicles; Popular model = consumption rate of one of the most popular U.S. make-model options 
currently available; GREET = efficiency value used in the GREET model; CARB EER = inverse of energy 
efficiency ratio assumed in CA-LCFS.  
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Variation in Use Conditions 
 

The energy consumption rates presented previously are based on driving cycles performed in a 
laboratory, where each vehicle is placed on a dynamometer (like a treadmill for a vehicle), driven to follow 
a prescribed sequence of vehicle speeds, and monitored to assess fuel consumption and emissions. The 
advantage of such a test is standardization—all vehicles can be compared in the same conditions, ensuring 
an apples-to-apples comparison. However, such a test masks important variation in real-world effects that 
can differ across fuel types. 

Real-world driving conditions, including speed, acceleration, frequency and duration of stops, driv-
ing distance, precipitation, temperature, humidity, and other factors affect the efficiency of all vehicles, but 
the effect can be larger for some fuel types than others (Karabasoglu et al., 2013).  

Climate and weather conditions also affect vehicle efficiency for different fuel types differently. 
Cold weather generally makes all vehicles less efficient, but it has a larger effect on electric vehicles (EVs) 
than gasoline vehicles. Gasoline vehicles are less efficient when cold for a variety of reasons, including 
increased viscosity of engine lubricants, but gasoline vehicles can use waste heat from the engine to heat 
the passenger cabin. In contrast, EVs are less efficient when cold both because batteries are less efficient 
when it is cold and because energy from the battery must be used to heat the cabin. Figure 6-4 shows energy 
consumption rates for an internal combustion engine vehicle (ICEV), hybrid electric vehicle (HEV), PHEV 
and battery electric vehicle (BEV) normalized to fair weather efficiency. Electrified vehicle efficiency is 
more sensitive to ambient temperature than gasoline vehicle efficiency. Note that Figure 6-4 is shown rel-
ative to fair-weather efficiency. In absolute terms, electrified vehicles are typically more efficient.  

Variation of fuel consumption rates can be larger within fuel type than across fuel type, especially 
for gasoline, for which fuel consumption rates vary by more than a factor of 4. Some of this variation is due 
to vehicle class (e.g.: sports car vs. compact car), but there is substantial variation within vehicle class. 

Figure 6-5 shows the implications of these differences in efficiency for energy consumption in 
different parts of the United States, based on temperature data across a typical year. The same vehicle with 
the same driving patterns consumes about 20 percent more energy in regions with extreme heat and cold 
than in regions with consistently mild weather. 
 
 

 
FIGURE 6.4 Relationship between fuel consumption rate and ambient temperature. 100 percent is indexed 
to the baseline fuel consumption rate for each powertrain. NOTES: BEV = battery electric vehicle; PHEV 
= plug-in hybrid electric vehicle; HEV = hybrid electric vehicle; ICEV = internal combustion engine vehi-
cle. L= low; M = medium; H = high. SOURCE: Wu et al. (2019, p. 10563). Reprinted with permission from 
American Chemical Society, see https://pubs.acs.org/doi/10.1021/acs.est.9b00648. 
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FIGURE 6-5 Estimated average energy consumption (watt hour) per mile for a Nissan Leaf in different 
regions of the United States based on regional ambient temperature over the year. SOURCE: Yuksel et al. 
(2015). Reprinted with permission from Yuksel, T. and Michalek, J.J. (2015). Effects of regional tempera-
ture on electric vehicle efficiency, range, and emissions in the United States. Environmental Science & 
Technology, 49(6), pp.3974-3980. Copyright 2015 American Chemical Society. 
 
 
Simultaneous Variation in Vehicle Design and Multiple Use Conditions 
 

When considering all of these factors together, using regional weather information, regional mar-
ginal emission factors, and regional differences in driving style (assuming city driving in urban counties, 
highway driving in rural counties, and combined driving in suburban counties), the comparison of life-cycle 
GHG emissions from gasoline and electric vehicles depends not only on which specific vehicle models are 
being compared but also on regional differences in climate, grid mix, and driving patterns (Yuksel et al., 
2016).  

While specific estimates of life-cycle GHG emissions for each vehicle type change over time and 
may vary across different LCA studies, depending on what assumptions are used and which vehicle models 
are used to represent each fuel type, the main point here is that there is so much variation across vehicle 
designs within each fuel type and across use conditions that using a single efficiency point estimate to 
represent each fuel type can substantially affect findings of an LCA, depending which vehicle design and 
use conditions are assumed. Use conditions, including driving style, climate, and energy source, all of which 
vary regionally, affect the emissions of vehicles for different fuel types differently and can affect which 
fuel type is estimated to have higher or lower life-cycle GHG emissions. 
 

Conclusion 6-7: If an LCA uses a single point estimate for efficiency of each vehicle type, its 
conclusions may vary substantially depending on which use conditions are assumed. 
 
Recommendation 6-12: When comparing life-cycle emissions of different transportation fuels, 
LCA studies should avoid relying on a single point estimate for efficiency of each vehicle fuel type 
and instead consider the range of vehicle efficiencies within each fuel type across vehicles and 
common or likely operating conditions. 
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Fuel Octane Rating 
 

Fuel octane ratings are standardized measurements of the ability of a fuel to withstand compression 
without detonation. Higher octane fuels can withstand higher compressions without premature combustion. 
Operating engines at higher compression can improve power and efficiency, although in modern engines 
this is just one variable of many.8,9 Fuel properties affect internal combustion engine performance, and 
engine design and controls affect fuel needs. The combined effects of both result in measurable differences 
in performance, fuel consumption, and tailpipe emissions. Premature fuel combustion and engine knock 
were observed in gasoline internal combustion engines more than a hundred years ago, and various solu-
tions have been implemented. Early solutions focused more on fuel composition, while more recent ones 
have focused on engine control, especially with the advent of controlling spark advance mechanically, and 
later electronically. This section discusses fuel octane rating as one key fuel specification with implications 
for fuel LCA. In order to ensure adequate octane ratings of finished fuels refiners add aromatic hydrocar-
bons (benzene, toluene, and xylene combined often referred to as BETX, plus others), which are molecules 
with high octane ratings. Ethanol, when blended into the fuel, has a high octane rating and therefore can 
dilute and substitute aromatics in gasoline. There has been a long history of using additives to increase 
octane rating by changing fuel composition. All of these have had positive impacts on engine performance 
but usually were found to have significant detrimental effects on health and the environment, which led to 
progressive banning of these additives. Most notoriously, the first additive in large-scale use, tetraethyl lead 
introduced in 1924, has been found to cause significant health damage, especially in children. It was re-
moved gradually and finally banned in 1996. Methyl tertiary-butyl ether was introduced in the 1990s and 
was removed gradually over the next two decades due to ground water contamination issues and replaced 
with ethanol.10  

Ethanol blending in gasoline increased rapidly between 1997 (0.31 percent) and 2016 (9.57 percent), 
driven by a combination of methyl tertiary-butyl ether replacement, Volumetric Ethanol Excise Tax Credit 
(VEETC) blending tax credits, the requirements of the RFS1 in 2005 and RFS2 in 2007, and changing eco-
nomics of gasoline blending.11 By 2016, almost all U.S. gasoline was blended with 10 percent ethanol.12 The 
increased octane of ethanol allowed refiners to reduce the aromatic content of gasoline, which fell from 25 
percent to 19 percent over the same time frame (EPA Fuel Trends Report 2017). 

Fuels with high octane ratings allow vehicle manufacturers to increase the compression ratio in an 
engine, which enables that engine to extract more mechanical energy from a given mass of air–fuel mixture 
due to its higher thermal efficiency.13 This has attracted engine and emissions researchers to study and 
develop engines that utilize higher octane fuels (Costenoble and de Groot, 2020; DOE, 2017; Schifter et 
al., 2020; Storey et al., 2016; West et al., 2018; Yang et al., 2019). The reviewed studies show that optimized 
higher octane fuel engines may at least partially or more than fully compensate for ethanol’s lower volu-
metric fuel economy (due to its lower heating value) and result in increased energy economy ratio, which 
is defined as the energy consumption in British thermal unit (joule) of the conventional E10 vehicle divided 
by that of the alternative fuel (Unnasch and Browning, 2000). For example, Oak Ridge National Laboratory 
research finds that high-octane fuel can provide "an improvement in vehicle fuel efficiency in vehicles 
designed and dedicated to use the increased octane" (Theiss et al., 2016). Consequences including LUC 
implications may be assessed by CLCA. The findings related to high-octane fuel in this section describe 
the efficiency of the optimized fuel engine system rather than the broader issues associated with the lifecy-
cle of ethanol, which are described at length in the rest of this report. 

 
8 See https://www.eia.gov/energyexplained/gasoline/octane-in-depth.php. 
9 See https://www.astm.org/d2700-21.html. 
10 See https://archive.epa.gov/mtbe/web/html/faq.html. 
11 EPA fuel trends report, see https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100T5J6.pdf. 
12 See EIA https://www.eia.gov/todayinenergy/detail.php?id=26092.  
13 The compression ratio is defined as the ratio between the volume of the cylinder with the piston in the bottom 
position and in the top position. The higher this ratio, the greater will be the power output from a given engine. 
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Conclusion 6-8:  Specifically formulated high-octane fuels in combination with dedicated fuel 
engine technologies can provide efficiency improvements in fuel combustion that affect LCA re-
sults.  

 
Recommendation 6-13: LCAs of high-octane fuels should consider the impact of fuel octane on 
vehicle efficiency, but for the purpose of broad policy assessment LCA should be based on the 
actual and anticipated vehicle fleet, and following common practice for fuel vehicle assessments 
include only combinations that reflect reality. 

 
Vehicle Production Emissions 
 

For each transportation fuel, there are emissions associated with producing, maintaining, and manag-
ing the end of life of the vehicle that converts the fuel into transportation services. Emissions from producing 
and maintaining gasoline and ethanol vehicles are similar, but emissions from producing BEVs tend to be 
larger because of the large battery packs needed to store enough energy to deliver a vehicle range comparable 
to gasoline vehicles (Elgowainy et al., 2018; Karabasoglu and Michalek, 2013; Ma et al., 2012; Nealer and 
Hendrickson, 2015; Yuksel et al., 2016). This does not imply, however, that emissions from BEVs are higher 
on a per mile or per ton-mile basis, as emissions productions are allocated over the service life of vehicles in 
LCA. Estimates of the emissions from producing BEVs vary widely, and the technology is still in flux, with 
lithium ion chemistries varying in the amount of cobalt, nickel, magnesium, aluminum, iron, and other mate-
rials used, among other factors, including the type and origin of these metals and lithium (Deng et al., 2020; 
DOE, 2020; NASEM, 2021; Schmuch et al., 2018; Transportation Research Board and National Research 
Council, 2015).  
 

Conclusion 6-9: Ignoring vs. including vehicle production emissions in an LCA could affect its 
conclusion about which transportation fuels have the lowest carbon emission implications per unit 
of transportation services delivered. 

 
Recommendation 6-14: For regulatory impact assessment, LCA of transportation fuels and trans-
portation fuel policy should consider a range of estimates for possible changes in the emissions of 
vehicle production required to convert transportation fuels into transportation services, and the re-
sulting changes in vehicle fleet composition.  

 
Logistics 
 

An additional issue, particularly relevant for LCA of electric trucks, is that some fuel types require 
powertrain designs that take up more space or weight, reducing the amount of cargo that can be transported. 
In particular, electric Class 8 trucks sized for long-distance range require large, heavy battery packs, reduc-
ing payload capacity, and requiring more truck trips to deliver the same quantity of goods (Figure 6-6; 
Sripad and Viswanathan, 2017). Use of a per-ton-mile functional unit can partially account for these differ-
ences when comparing transportation fuels, though logistical constraints can be complicated and nonlinear. 

Different fuel types imply different logistical constraints and may impose changes on travel de-
mand. In particular, BEVs substantially reduce payload for Class 8 trucks, and more truck travel is required 
to move the same amount of goods. 
 

Conclusion 6-10: A per-vehicle-mile functional unit is, on its own, not fully informative for com-
paring transportation fuels for weight-constrained or space-constrained applications, such as Class 
8 trucks. 
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Recommendation 6-15: LCA comparing transportation fuels for weight-constrained applications 
should present a per-ton-mile functional unit and/or explicitly model the logistical implications of 
payload effects by fuel type. 

 
 

 
FIGURE 6-6 A comparison between current and beyond Li-ion batteries for electrifying semi trucks. 
Trucks present a depiction of the ration of payload to battery pack size of vehicles with particular range, 
noted on the arrow. SOURCE: Sripad and Viswanathan (2017, p. 1669). Reprinted with permission from 
Sripad, S. and V. Viswanathan. 2017. Performance Metrics Required of Next Generation Batteries to Make 
a Practical Electric Semi Truck. ACS Energy Lett. 2017, 2, p. 1669. Copyright © 2017 American Chemical 
Society. 
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Specific Fuel Issues for Life-Cycle Analysis 
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7 
Fossil and Gaseous Fuels for Road Transportation 

 
LIQUID FOSSIL FUELS 

 
Liquid fossil fuels account for the majority of all transportation fuels today. The United States 

produces about 20 percent of global liquid fossil fuels, and in 2020, petroleum products accounted for about 
90 percent of the total U.S. transportation sector energy use. (Biofuels contributed about 5 percent; natural 
gas accounted for about 3 percent; and electricity provided less than 1 percent) (EIA, 2020). Worldwide, 
fossil fuels supply about 84 percent of world energy (Ritchie and Roser, 2020), and petroleum and liquid 
fossil fuels are globally traded fungible commodities, hence no one country’s fossil fuels market is truly 
independent of global market supply and demand considerations.  

The U.S. product mix from refining crude oil is more gasoline-heavy than most other large econo-
mies, where middle distillates predominate. The most recent data on international petroleum products pro-
duced from crude oil, from the Energy Information Administration (EIA, 2022), are shown in Figure 7-1. 
 
 

 
FIGURE 7-1 Petroleum products made from a barrel of crude oil, worldwide, 2020 (in gallons). SOURCE: 
U.S. EIA (2022) see https://www.eia.gov/energyexplained/oil-and-petroleum-products/. 
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In addition to conventional gasoline, reformulated gasoline was mandated in the 1990 Clean Air 
Act amendments. The first phase of reformulated gasoline began in 1995 and the second phase in 2000. 
Reformulated gasoline now comprises about 25 percent of all gasoline sold in the United States, and it is 
required in cities with high smog levels as defined by the U.S. Environmental Protection Agency (EPA), 
and is it is optional elsewhere. Reformulated gasoline is currently used in 16 states and the District of 
Columbia. In addition to the federal reformulated gasoline standards, California has its own reformulated 
gasoline formulation (currently, CaRFG3), and while these regulations do not require the use of ethanol 
there is a separate oxygen content requirement.1 Ethanol as a gasoline substitute or as an additive has a long 
history but consumption of ethanol, mainly corn ethanol, increased in the United States for a variety of 
factors, including but not limited to blending mandates under the U.S. Renewable Fuel Standard (RFS) 
established in 2005 (RFS1) and in 2007 (RFS2), volumetric ethanol excise tax credits, and oxygenate de-
mand following the phase out of methyl tertiary-butyl ether in 2006. 

Several distillate fuels are used for transportation in the United States. Number 1 diesel fuel is a 
relatively light oil (550°F at the 90 percent recovery) defined in the American Society for Testing and 
Materials (ASTM) D9752 that is used in variable speed diesel engines such as those in city buses. Number 
2 diesel fuel has a 90 percent distillation temperature of 640°F (also specified in ASTM D975). It is used 
in more uniform speed diesel engines, such as locomotives, trucks, and automobiles. Distillate fuels (1 
through 6) are also used as heating oil and in numerous industrial applications. Since the United States has 
always used proportionally more gasoline than distillate fuels, U.S. refineries have always been configured 
for more gasoline production. Still, the United States has been exporting significant quantities of distillate 
fuels (more than 27 percent of production, or more than 1.2 MMb/d).  

The United States consumes approximately 30 percent of worldwide jet fuel production (about 1.8 
MMb/d pre-pandemic). Kerosene jet fuel (Jet A, A-1, JP-5, and JP-8) has a carbon number of C8 to C16, 
whereas the lighter naphtha-based jet fuel (Jet B and JP-4) are seldom used, other than for special applica-
tions. Other specialty jet fuels (such as JP1 and JP2) are either obsolete or used for very specific applica-
tions.  
 

Synthetic Fuels 
 

Synthetic fuels (“synfuels”) are also being proposed by some as potential low-carbon fuel substi-
tutes or additives. Synfuels are liquid fuels that can be produced from coal, natural gas, or biomass through 
direct liquefaction, or more commonly through gasification of the source hydrocarbons to synthesis gas 
(mainly carbon monoxide and hydrogen), followed by cleanup and shift reaction and then synthesized into 
liquid or gaseous products, such as synthetic gasoline, distillates, lubricants, jet fuel, synthetic natural gas, 
and so on. There are two major routes to liquid fuels from synthesis gas, through the production of methanol 
followed by conversion of methanol over a zeolite catalyst to liquid products, or through Fischer-Tropsch 
synthesis. Synfuels can also be produced using water and a carbon input (e.g., flue gases or captured carbon 
dioxide [CO2]) by using renewable electricity to supply energy for electrolysis; subsequently, synthetic 
fuels can be generated through Fischer–Tropsch synthesis or methanation (Schaaf et al., 2014). Current 
production of renewable synthetic fuels is negligible as of 2021. 

The economics of synfuels are challenged by the intensive chemical reactions needed, which result 
in low thermal efficiencies and in the production of CO2. Beyond issues of petroleum scarcity, some synfuel 
projects were justified as ways to monetize stranded natural gas, as demonstration projects, or as a way to 
produce high-value byproducts (such as high-quality waxes or synthetic lubricant blending stocks). In gen-
eral, the products of synthetic fuel plants can be of very high quality, free of trace pollutants, and tailored 
to precise specifications. There are proposals to couple such projects with carbon capture utilization and 
storage (CCUS), to produce high quality fuel with less of an impact on greenhouse gas (GHG) emissions.  
 

 
1 For details, see https://www.epa.gov/gasoline-standards/reformulated-gasoline. 
2 ASTM D975 is the Standard Specification for Diesel Fuel Oils, see https://www.astm.org/d0975-21.html. 
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Calculation of Greenhouse Gas Emissions for Liquid Fossil Fuels 
 

Though the majority of emissions from liquid fossil fuels come from their final combustion, emis-
sions attributable to upstream extraction and processing may still be significant; emissions from petroleum 
systems in the United States alone totaled 47.2 Mtonne CO2e in 2019 (EPA, n.d.). Furthermore, there is 
substantial variability in the upstream emissions attributable to extraction and processing prior to final use, 
influenced by crude oil quality, region, and refinery configuration.  

Liquid fossil fuels have been extensively analyzed in the literature, as well as incorporated into 
various life-cycle models. The Oil Production Greenhouse Gas Emissions Estimator (OPGEE) model esti-
mates the life-cycle GHG emissions from the production, processing, and transport of petroleum.3 The 
model’s system boundary is from crude oil exploration through to the refinery gate. The model is open-
source and allows users to input their own data on various parameters of crude oil production, including 
energy consumption, fugitive emissions, flaring, and qualities of the crude oil itself.  

Downstream of oil extraction, refinery emissions are another important contributor to the life-cycle 
GHG emissions attributable to liquid fossil fuels. Refinery emissions include hydrogen production emis-
sions used for hydroprocessing, emissions from energy inputs, and onsite emissions (both point source and 
fugitive emissions) at refineries. The Petroleum Refinery Life Cycle Inventory Model (PRELIM)4 is a life-
cycle tool that can be used in conjunction with data on crude oil inputs to estimate refinery emissions across 
an array of crude oil and refinery configuration combinations. Further, as refinery outputs have different 
market values, energy densities and end uses, PRELIM may be used to attribute a share of overall emissions 
to specific outputs using different allocation assumptions. Generally, heavier and more sour crudes require 
additional energy and hydrogen to process, resulting in higher refinery emissions; also, additional refinery 
stages like cracking can increase emissions further. Generally, the end products with the highest share of 
emissions at the refinery tend to be low-sulfur diesel and gasoline.   

There are significant uncertainties and significant variations in the current calculations of life-cycle 
GHG emissions from petroleum fuels (Masnadi et al., 2018). Data on flaring of methane (CH4) is available 
from satellite nighttime radiometry. Direct venting or leakage of CH4 has a considerably higher contribution 
to GHG emissions than combusting that CH4 through flaring due to the high global warming potential 
(GWP) of CH4; several studies estimate the contribution of these emissions (Lauvaux et al., 2022). Many 
oil fields with above-average petroleum production carbon intensities (CIs) have significant flaring.5 CH4 
fugitive emissions and venting from oil and gas facilities are poorly detected, measured, and monitored, 
and are one of the significant sources of uncertainty in GHG life-cycle calculations for petroleum fuels. 
Improved reporting and transparency on oil sector emissions is needed to reduce uncertainty in life-cycle 
GHG emissions calculation for petroleum fuels.  

The refining of petroleum produces multiple products: gasoline, diesel, naptha and other products. 
Emissions are assigned to the co-products using either allocation or displacement. Co-product displacement 
is typically used in U.S. analyses of petroleum fuels. It should be noted that allocation at the aggregate 
refinery level compared with allocation at the refining process level can result in different energy and emis-
sions results, as may the allocation method (e.g., mass, energy-content, market value) at the refining process 
level (Wang et al., 2004). 

Enhanced oil recovery, practiced at older wells, also increases the energy requirements and GHG 
emissions of petroleum, particularly when steam flooding is used. Heavy oils have higher energy require-
ments and GHG emissions for both extraction and processing. Renewable electricity can be used for ex-
traction and processing, as is currently practiced in North Sea offshore fields. Utilization of CH4 as natural 

 
3 See https://eao.stanford.edu/opgee-oil-production-greenhouse-gas-emissions-estimator. 
4 See PRELIM: The Petroleum Refinery Life Cycle Inventory Model, See https://www.ucalgary.ca/energy-tech 
nology-assessment/open-source-models/prelim (accessed March 7, 2022). 
5 See Carnegie Endowment, (n.d.). Oil Climate Index, https://oci.carnegieendowment.org/#analysis (accessed March 
7, 2022).  
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gas avoids the need for flaring and can provide additional energy for onsite use or distribution if natural gas 
supply chain infrastructure is available. 

Due to variation in CI across different sources of crude oil, changes in aggregate demand for crude 
oil may result in non-linear changes in the average CI of crude oil at the margins of production. Econometric 
analysis suggests that changes in demand may not be uniformly distributed across the mix of crude oils on 
the global market; for example, higher CI crudes such as heavy oil sands may be the first oils displaced by 
small demand reductions (Masnadi et al., 2021). In contrast, more profitable, lighter crudes with a higher 
market share are more likely to maintain production; however, these effects would dissipate with larger 
demand shocks.  

The OPGEE model has been used to estimate the upstream crude oil intensity for the California 
low-carbon fuel standard (CA-LCFS), which incorporates annual updates of the CI of its crude oil mix to 
estimate deficit generation within the policy. The California Air Resources Board (CARB) uses OPGEE to 
estimate the weighted average CI of crude oil consumed in California,6 based on the volumes of crude 
recorded as either produced or imported into the state, and the sources of those crude oils. The CI of each 
crude is estimated based on site-specific parameters, and as noted previously, the inclusion of specific CI 
values in this report does not imply the committee’s endorsement of those values. The average CI for the 
production and transportation of crudes consumed in California in 2020 was estimated to be 13.39 
gCO2e/MJ, following a steadily rising trend over the lifetime of the LCFS. To this, 92 gCO2e/MJ is added, 
representing the carbon emissions from refining, distribution, and combustion of the fuel, for a total of 
105.39 gCO2e/MJ for 2020. These values are recalculated every year and California’s most recent reported 
value for crude oil is 100.8 g CO2e/MJ, as of 2021.7 

The International Civil Aviation Organization’s Carbon Offsetting and Reduction Scheme for In-
ternational Aviation (CORSIA) estimates a weighted average value (Prussi et al., 2021) for the average 
global jet fuel, based on global petroleum production and consumption, of 89 gCO2e/MJ. This value in-
cludes crude oil recovery, transportation and refining, jet fuel transportation, and jet fuel combustion, cal-
culated with methodology consistent with the CA-LCFS calculations discussed above. However, while the 
CA-LCFS baseline values are evaluated annually and updated as petroleum fuels life-cycle emissions 
change, the CORSIA baseline reflects an estimated future global life-cycle emissions average and remains 
fixed over the course of the period of the scheme. 

The U.S. RFS2 developed a 2005 baseline estimate of 93.08 g CO2e/MJ for gasoline and 91.9 
gCO2e/MJ for diesel, with this baseline value remaining fixed throughout the regulatory period.  

In sum, GHG emissions calculations for petroleum fuels include emissions from production, trans-
portation, refining, and combustion. Emissions vary depending on the crude oil, transportation, and refin-
ing. Some low-carbon and renewable fuel policies, such as CORSIA and U.S. RFS2, have adopted a fixed 
value for baseline fossil fuel emissions; others, like CA-LCFS, use annual data to calculate new values 
annually. 

 
Recommendation 7-1: Policymakers may consider recognizing the variation in GHG emissions 
across different petroleum fuel pathways, and include mechanisms to reduce these emissions in 
fuel policies.  
 
Conclusion 7-1: Additional data, reporting, and transparency is needed for petroleum sector oper-
ations, including improved information on venting and flaring of methane. 

  

 
6 See https://ww2.arb.ca.gov/sites/default/files/classic/fuels/lcfs/crude-oil/2020_crude_average_ci_value_final.pdf. 
7 See CARB (n.d.) https://ww2.arb.ca.gov/resources/documents/lcfs-pathway-certified-carbon-intensities (accessed 
March 7, 2022).  
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GASEOUS FOSSIL FUELS AND HYDROGEN 
 

The discussion of “gaseous” fuels in this section covers fuels derived from compounds that are 
gases at ambient conditions, rather than the state at which they are stored or used in internal combustion 
engines or fuel cells. The main gaseous fuels considered in this section are natural gas derived (mostly 
compressed natural gas and liquefied natural gas [LNG]), propane and hydrogen, and hydrogen derivatives 
such as ammonia.  

It is estimated that there are nearly 30 million natural gas vehicles using LNG, compressed natural 
gas, and biomethane in the world, mostly in Asia (Iran, Pakistan, China and other countries), followed by 
lesser incidence in Europe (Italy, and gaining in other countries) and Latin America (Argentina, Brazil, and 
Colombia). LNG is used in large volumes as a way of transporting natural gas over long distances, where 
long distance pipelines are infeasible or disadvantaged, from major natural gas-producing areas such as the 
Middle East, Australia, several African countries, and increasingly the United States to markets mostly in 
Asia Pacific (China, Japan, Korea, Taiwan) and in Europe. In this case, LNG is mostly regasified and used 
for electric power production, with smaller amounts used for transportation.  

The “hydrogen economy” is a proposed set of comprehensive alternative ways to produce, use, and 
store energy through hydrogen and its derivatives. While hydrogen is the most common of the known ele-
ments in the universe, it does not exist in usable quantities in nature and it needs to be produced from 
hydrocarbons (mostly through steam reforming of natural gas), or through electrolysis of water.  

Hydrogen is used extensively in industry, for example for the manufacture of ammonia and meth-
anol, and in petroleum refining. More than 95 percent of hydrogen is made today via steam reforming, 
mostly of natural gas, and is called “grey” hydrogen. Six percent of global natural gas production and 2 
percent of global coal production is used for hydrogen production, resulting in about 830 million tonnes of 
CO2 emissions annually. Hydrogen is also a fuel component of rocket fuel, and has other uses such as a fuel 
in fuel cells. Proposed “blue” hydrogen is also to be produced mostly from natural gas through steam re-
forming, with the associated CO2 emissions captured, stored, or used productively. “Green” hydrogen is 
usually considered to be hydrogen produced through electrolysis with power derived from renewable 
sources. Less than 1 percent of global hydrogen production is produced from low-carbon sources today. 
“Turquoise” hydrogen production refers to a novel conversion process wherein CH4 is treated with thermal 
decomposition (i.e., CH4 pyrolysis) to generate hydrogen and solid carbon; this conversion process has not 
been commercialized (Sanchez-Bastardo et al., 2021). Figure 7-2 summarizes the color-based terms used 
to describe hydrogen produced with different technologies from different feedstocks. 
 
 

 
FIGURE 7-2 Hydrogen produced from different technologies and feedstocks. NOTE: SMR = steam-  
methane reforming; not all colors of hydrogen are depicted in this figure. SOURCE: IRENA (2020).  
© 2020 IRENA - International Renewable Energy Agency. All Rights Reserved. 
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There are many proposals to use hydrogen for transportation and also in the context of a more 
ambitious “hydrogen economy”, that is, using hydrogen to store renewable energy (such as offshore wind 
energy); and using hydrogen for the production of “green” steel, ammonia, and concrete, among other 
products. This discussion will assess the current state, focusing mostly on the United States, but referencing 
countries with significant hydrogen proposals, namely the European Union (EU), Japan, and China, and 
provide a context of some history of past hydrogen economy efforts. Figure 7-3 shows the increased global 
production of hydrogen since 1975. 
 
 

 
FIGURE 7-3 Global demand for pure hydrogen, 1975-2018. NOTES: Aqua = refining; blue = ammonia; 
green = other. SOURCE: IEA (2019) World Energy Outlook. All rights reserved. 
 
 

Because today hydrogen is most commonly produced via steam reforming of natural gas, the meth-
odological issues in life-cycle assessments (LCAs) of these two fuels are closely related. Natural gas can 
be used as a transportation fuel in its own right and is a common input to other fuel supply chains. LCA 
methodological issues for evaluating natural gas systems can therefore have wide-ranging implications for 
the understanding of low-carbon fuels. 
 

Natural Gas 
 

Global natural gas production has been increasing at a higher rate than oil production, and while 
there has been a pandemic-caused decline in 2020, it is picking up again and similarly to global oil produc-
tion, it is projected to keep increasing through this decade. In many major markets, including the United 
States, natural gas has displaced coal as a major electrical energy production source. Figure 7-4 shows 
domestic natural production since 19718 The IEA estimates that the oil and gas sector emitted 82 million 
tonnes of CH4 (around 2.5 gigatons of CO2 equivalent) in 2019.  
 

 
8 See https://iea.blob.core.windows.net/assets/52f66a88-0b63-4ad2-94a5-29d36e864b82/KeyWorldEnergyStatistics 
2021.pdf (accessed on 04/21/2022). 
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FIGURE 7-4 U.S. Dry natural gas production, 2000-2050 (trillion cubic feet). SOURCE: EIA (2021,  
February), see https://www.eia.gov/energyexplained/natural-gas/where-our-natural-gas-comes-from.php.  
 
 

Natural gas is produced mostly from shale and tight gas resources from shale plays across the country 
(Figure 7-5). The share of natural gas extracted from shale plays has increased significantly over the last 
decade, from approximately 165 billion cubic meters (BCM) in 2010 to 805 BCM in 2020, comprising 
approximately 78 percent of domestic marketed natural gas production. 
 
 

 

FIGURE 7-5 Location of shale gas plays in the continental United States. SOURCE: EIA (n.d.). 
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There are multiple steps involved in natural gas recovery and delivery to the point-of-use (see  
Figure 7-6). In natural gas LCAs, it is important to consider direct CH4 emissions from each step of this 
supply chain, which may derive from venting, flaring, or leaking (Burnham et al., 2012). 

One of the first steps in producing natural gas is to drill a well. During well completion, water, 
hydrocarbon liquids, and natural gas all flow up from the well (Allen et al., 2013). These components of 
the flowback are separated. Tanks that contain the water and hydrocarbons are vented to the atmosphere. 
The gas may be flared or retained for sales. The configuration of the equipment that manages the flowback, 
which Allen et al. (2013) grouped into five different categories, can affect the amount of fugitive CH4 
emissions from the operation along with the duration of the flowback period. CH4 emissions from comple-
tion at 27 different sites exhibited a striking range from 0.01 megagrams (Mg) to 17 Mg. It is this type of 
site-to-site variation, which holds for completion along with other stages in the natural gas supply chain, 
that leads to differing results among natural gas LCA, which may not necessarily show uncertainty. 

Operating wells also have several different CH4 emission sources. Over time in a natural gas well, 
the pressure from the reservoir declines, and liquids can accumulate that reduce the amount of gas flowing 
to the surface. A liquid unloading procedure removes these liquids. Well blowdown is one type of liquids 
unloading procedure. In it, the well is closed, pressure builds up, and then the well is vented to the atmos-
phere, releasing the problematic liquids along with CH4. The choice of unloading procedure and the well’s 
characteristics determine the level of CH4 emissions that will occur during liquids unloading. As a well 
ages, it is likely that it will require repair, or workovers, which can involve venting the well and, accord-
ingly, CH4 emissions. 

Fugitive CH4 can escape from oil or condensate tanks, pneumatic controllers and pumps, and fit-
tings, flanges, and valves. The rates of these emissions are highly dependent upon the adoption of technol-
ogy to reduce these emissions such as replacement of high-bleed valves with low-bleed valves and using 
LiDAR-based programs to detect and replace leaky system components. 
 
 

 
FIGURE 7-6 Steps in the natural gas supply chain from recovery to delivery. SOURCE: EIA (2022,  
February). 
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Flaring of natural gas emits CO2 and CH4. There are commitments and targets to reduce flaring, 
but these are not always met. Rates of flaring can depend on several factors including the number of nearby 
wells. When other wells are nearby, the economics of building pipelines to transport gas for use instead of 
flaring on site improve; flaring rates may be lower (Willyard, 2019).  

The last step in natural gas production is the processing step. During this step, the acid gas removal 
process vents CO2, which is another notable emissions source in the overall natural gas supply chain. After 
processing, natural gas enters the transmission and distribution system to the point of end use. CH4 leakage 
throughout this system contributes to life-cycle GHG emissions of natural gas. 

There is variability in CH4 emissions throughout the natural gas supply chain depending on the 
location of natural gas production and the extent to which emissions reductions measures are in place (Al-
varez et al., 2018). One method to estimate these emissions that could inform parameter selection in LCAs 
is developing emissions factors from measurements on representative samples of equipment and then mul-
tiplying these factors by activity levels (e.g., numbers of equipment and associated throughput). This 
method is called “bottom-up” and is summarized in Figure 7-7 in the context of Rutherford et al. (2021). 

Another approach, called “top down,” is to measure CH4 concentrations in the atmosphere near 
natural gas infrastructure, which may be done, for example, with low-flying aircraft. Recently, a top-down 
estimate was developed for the Permian Basin using satellite observations paired with atmospheric inverse 
modeling that reported that 3.7 percent of the CH4 produced in the Permian Basin is emitted (Zhang et al., 
2020). A second study reported CH4 emissions to be 9.4 percent of gross natural gas production in the 
portion of the Permian Basin in New Mexico (Chen et al., 2022). On the other hand, Alvarez et al. report a 
national average value of 2.3 percent as a national average CH4 leakage rate from natural gas processing 
based on bottom-up methods of emissions estimation (Alvarez et al., 2018). They report relative agreement 
with other top-down studies. Alvarez et al. hypothesized that differences between bottom-up and top-down 
emissions estimates can often be explained by the latter’s inclusion of abnormal, high-emitting events.  
 
 

 
FIGURE 7-7 Bottom-up methane (CH4) emissions estimation tool. SOURCE: Rutherford et al. (2021). 
Copyright © 2021, Jeffrey S. Rutherford et al. CC BY license. 
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Top-down estimates can capture irregular CH4 leakage such as unintentional emissions during stor-
age and equipment leakage (Rutherford et al., 2021) that may be excluded from bottom-up estimates. Ruth-
erford et al. (2021) developed a new model for CH4 emissions in the natural gas production supply chain 
based on existing inventory data (3700 measurements from six studies). It employed a bottom-up approach 
(Figure 7-7) and a new statistical technique (bootstrap resampling) to these data that aimed to capture these 
unintentional emissions from so-called super emitters. Emissions estimates based on the model exhibited 
strong agreement with site-level measurements, indicating that bottom-up approaches can be robust and 
provide reliable emissions estimates. Rutherford et al. (2021) compared their results with those of the EPA 
Greenhouse Gas Emissions Inventory (GHGI), which is a commonly-used data source for understanding 
natural gas emissions. The emissions estimates in the EPA GHGI, however, are based on data from the 
1990s. As with previous studies (Alvarez et al., 2018), Rutherford et al. generated estimates of CH4 emis-
sions in the natural gas supply chain that greatly exceeded (~80 percent) the EPA GHGI’s estimate. Break-
ing down the reason behind this discrepancy, Rutherford et al. determined that one driving factor was emis-
sions from tanks. Calculated from engineering models in the EPA GHGI but based on measurements in 
Rutherford et al.’s work, these emissions were significantly underestimated in the EPA GHGI.  Rutherford 
et al. noted the lack of tank emissions data as being a significant data gap that requires addressing. Overall, 
Rutherford et al. noted that updated component (e.g., valves, tanks) counts in the natural gas system in the 
United States requires updating from the 1990s inventory that is commonly used, including in the EPA 
GHGI and Rutherford et al.’s work. There is also a pressing, ongoing need to increase CH4 emissions col-
lection at the component level. Building inventory data will cut data gaps and improve sample size and 
representativeness to enable enhanced statistical techniques for inventory building.   

The Greenhouse gases, Regulated Emissions and Energy use in Technologies (GREET) model 
(Argonne National Laboratory, n.d.) is widely used in transportation fuel LCAs and updates the natural gas 
parameters it contains annually. The GREET model’s use of different parameters for upstream natural gas 
leakage is discussed to illustrate their impact on the overall emissions for natural gas, not as an endorsement 
of the model’s validity or to provide a central estimate for natural gas emissions. The 2021 GREET release 
uses a combination of data from Rutherford et al. (2021) and Alvarez et al. (2018) as its default values for 
natural gas pathways, rather than values from the EPA GHGI, because of the growing recognition that the 
latter data source underestimates CH4 emissions in the natural gas supply chain. Changing the CH4 leakage 
assumptions in the GREET model can illustrate the overall impact in natural gas LCA results when using 
parameters from EPA GHGI or from the literature (Rutherford et al., 2021; Alvarez et al., 2018). The dif-
ferences cause a ~40 percent difference between the two emissions estimates. 

Together, these estimates suggest CH4 emissions rate is one of the most critical parameters in an 
LCA of natural gas and products or fuels made from it. Judicious, transparent selection with a well-docu-
mented rationale based on the most recent inventory data is essential. As shale gas grows to comprise a 
larger share of domestic natural gas production, additional data collection may be necessary to characterize 
its contribution to natural gas life-cycle emissions more broadly.  

Another complicating aspect of natural gas LCA is co-product handling. Natural gas is often co-
produced with oil and natural gas liquids in ratios that are highly regionally dependent. For example, in the 
Eagle Ford Shale, wells can range from nearly entirely dry (i.e., producing almost entirely natural gas) to 
producing a mix of the three co-products (Chen et al., 2019).  

The above-described emissions must be allocated among these products. One option for allocation 
is energy allocation because all products are used as energy carriers; this may create some inconsistency 
for instances where a co-product is a chemical input (see Allocation section, Chapter 6). Market value 
allocation would also be possible but is complicated by substantial fluctuations in the market values of the 
various co-products. Another option is to allocate each supply chain element’s emissions to each product 
depending on whether that element is necessary to produce that co-product. In this approach, for example, 
emissions from tanks storing condensate oil would only be assigned to the oil. Furthermore, emissions 
could be evaluated at scales ranging from individual gas processing plants to regions within a basin, and at 
the basin-level. Chen et al. (2019) investigated the effects of co-product handling and choice of scale in 
these systems in the Eagle Ford Shale and reported that differences in GHG emissions per MJ of energy 
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product could be up to 25 percent different depending on choice of co-product allocation technique. Ac-
cordingly, there is a need for consistent and transparent methodologies and metrics in co-product allocation 
approaches in natural gas LCA. For example, if emissions are assigned only to the natural gas product as 
opposed to across all co-products within a basin, natural gas emissions will be reported as significantly 
higher (again, depending on the amount of co-products) than if emissions are allocated among all co-prod-
ucts (Allen et al., 2021). 

As Grubert and Brandt (2019) illustrate, choice of GWP in LCAs of natural gas can have a profound 
effect on results. The choice of GWP for CH4 can have a large impact on the final CO2e emissions impact 
of natural gas, even when applied to relatively small quantities of CH4 leakage. First, the estimate of CH4 
GWP has evolved over the years in Intergovernmental Panel on Climate Change (PICC) reports based on 
enhanced scientific understanding (Figure 7-8). Further, it is possible to use a GWP in calculations that 
account for climate–carbon feedback. Finally, the choice of using a 20-year or 100-year GWP has a signif-
icant impact on results. Choice of GWP must be clearly documented in an LCA of natural gas and, ideally, 
results will be reported for both 20- and 100-year GWPs to show results’ sensitivity to this choice. 

Limited supply chain GHG emissions from natural gas systems are relatively straightforward to 
identify. Extended supply chain and market-mediated effects that influence GHG emissions are more chal-
lenging. Increased production of ethane as a co-product of natural gas has led to this natural gas liquid’s 
main use as a feedstock for ethylene. This has some effect on petroleum refinery configuration and emis-
sions. Oil produced from natural gas fields could serve as a tie-over as the nation transitions to increased 
electrification and could prolong dependence on liquid fuels made from fossil carbon. The natural gas mar-
ket is tied closely to heating and power generation; the increased use of natural gas as a transportation fuel 
could drive up prices leading heating and power generation to turn to other energy sources, which could 
include biomass or coal in addition to renewables. 
 
 

 

FIGURE 7-8 Evolution of the IPCC estimate of methane global warming potential from 1990 to 2021. 
SOURCE: Reproduced from data in the IPCC Sixth Assessment Report. 
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Several factors complicate natural gas LCA, including spatial variability in the amounts and types 
of co-products produced and CH4 emissions from venting, flaring, and leaking. These facets of natural gas 
systems will evolve over time as wells age, new wells are drilled, and industry adopts emissions-reducing 
practices. 

 
Conclusion 7-2: More emissions inventory data from natural gas systems are needed, particularly 
regarding emissions from storage tanks. 
 
Conclusion 7-3: The share of natural gas extracted from shale as a share of overall domestic con-
sumption in the United States has increased rapidly and additional research and data collection will 
be necessary to better understand its production process and climate implications.  
 
Top-down emissions estimates for the natural gas industry collected using satellites and field meas-

urements often capture irregular or unintended emissions of CH4 along the supply chain that may be ex-
cluded from bottom-up assessments. As more component-level emissions measurements are collected, 
there may be increasing ability to reconcile top-down and bottom-up emissions estimates. 

Additional research and data collection are necessary for the LCA community to inform the judi-
cious and consistent selection of natural gas LCA parameters and methods. 

 
Conclusion 7-4: Assumptions on co-product handling methods have broad implications on natural 
gas LCAs. Additional research and data collection on industry practices can assist in the under-
standing of choice of co-product handling for natural gas production.  
 
Conclusion 7-5: The selection of methane emissions leakage rate within an LCA has profound 
impacts on the overall estimated climate impact of natural gas production. Additional research and 
data collection is necessary to identify representative leakage rates for the natural gas industry and 
is essential to enable comparison of natural gas LCA across studies. 
 
Recommendation 7-2: Further research should be done on the key parameters used to assess the 
climate impacts of natural gas production, such as methane leakage rates. These parameters will 
evolve as technology advances, data availability increases, and statistical methods may be used to 
translate the additional data into improved emissions estimates. 
 
Recommendation 7-3: Further research on the climate impacts of natural gas production should 
draw upon real world activity data in part supplied by the natural gas industry and in part from 
independent studies using satellite and remote sensing technology to improve methane emissions 
rate estimates; these should be revisited frequently— at least every five years. 

 
As described previously, hydrogen can be made from steam-methane reforming or authothermal 

reforming of CH4 with (blue) or without (grey) CCUS. Currently, global CCUS capacity is limited to a few 
relatively small demonstration projects.  In the case of blue and grey hydrogen, the LCA issues pertaining 
to natural gas as outlined in the previous section can significantly influence hydrogen LCA results.  

For the proposed blue hydrogen schemes, the approach to handling CCUS is critical. It should be 
noted that CO2 emissions are in both the steam-methane reforming and authothermal reforming product 
stream and flue stream. CO2 is more difficult to capture in the latter case because it is less pure. Therefore, 
the rate of CO2 capture should be specified explicitly for each stream that contains CO2 so that a holistic 
rate of CO2 capture is reported. This should hold true regardless of the location of CO2 capture (e.g., prior 
to or at the flue gas outlet). Further, the ability of technology to capture CO2 is improving with rates pre-
dicted to reach 90 percent in the future. Currently, rates at existing blue hydrogen facilities, which number 
only four, range from 29 percent to 43 percent (Gorski et al., 2021). The level of CO2 capture from emis-
sions streams accordingly will affect life-cycle GHG emissions of blue hydrogen. The use of present-day 
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measured CO2 capture rates rather than assumed future values has a significant impact on the net GHG 
savings associated with blue hydrogen (Howarth and Jacobson, 2021). Other emission sources in steam-
methane reforming and authothermal reforming include combustion of fuel to provide energy to the facili-
ties, including, potentially, for operation of CCUS processes. The source of energy used for steam-methane 
reforming or authothermal reforming influences the life-cycle GHG emissions of blue hydrogen. 

Other relevant LCA issues include the permanence of sequestered CO2 in carbon capture and stor-
age systems. Given that carbon capture and storage systems are relatively young, it is unclear how much 
leakage may occur in the future. Furthermore, treatment of sequestered carbon in carbon capture and storage 
systems has come under great scrutiny in the LCA community (Corsten et al., 2013). For example, it has 
been suggested that no emissions avoidance credit should be taken by the product system that uses CCUS 
for the CO2 that is stored underground (Singh, 2021). 

If the captured CO2 in a blue hydrogen facility is converted into a second product (e.g., algae-
derived fuel, polyol, or other chemical), LCA issues pertaining to carbon capture and utilization must come 
into play as described in a previous report (NASEM, 2018) and by von der Assen et al. (2013). In this 
instance, a co-product allocation method has to be selected to manage the division of energy and emissions 
burdens between the co-produced hydrogen and product derived from carbon capture and utilization. 

Green hydrogen is to be primarily made using electrolysis powered by renewable electricity. The 
emissions attributable to this pathway take into account any energy consumption and associated emissions 
for delivering and purifying the water. One key uncertainty in the LCA of green hydrogen is whether the 
renewable electricity that is assumed to be used in its production is “additional.”  That is, it is desired that 
demand from electrolyzers for renewable electricity does not divert that electricity from other uses.  If that 
occurred, the overall demand for electricity would rise. Accordingly, increased generation, potentially from 
fossil fuels like coal and natural gas, would be necessary. This renewable electricity additionality is a re-
quirement in the European Union Hydrogen Strategy, which specifically states that additionality of the 
renewable energy used to make green hydrogen should be verified (Pototschnig, 2021). In the absence of 
additionality requirements or measures to ensure that renewable electricity is used to produce green hydro-
gen, the upstream GHG emissions attributable to fossil fuels in the grid would be attributed to the hydrogen 
and can therefore greatly increase its assessed emissions.9  

There are several methods to demonstrate the additionality of renewable electricity used to produce 
green hydrogen. One way to ensure that renewable electricity is used to produce green hydrogen is to phys-
ically connect electrolyzers to solar or wind power as their sole power source. A second is to use a power 
purchase agreement or similar certification to link the production of green hydrogen and the generation of 
renewable electricity. However, the electrolyzers could consume electricity at a time when no electricity 
produced from renewable resources are provided to it. This type of certification could have varying levels 
of effectiveness; for example, the eligibility may require that the renewable electricity is not incentivized 
by any incentives beyond the power purchase agreement held by the green hydrogen producer. A final 
option is to produce green hydrogen during hours when only renewable electricity is produced as the mar-
ginal electricity source. In any case, proving additionality of renewable electricity that is used in green 
hydrogen production is complex (Bracker, 2017), and no best practice has been established. In LCA, a 
consequential framework would be best able to handle shifts in electricity generation in response to in-
creased demand from electrolyzers. Attributional LCAs may adopt an average grid CI or assume renewable 
electricity is used in the production of green hydrogen as a means of comparing the CI of green hydrogen— 
assuming it is indeed produced using renewable electricity— against other fuels. 

The main factors that influence blue hydrogen GHG emissions are the energy source for steam-
methane reforming or authothermal reforming and the carbon capture efficiency, along with parameters 
used to model upstream natural gas production. The main factors that influence green hydrogen emissions 
are the additionality of the electricity used for green hydrogen production.  
 

 
9 EIA, 2020. Green Hydrogen: A Guide for Policymaking. See https://www.irena.org/-/media/Files/IRENA/Agency/ 
Publication/2020/Nov/IRENA_Green_hydrogen_policy_2020.pdf. 
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Conclusion 7-6: The life-cycle emissions attributable to green hydrogen are sensitive to assump-
tions on the upstream source of electricity used for electrolysis, as the difference in emissions be-
tween hydrogen produced from renewable electricity and even grid-average electricity is substan-
tial.  
 
Recommendation 7-4: To ensure renewable electricity is supplied via the grid to produce green 
hydrogen in the context of an LCFS, certification is necessary to ensure that the source of the elec-
tricity and its additionality.   
 
Recommendation 7-5: In the context of an LCFS, LCAs of hydrogen should be well documented 
with choices of key parameters supported with facility-measured data or well-supported citations 
from the literature. These key parameters include the choice of energy source for steam-methane 
reforming or authothermal reforming, the carbon capture level from the waste gaseous stream, 
source of upstream electricity, and the rate of methane or CO2 leakage. Where relevant, the ap-
proach to quantifying emissions of upstream natural gas production should align with those used 
elsewhere in an LCFS for other fuels produced from natural gas.  
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8 
Aviation and Maritime Fuels 

 
AVIATION FUELS 

 
The life-cycle climate impacts of aviation fuels have been evaluated in the academic literature and 

as part of regulatory assessments for several fuel policies. There has been analysis of both conventional, 
petroleum-derived jet fuel and of a variety of alternative fuels produced through a wide array of conversion 
processes (i.e., alternative aviation fuels). In this section, the term “alternative aviation fuels” (AAFs) is 
used to refer to alternatives to conventional fossil aviation fuel. The term “sustainable aviation fuels” has 
been commonly used to describe alternative (non-petroleum) aviation fuels and is used in some policy 
contexts to refer to aviation pathways that satisfy certain sustainability criteria. However, this term in a 
general context may not necessarily indicate environmental benefits. Therefore, the term “sustainable avi-
ation fuels” is not used in this report because it suggests an endorsement of the environmental benefits for 
all non-petroleum aviation fuels. For the purposes of evaluating the climate impacts of AAFs within fuels 
policies, this section discusses several key areas that may require special consideration beyond the ap-
proaches used for alternative fuels used in other sectors: (1) the non-carbon dioxide (CO2) effects of aviation 
fuels when combusted at high altitudes, (2) the impacts of alternative fuels on airplane efficiency, and (3) 
the impact of a flexible product slate on the life-cycle emissions calculations for aviation fuels. Some of 
these effects are discussed further in the subsequent sections.  

The standards organization American Society for Testing and Materials (ASTM) International has 
certified seven types of AAFs under its ASTM D7566 standard; this certification ensures the physical and 
chemical characteristics of fuels and their operational performance up to a specific blend level for each fuel 
(Prussi et al., 2021). Key criteria include composition, volatility, and stability; these fuels are suitable for 
commercial use as “drop-in” fuels when blended with conventional jet fuel up to their maximum blend 
level. ASTM International certification does not determine the technology-readiness level or sustainability 
of certified fuels. An overview of the ASTM International–approved and pending approval upcoming AAF 
pathways and their likely feedstocks is provided in Table 8-1. In addition to liquid fuels, energy supplied 
by electricity and hydrogen to alternative airframe designs can also be considered an AAF, though these 
technologies do not go through the ASTM International liquid fuel certification process (Viswanathan et 
al., 2022). Given that each pathway may utilize different feedstocks with varying environmental implica-
tions, a life-cycle analysis (LCA) is used to evaluate the impacts of each pathway relative to petroleum jet 
fuel, as well as to assess the impacts of different feedstocks of the production systems within each pathway. 

Prior LCAs of AAFs have used a variety of analytical approaches and scopes, with a wide variation 
in results based on the authors’ assumptions and methodology. Across the literature, a major source of 
variation in the emissions estimates for AAFs is associated with the types of feedstocks; within a given 
conversion pathway, there are often some variations in emissions outcomes as across different conversion 
pathways. As shown in Table 8-2, most analyses have taken a primarily attributional approach, estimating 
on the energy and emissions directly attributable to feedstock production through to final use, without at-
tributing market-mediated effects to AAFs. We note that the existing literature largely consists of attribu-
tional analyses and relatively few consequential assessments of the impact of AAFs; this is a limitation 
within the literature and is not meant to imply that market-mediated emissions or the consequential LCA 
(CLCA) approach in general are not an important consideration in the assessment of AAFs. The ratio of 
attributional LCA (ALCA) to CLCA approaches in Table 8-2 may not represent the importance or signifi-
cance of the CLCA approach for AAFs. Across the literature, allocation approaches vary considerably by 
study; in some cases, studies utilize process-level allocation, wherein the allocation approach may vary 
depending on the life-cycle stage. For example, the impacts of producing biomass co-products such as soy 
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oil and soy meal may be allocated on a mass basis, whereas the products from a bio-refinery may be allo-
cated on an energy basis. Some studies, such as Han et al. (2017), utilized a system expansion approach to 
attribute impacts from co-products with a different performance metric than energy, such as for the dried 
distillers’ grains with solubles co-products of corn alcohol to jet production. Many studies described in 
Table 8-2 include a sensitivity analysis to illustrate the impact of allocation assumptions on their emissions 
estimates. The Allocation section (Chapter 6) provides additional background on the methodology of allo-
cation and its role in LCA. 
 

Carbon Offsetting and Reduction Approaches 
 

Several fuels policies also incorporate the LCAs of aviation fuel climate impacts, which are exam-
ined in the following sections.  
 
 
TABLE 8-1 Summary of Approved and Pending Alternative Aviation Fuel Production Pathways 

Fuel 
Blend 
Level Typical Feedstocks Status 

Hydroprocessed esters and fatty acids synthetic 
paraffinic kerosene (HEFA-SPK) 

50% Vegetable oils; waste fats, oils and 
greases 

Approved in 2011 

Hydroprocessed fermented sugars to synthetic 
isoparaffins (HFS-SIP) 

10% Sugar crops Approved in 2014 

Fischer-Tropsch synthetic paraffinic kerosene 
with aromatics (FT-SPK/A) 

50% Lignocellulosic crops, residues and 
wastes 

Approved in 2015 

Alcohol to jet synthetic paraffinic kerosene 
(ATJ-SPK) 

50% Starchy and sugary crops; 
lignocellulosic crops, residues and 
wastes; industrial flue gases 

Approved in 2016 

Co-processing in petroleum refinery N/A Vegetable oils; waste fats, oils and 
greases 

Approved in 2018 

Fischer-Tropsch synthetic paraffinic kerosene 
(FT-SPK) 

50% Lignocellulosic crops, residues and 
wastes 

Approved 2019 

Catalytic hydrothermolysis synthesized 
kerosene (CH-SK, or CHJ) 

50% Vegetable oils; waste fats, oils and 
greases 

Approved in 2020 

Integrated hydropyrolysis and hydroconversion 
(HC-HEFA-SPK) 

10% Lignocellulosic crops, residues and 
wastes 

Approved in 2020 

High freeze point hydroprocessed esters and 
fatty acids synthetic kerosene (HFP HEFA-SK 
or HEFA+) 

10% Vegetable oils; waste fats, oils and 
greases 

In progress 

Hydro-deoxygenation synthetic aromatic 
kerosene (HDO-SAK) 

N/A Starchy and sugary crops; 
lignocellulosic crops, residues and 
wastes 

In progress 

Alcohol-to-jet synthetic kerosene with 
aromatics (ATJ-SKA)   

N/A Starchy and sugary crops; 
lignocellulosic crops, residues and 
wastes 

In progress 
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TABLE 8-2 Sample of Published LCAs of Aviation Fuels (inclusion in this list does not imply 
endorsement by this committee) 

Study Fuel Pathways Feedstocks Region 
LCA 
Methodology 

Co-Product Handling 
Methods 

Stratton et al. 
(2010) 

Conventional jet 
fuel, HEFA-SPK, 
FT-SPK 

Crude oil (average, ultra- low 
sulfur, oil sands, oil shale), 
soy, palm, rapeseed, jatropha, 
algae, Salicornia, coal, natural 
gas, switchgrass 

United States Process-based 
attributional 

Primarily energy 
allocation. Sensitivity 
analysis of other 
methods. 

Elgowainy et 
al. (2012) 

HEFA-SPK, FT-
SPK, pyrolysis-to-
jet 

Crude oil (conventional, oil 
sands, average mix), natural 
gas, coal, soy, corn stover, 
algae 

United States Process-based 
attributional 

Process-level 
allocation, primarily 
energy allocation with 
system expansion for 
some co-products. 

Han et al. 
(2013)  

HEFA-SPK, FT-
SPK, pyrolysis-to-
jet 

Crude oil, coal, jatropha, 
rapeseed, camelina, soy, 
palm, corn stover 

United States Process-based 
attributional 

Primarily energy 
allocation. Sensitivity 
analysis of other 
methods. 

Cox et al. 
(2014) 

HEFA-SPK,  
HFS-SIP 

Algae, pongamia, sugarcane 
molasses 

Australia Process-based 
attributional 

Economic allocation, 
with system expansion 
as a sensitivity 
analysis. 

Staples et al. 
(2014) 

ATJ-SPK  
HFS-SIP 

Corn, sugarcane, switchgrass United States Process-based 
attributional 

Economic allocation, 
with system expansion 
as a sensitivity 
analysis. 

Seber et al. 
(2014) 

HEFA-SPK Used cooking oil, tallow United States Process-based 
attributional; 
comparison of 
tallow as a by-
product vs. a co-
product via 
sensitivity 
analysis 

Primarily energy 
allocation. Sensitivity 
analysis of other 
methods. 

Moreira et al. 
(2014) 

HFS-SIP Sugarcane Brazil Process-based 
attributional with 
consequential 
ILUC added. 

System expansion 

DeJong et al. 
(2017) 

HEFA-SPK. FT-
SPK,ATJ-SPK,  
HFS-SIP, 
Pyrolysis-to-Jet, 
Hydrothermal 
Liquefaction,  

Used cooking oil, jatropha, 
camelina, willow, poplar, corn 
stover, forestry residues, corn, 
sugar cane   

European 
Union 

Process-based 
attributional 

Primarily energy 
allocation with hybrid 
displacement approach. 
Sensitivity analysis of 
other methods. 

Han et al. 
(2017) 

ATJ-SPK 
STJ 

Corn, corn stover United States Process-based 
attributional 

Hybrid approach 
(energy and system 
expansion) 

Suresh et al. 
(2018) 

FT-SPK MSW United States Primarily process-
based 
attributional; 
includes indirect 
emissions for 
avoided methane 
at landfills 

Primarily energy 
allocation. Sensitivity 
analysis of other 
methods. 

continued 
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TABLE 8-2 continued 

Study Fuel Pathways Feedstocks Region 
LCA 
Methodology 

Co-Product Handling 
Methods 

O’Connell et 
al. (2019) 

HEFA-SPK, FT-
SPK, pyrolysis-to-
jet 

Rapeseed, sunflower, 
soybean, palm, forest 
residues, short-rotation forest, 
wheat straw 

European 
Union 

Primarily process-
based 
attributional; use 
of marginal 
production values 
and discussion of 
ILUC 

Primarily energy 
allocation. Sensitivity 
analysis of other 
methods. 

Wang et al. 
(2021) 

HEFA-SPK, 
FT-SPK, 
ATJ-SPK, 
pyrolysis jet, 
catalytic sugars-
to-hydrocarbons 

Soy, palm, canola, jatropha, 
camelina, corn oil, algae, 
corn, agricultural residues, 
forest residues, lignocellulosic 
energy crops, coal, natural 
gas, biomethane, electricity 

United States Process-based 
attributional; 
consequential 
option for ILUC 
emissions via 
CCLUB 

Process-level 
allocation. Option for 
energy, mass, market 
value and 
displacement. 

Prussi et al. 
(2021) 

HEFA-SPK, FT-
SPK, ATJ-SPK, 
HFS-SIP 

Soy, palm, canola, camelina, 
corn oil, algae, agricultural 
residues, forest residues, 
MSW, lignocellulosic energy 
crops 

United States, 
European 
Union, Brazil, 
Southeast Asia 

Process-based 
attributional 
analysis with 
consequential 
ILUC assessment 

 Energy allocation 

NOTES: Inclusion in this list does not imply endorsement by this committee. ATJ-SPK = alcohol-to-jet synthetic 
paraffinic kerosene; CCLUB = Carbon Calculator for Land Use and Land Management; FT- SPK = Fischer-Tropsch 
synthetic paraffinic kerosene; HEFA-SPK = hydroprocessed esters and fatty acids synthetic paraffinic kerosene; HFS-
SIP = hydroprocessing of fermented sugars—synthetic iso-paraffinic kerosene; ILUC= indirect land use change; 
MSW = municipal solid waste; STJ = sugar-to-jet. 
 
 
The Carbon Offsetting and Reduction Scheme for International Aviation 
 

The Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA) was developed 
and adopted by the International Civil Aviation Organization (ICAO) to reduce and offset a portion of the 
growth in greenhouse gas (GHG) emissions for international aviation. This offsetting scheme includes an 
assessment of the life-cycle emissions of a selection of various qualifying AAFs (ICAO, 2019; Prussi et al., 
2021). These default values are intended to provide an accounting method for tracking some GHG reduc-
tions from petroleum displacement through the use of AAF, and are not presented as reflecting the view of 
this committee. In CORSIA, GHG emissions reductions may be generated by subtracting the life-cycle 
emissions for AAFs from the fossil fuel baseline, calculated as 89 gCO2e for jet fuel and 95 gCO2e/MJ for 
aviation gasoline. More information on the variation in upstream carbon intensity (CI) of fossil fuels is in 
Chapter 7. 

The methodological approach for LCA in CORSIA is summarized by Prussi et al. (2021) and pre-
sented in detail in ICAO (2019). The assessment takes a primarily attributional approach using energy 
allocation, in addition to a consequential induced land use change (ILUC) (as described by CORSIA) as-
sessment for each crop-based fuel pathway. Emissions estimates from each pathway are broken into emis-
sions values for “core LCA values” and “ILUC LCA value.” The core-LCA reflects the attributional emis-
sions for each fuel, from its feedstock production through to final combustion. The ILUC assessment is 
based on a set of pathway-specific demand shocks input into the Global Trade Analysis Project BIO 
(GTAP-BIO) and the Global Biosphere Management (GLOBIOM) economic models, which reflect policy 
demand for a mix of alternative jet and road transportation biofuels co-products. Added together, the default 
core-LCA and ILUC emission factors for pathways can be compared to the fossil fuel baseline to determine 
a fuel’s eligibility relative to the 10 percent GHG reduction threshold for CORSIA eligibility.  

CORSIA has defined a set of sustainability criteria. According to these criteria, an eligible AAF 
cannot be produced from feedstock “made from biomass obtained from land converted after 1 January 2008 
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that was primary forest, wetlands, or peat lands and/or contributes to degradation of the carbon stock in 
primary forests, wetlands, or peat lands as these lands all have high carbon stocks” (CORSIA, 2021). 
CORSIA also obligates AAF producers to also determine direct land use change (LUC) emissions for eli-
gible land conversions that occurred after January 2008 and replace ILUC emissions with direct LUC emis-
sions in cases where the estimated direct LUC is larger than ILUC. This approach, though implemented as 
a safeguard, may nevertheless ignore some ILUCs. 

On the other hand, CORSIA suggests that certain land types, land management practices, and in-
novative agricultural practices can be considered to contribute to low risk for land area change. As a result, 
aviation feedstocks produced from these lands, upon check and verification, can receive a value of zero for 
ILUC in the LCA of a batch of fuels. 

CORSIA specifies two approaches for low LUC risk aviation fuel feedstock production: the Yield 
Increase Approach, and the Unused Land Approach. For the Unused Land Approach, CORSIA (ICAO 
2019, 10-11) states: “Eligible lands for the unused land approach could include, among others, marginal 
lands, underused lands, unused lands, degraded pasture lands, and lands in need of remediation.” In order 
to qualify as sustainable aviation fuel feedstock under the low land use risk category, certification is re-
quired by one of the CORSIA approved certification schemes. The certification schemes, in turn, work with 
CORSIA on the technical implementation of the policy. As a result, technical documents have been sub-
mitted to CORSIA to evaluate which types of land could in practice qualify under the low LUC risk land 
category. For example, a report by the University of Illinois at Chicago and Southern Illinois University 
Edwardsville (Mueller et al., 2021) explored qualifying reclaimed coal mining land for the carbon credits 
under this category. The low LUC risk categories as implemented within CORSIA are policy instruments 
intended to promote low LUC GHG values of a fuel produced within this framework, though their precise 
impact on emission remains uncertain.  

CORSIA is unique as it is a global rather than national or regional low-carbon transportation policy 
effort. Therefore, when it came to ILUC modeling its guiding technical committee, the Committee on Avi-
ation Environmental Protection (CAEP), had to oversee and negotiate the use of a larger range of possible 
models and input parameters than was the case for past national efforts. On the one hand, multiple models 
can reduce methodological uncertainties. The CORSIA “Life Cycle Assessment Methodology Document” 
states: “Because no model can pretend completeness of the representation, the comparison of different 
model results can help address model design uncertainty.” On the other hand, differing results and param-
eters had to be reconciled as part of the CORSIA LCA process. CORSIA’s ILUC modeling is based on two 
economic models, the GTAP-BIO developed at Purdue University and the GLOBIOM model developed 
by the International Institute for Applied Systems Analysis in Austria. These models represent two very 
different modeling approaches. The results from both models were reviewed by ICAO’s Fuels Task Group 
experts and reconciled into default ILUC values. The alignment between the two models varied across the 
17 pathways reported by Prussi et al. (2021). In most cases, the differences were relatively small and close 
across the two models. Therefore, the average of the model’s results for each of these pathways has been 
adopted as the default ILUC value. However, for other pathways results were significantly different across 
the two models. For these pathways, after a review process, the Fuels Task Group assigned the lower of the 
two ILUC values from the modeling and added an adjustment factor of 4.45 gCO2e/MJ.  
 
The U.S. Renewable Fuel Standard  
 

The U.S. Environmental Protection Agency (EPA) has also assessed the LCA emissions of various 
AAFs pathways to determine their eligibility under the Renewable Fuel Standard (RFS). Approved path-
ways include hydroprocessed esters and fatty acid fuels produced from soy, algae, waste fats, oils and 
greases, camelina, corn oil, and sorghum oil (EPA, n.d.). Within the RFS, these fuels’ life-cycle emissions 
have been assessed by EPA and meet, according to EPA’s methods, a 50 percent GHG reduction threshold 
in 2022 relative to the diesel comparator of 94 gCO2e/MJ, including the impacts of ILUC; they are eligible 
for D4 and D5 Renewable Identification Numbers (see Chapter 3) as either biomass-based diesel or ad-
vanced biofuel, respectively.  
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The California Low-Carbon Fuel Standard 
 

The California low-carbon fuel standard (CA-LCFS) was amended in 2019 to include aviation 
fuels. Unlike petroleum fuels used in the road sector, jet fuel is not subject to the CA-LCFS regulation and 
does not generate deficits. Rather, the production and blending of AAFs can generate credits as an “opt-in” 
fuel; credits are generated by subtracting the AAF’s CI from benchmarks calculated by the California Air 
Resources Board (CARB). Starting with a baseline CI of 87 gCO2e/MJ that reflects the average CI of jet 
fuel consumed in California, the jet fuel benchmark remains fixed at the 2010 baseline CI for conventional 
jet fuel, with a zero percent reduction in each year, until the benchmark for diesel substitutes declines below 
the CI baseline for jet fuel in 2023 (CARB, 2020). From 2023 onward, the CI decline for jet fuel will move 
in parallel with that for diesel fossil fuel.  
 

Non-CO2 Effects of Aviation Fuels 
 

Beyond the climate forcing contributions of conventional GHGs such as CO2, methane (CH4) and 
nitrous oxide (N2O) throughout the life cycle of aviation fuels, jet fuel combustion at altitude may also 
contribute to climate change through other forms of radiative forcing. Incomplete combustion of jet fuel 
may result in nitrogen oxides (NOx) formation, aerosolized sulfates and soot, contrail formation, and con-
tribution to cirrus cloud formation (IPCC, 1999). These emissions, in conjunction with NOx, sulfates, and 
water vapor, may contribute to contrails and increased cirrus cloud formation, together called aviation-
induced cloudiness. Notably, the magnitude and sign of these effects differs substantially—for example, 
sulphate aerosols are a negative radiative forcer whereas contrails provide a net warming effect. Figure 8-
1 illustrates the possible routes that incomplete aviation fuel combustion may contribute to radiative forc-
ing. These impacts may warrant consideration in LCA approaches for aviation fuels, as they are partly 
attributable to the types of fuels combusted; therefore, a portion of these impacts may be attributable to 
fuels. This raises issues of both how to set a baseline for aviation fuels and how to estimate the difference 
in overall climate impact between conventional aviation fuels and AAFs. 

A recent analysis of the cumulative contribution of aviation to the climate through 2018 estimates 
with greater precision the contribution of aviation-induced cloudiness. Lee et al. (2021) estimates that non-
CO2 effects comprise approximately 2/3 of aviation’s current radiative forcing. Figure 8-2 separates out the 
effective radiative-forcing impacts of AAFs into several discrete categories in milliWatts per square meter 
(mW/m2). Each component, which may have either a cooling or a warming effect, is shown with a best 
estimate and a confidence interval. NOx emissions at high altitudes can have a variety of different effects 
that may both warm and cool the atmosphere. Summed together, these impacts add up to 17.5 mW/m2. 
However, the largest contributor to the total impact is contrails and increased cirrus cloud formation, with 
an impact of over 50 mW/m2. When taking into account non-CO2 effects, the CO2 combustion impact of 
aviation alone declines to approximately 34 percent of the total. In particular, the impacts of NOx, soot, and 
contrail formation are estimated to add significantly to the overall climate impact of aviation. 

The aromatic content of jet fuel is strongly correlated to the soot emissions. The aromatic content 
of jet fuel is an important factor in determining its operational performance, as it affects density, boiling 
point, smoke point, and freeze point for the fuel. Aromatic content is limited to a maximum of 25 percent 
and minimum of 8 percent by volume as part of the ASTM International certification for conventional jet 
fuel. Within that range, there may be substantial variation in aromatic content for fossil jet fuel (Hemighaus 
et al., 2006). Reduced aromatic content can generate a decrease in ice crystal numbers in contrails, but also 
an increase in water vapor. The net impact of the change in the fuels’ aromatic content remains highly 
uncertain and requires additional testing and measurement, particularly to quantify the impact of sustainable 
aviation fuel blending. Early research suggests that reduced aromatic content in fuel could lead to a reduc-
tion in optical depth of the contrails, shorter contrail lifetimes, and overall decreased radiative forcing. 
(Bräuer et al., 2021). Klower et al. (2021) parameterized the impact of low aromatic AAFs on contrail cirrus 
formation as a function of the square root of the fossil fuel share, implying that a 50 percent reduction of 
jet fuel aromatic content via AAF blending reduces contrail cirrus radiative forcing by about 30 percent. 
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Reducing aromatic content through lower-aromatic conventional fossil jet fuel or added AAF content could 
therefore reduce contrail cirrus radiative forcing.   

The uncertainty of non-CO2 contributions to the climate impact of aviation may be significantly 
higher than that of CO2 from jet fuel combustion; Lee et al. (2021) estimate that non-CO2 forcing terms 
contribute about eight times more than CO2 to the uncertainty in aviation’s net effective radiative forcing. 
The non-CO2 effects of aviation fuels raise several important questions for LCA of aviation fuels and in 
turn, for aviation fuel policy. 

Though existing LCAs of aviation fuels have generated a set of estimates for the emissions of 
conventional GHGs released from the well-to-wake production and use of aviation fuels, compared to the 
quantity of existing literature on the life-cycle GHG emissions for AAF production, the data are more sparse 
on the non-CO2 effects of AAFs. Preliminary research suggests that lower aromatic content in aviation fuels 
may result in reduced contrail formation (Voight et al., 2021). The magnitude and direction of some effects 
may differ based on the use case, route, and altitude of the flight in question; for example, non-CO2 emis-
sions at stratospheric altitudes from supersonic airplanes would differ from the impacts of subsonic flights 
consuming the same fuel at lower altitudes. 
 
 

 
FIGURE 8-1 The principal emissions from aviation operations and the atmospheric processes that lead to 
changes in radiative forcing components. SOURCE: Reproduced from Lee et al. (2009). Reprinted from 
Atmospheric Environment, Elsevier. 
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FIGURE 8-2 Radiative forcing components in milliwatts per square meter from global aviation as evalu-
ated from preindustrial times until 2018. SOURCE: Reproduced from Lee et al. (2021, Fig. 3). Reprinted 
from Atmospheric Environment, Elsevier. 
 
 

It is challenging to present the non-CO2 impacts of aviation fuel combustion on a consistent basis 
alongside the climate impacts of the fuel cycle, largely due to the different time scales. The fuel cycle is 
dominated by CO2 emissions and thus is not sensitive to assumptions of time horizon; in contrast, the impact 
of non-CO2 emissions is much more sensitive to the assumptions of the time horizon and operating condi-
tions (altitude and atmospheric conditions). Non-CO2 effects have the highest warming impact at short 
time-scales, with the CO2 impact overshadowing other warming effects on longer time scales (Fahey et al., 
2016). Alternative metrics such as global temperature potential (GTP) and average temperature response 
(ATR) suffer from the same problem, as they remain sensitive to assumptions of time horizon (EASA, 
2020). 

Combusting aviation fuels in flight releases CO2 in addition to a mix of other pollutants such as 
soot, water vapor, sulfates, and NOx capable of generating climate impacts by interacting with the atmos-
phere at high altitudes.  

 
Conclusion 8-1: Non-CO2 effects from aviation fuels may be high but remain uncertain. The larg-
est non-CO2 impact from aviation fuel combustion may be aviation-induced cloudiness, with the 
remaining contributions being much smaller. 
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Conclusion 8-2: Reduced aviation fuel aromatic content, whether through processing of fossil fuels 
or blending of alternative aviation fuels  may have beneficial climate effects on non-CO2 emissions. 
However, additional research is necessary to more accurately assess the contribution of non-CO2 
effects from the fuel cycle on a consistent basis with existing LCA of alternative aviation fuels. 
Due to the non-linearity of these effects, additional testing is necessary to evaluate the effect of 
alternative aviation fuel blending on non-CO2 emissions.  
 
Conclusion 8-3: The overall addition of CO2 and NOx to the atmosphere from aviation fuel com-
bustion is well-characterized; however, there is substantial uncertainty on the emissions of sulfur, 
soot, and aviation-induced cloudiness. 
 
Conclusion 8-4: The combustion emissions from aviation fuel are proportional to the quantity of 
fuel consumed. However, non-CO2 impacts are non-linear and do not necessarily correspond pro-
portionally to fuel switching. Furthermore, changes in airplane routing, such as location, altitude, 
and time of day may also influence non-CO2 impacts of aviation.  
 
Recommendation 8-1: Because the non-CO2 effects from aviation fuels remain uncertain, research 
should be done to clarify the magnitude and direction of these effects.  
 
Conclusion 8-5: Though there is evidence that fuel blending can mitigate the impact of some non-
CO2 climate forcing; attributing these impacts to fuel switching in policies may result in inaccurate 
crediting of these fuels. 

 
Impacts of Alternative Aviation Fuels on Aircraft Efficiency 

 
Using alternative fuels or electrification technologies (e.g., batteries or fuel cells) for aviation will 

alter aircraft efficiency if they impact the total weight of the aircraft, which is particularly important during 
takeoff. For example, Bills et al. (2020) illustrated the impact of batteries on aircraft weight in their 2020 
article (see Figure 8-3). During the climb phase of the flight, energy consumption per unit time approxi-
mately doubles relative to the cruise phase of the flight. Because of restrictions on takeoff weight, increasing 
or decreasing the weight of the aircraft through the use of alternative fuels or electrification technologies 
will impact the payload an aircraft is capable of carrying and the maximum range for long flights. The 
length of a given flight will also affect the overall energy use and life-cycle emissions per passenger-kilo-
meter or tonne-kilometer transported; shorter flights will have larger impacts per unit cargo-kilometer be-
cause of the outsized impact that the climb phase will have on total trip-level energy use.  
 
 

 

FIGURE 8-3 Aircraft power profiles and power to energy ratio by flight segment. SOURCE: Bills et al. 
(2020). Reprinted with permission from ACS Energy Letters, American Chemical Society. 
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So far, there is no standard set of aircraft design and flight duration assumptions used by researchers 
or LCA practitioners for comparative analysis of AAFs. For liquid fuels that can be combusted in conven-
tional jet engines, the Breguet Range Equation can be used to estimate the impact of more or less energy-
dense fuels on total aircraft efficiency, given a set of specific aircraft specifications and trip length, as 
illustrated in Baral et al. (2019). In most cases, the fuel savings associated with a more energy-dense liquid 
fuel will be small because these fuels will be blended with conventional petroleum jet fuels. Given the small 
expected differences in aircraft efficiency, comparing emissions savings on a per-MJ higher heating value 
content basis for most AAFs is appropriate. Table 8-3 provides an overview of different fuels and energy 
carriers used in aviation and provides their energy density and density. 

Assigning appropriate functional units when comparing across battery-electric aircraft, fuel cell 
electric aircraft, and aircraft with jet engines running on liquid fuels is more complex. Such cross-compar-
isons have been done in the scientific literature for passenger vehicles by using 1 km or mile traveled by a 
typical sedan as a functional unit (e.g., see Yuksel and Michalek, 2015). Chester and Horvath (2009) simi-
larly explored vehicle-km and passenger-km as different functional units, noting that ridership impacts the 
latter unit on mass transportation modes where ridership may be well under maximum capacity in some 
cases. This approach works well for research applications, where introducing additional complexity is more 
acceptable when that complexity advances the goal of providing the most accurate comparison possible.  
 
 
TABLE 8-3 Comparison of Physical Properties across Different Energy Carriers Used for Aviation 

Energy Carrier/Storage 

Energy Stored per Unit Mass Density (kg/liter) 

Higher heating value 
(MJ/kg) 

Net heat of combustion 
(MJ/kg)  

Jet A  > 42.8 0.775-0.84 

Jet A-1  > 42.8 0.775-0.84 

Jet B  > 42.8 0.75-0.801 

Li-ion Battery Pack (current technology) 

 0.936 (Gray et al. 2021) 2.81 (Gray et al. 2021) 

Hydrogen Fuel Cell (compressed gaseous H2), including storage tank 

 5 (Mukhopadhaya and Rutherford, 2022) 0.04 (Mukhopadhaya and 
Rutherford, 2022) 

Hydrogen Fuel Cell (liquid H2), including storage tank 

 8.5 (Mukhopadhaya and Rutherford, 2022) 0.07 (Mukhopadhaya and 
Rutherford, 2022) 

Alternative Liquid Fuels 

Hydroprocessed esters and 
fatty acids (HEFA) synthetic 
paraffinic kerosene (HEFA-
SPK) 

 43.9 (Huq et al., 2021) 0.73-0.77 (Van Dyk and Saddler, 
2021) 

Alcohol-to-jet SPK (ATJ-
SPK) 

 43.9 (Huq et al. 2021) 0.73-0.77 (Van Dyk and Saddler, 
2021) 

Fischer Tropsch-SPK (FT-
SPK/FT-SPK-A) 

 43.7-44.1 (Huq et al., 2021) 0.73-0.8 (Van Dyk and Saddler, 
2021) 

Limonane 46.32 (Baral et al., 2019) 43.41 (Baral et al., 2019) 0.804 (Baral et al., 2019) 

Bisabolane 46.66 (Baral et al., 2019) 43.76 (Baral et al., 2019) 0.814 (Baral et al., 2019) 

Epi-isozizaane 44.89 (Baral et al., 2019)  42.33 (Baral et al., 2019)  0.929 (Baral et al., 2019)  

RJ-4 45.06 (Baral et al., 2019)  42.59 (Baral et al., 2019)  0.92 (Baral et al., 2019)  

Dimethylcyclooctane  43.82 (Rosenkoetter et al., 
2019) 

0.827 (Rosenkoetter et al., 2019) 
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Conclusion 8-6: The blending of alternative aviation fuels with different energy densities, as well 
as the introduction of alternative technologies such as electric-drive or hydrogen-powered air-
frames, may change the operating weight and efficiency of aircraft. In order to compare the emis-
sions of these alternative fuels to conventional jet fuel on a consistent basis, these changes in effi-
ciency must be taken into consideration. 
 
Recommendation 8-2: Alternative fuels and airframe combinations, particularly those with large 
density differences such as battery electric technology and hydrogen, may impact airplane effi-
ciency and thus influence overall emissions. The comparative LCA of these technologies should 
use functional units based on the transportation service provided or otherwise be based on compar-
ison of consistent transportation services. 

 
Effects of a Mixed Product Slate 

 
Many AAF production pathways generate a variety of hydrocarbons as part of their product slate; 

in some cases, jet fuel is not even the largest share of the end product (either on an energy or market value 
basis) (Pearlson et al., 2013; Stratton et al. 2010). For some AAF processes, such as hydroprocessed esters 
and fatty acids synthetic paraffinic kerosene (HEFA-SPK) and Fischer–Tropsch synthetic paraffinic kero-
sene (FT-SPK), it may be impossible to generate a 100 percent jet product slate. Though these processes 
are currently optimized to maximize the share of middle distillates in their product slate, it may be possible 
in some cases to increase the jet fraction, while simultaneously increasing the share of less-valuable light 
ends such as naphtha and propane (Pearlson et al., 2013). Increasing the jet fraction requires additional 
hydrogen and may therefore increase the overall energy consumption and emissions for a biorefinery. 

For the purposes of an LCA of jet fuel, the operating parameters of a biorefinery that produces jet 
fuel as a part of an overall product slate may have important implications on its climate impact. For exam-
ple, a middle distillate-optimized biorefinery may have a different overall energy consumption and product 
slate than a jet-optimized biorefinery, changing overall emissions and the relative shares of co-products. 

For AAF production pathways that generate both an aviation and a road fuel co-product, maximiz-
ing the share of AAF output requires additional energy and may reduce overall biofuel yields, increasing 
emissions attributable to AAF production. 
 

Conclusion 8-7: There are some variations in the life-cycle emissions attributable to alternative 
aviation fuels at facilities for some fuel pathways, depending on whether they are configured to 
maximize alternative aviation fuel output or to maximize yields of other co-products, such as mid-
dle distillates.  
 
Recommendation 8-3: Alternative aviation fuel LCA estimates developed for fuel policy should 
reflect existing practices at facilities or the expected behavior in response to future policies. 

 
MARITIME FUELS 

 
International goods movement on ocean-going vessels carried 90 percent of international merchan-

dise trade (11 billion tons) in 2016 (Li, 2020). In transporting this large amount of goods, marine vessels 
consume about half of fuel oil demand (IEA, 2020). Fuels for these vessels are undergoing notable changes 
mandated in the International Convention for the Prevention of Pollution from Ships (MARPOL) Annex 
VI treaty. These rules require cuts in fuel sulfur levels from 3.5 percent to 0.5 percent m/m for vessels 
operating outside of designated emission control areas, which have a different set of more stringent emis-
sions limits. They went into effect in 2020 and affect the consumption of predominant marine fuels includ-
ing higher sulfur fuel oil. In 2018, the International Maritime Organization adopted a resolution on the 
initial strategy to reduce GHG emission from ships. It has set targets of 20 percent GHG emissions reduc-
tions from ships in 2020, 40 percent by 2030, and 50 percent by 2050. The method for achieving these 
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targets remains under development. In the meantime, MARPOL Annex VI undoubtedly will influence life-
cycle GHG emissions of marine fuels and goods transport as the marine sector adopts technology to comply 
with it. 

One main MARPOL Annex VI compliance strategy is using low sulfur fuels. Oil-derived options 
include very low sulfur fuel oil and marine gas oil. Refineries are adjusting to the increased demand for 
very low sulfur fuel oil, which is expected to dominate the marine fuel market (IEA, 2020). To produce 
lower sulfur fuels, refineries may install hydrodesulfurization technologies that consume energy and hy-
drogen beyond current levels or produce more distillates to blend with higher-sulfur fuels (Van et al., 2019). 
These changes would influence the life-cycle GHG emissions of oil-derived marine fuels and would vary 
from refinery to refinery. Installing on-board scrubbers that remove sulfur oxides (SOx) from ship exhaust 
streams is a second compliance option. These scrubbers take up space and, if releasing scrubber waste 
streams to the ocean in open loop systems, can have negative environmental consequences. A third option 
is to use liquefied natural gas (LNG), which has a higher calorific value (~20 percent) than liquid fuels, but 
requires vessels to be retrofitted for its use. Current trends indicate existing vessels are more likely to switch 
to lower-sulfur, oil-derived fuels or install scrubbers whereas new vessels may be built to use LNG as a 
fuel (Li, 2020). Using other marine fuels is also an option: see Table 8-4. 

In sum, future climate regulations from the International Maritime Organization may further influ-
ence the mix of fuels supplied to the marine sector. Sulfur regulations such as MARPOL Annex VI are 
already driving changes in the production and use of fuels in the marine sector, including in refineries that 
are experiencing increasing demand for very low sulfur fuel oil. Importantly, marine fuels have similar 
supply chains to other transportation fuels (e.g., aviation, road transport). Unique aspects of their life cycle 
that are relevant to quantifying their emissions primarily come in the operations stage, such as CH4 slip 
from LNG combustion in marine engines. CH4 slip from LNG engines will vary based on the engine type 
and the load profile of the engine (Ushakov, 2019). In general, LCA methodological considerations for 
marine fuels are similar to those for other transportation fuels (Tan et al., 2021). 

 
Conclusion 8-8: Estimating the life-cycle GHG emissions of very low sulfur fuel oil will depend 
upon information about individual refinery choices in meeting marine fuel sulfur requirements. 

 
 
TABLE 8-4 Marine Fuels That Could Be Included in an LCFS 

Fuel Production Routes and Notes 

Higher sulfur fuel oil  Produced from oil refining. Shifts in refinery operations to produce more very low sulfur 
fuel oil that affect production emissions. Higher sulfur fuel oil requires scrubbing, which 
may affect in-use emissions depending on energy consumed for scrubbing operations. 

Very low sulfur fuel oil  

Marine gas oil  

Liquefied natural gas (LNG; 
see gaseous fuels) 

Produced from natural gas extraction and processing. Methane slip from marine vessel 
engines could contribute to use-phase GHG emissions. 

Dimethyl ether Can be produced from various feedstocks including natural gas, other fossil fuels, and 
biomass.  

Methanol Produced from natural gas. Could be produced from biomass or coal 

Hydrogen (see gaseous fuels) Produced primarily from natural gas. 

Ammonia Produced primarily from natural gas. 

Biodiesel (see biofuels) Primarily produced from vegetable oils, fats, oils, greases. Renewable diesel or Fishcer-
Tropsch diesel are also possible biomass-derived fuels. 

Ethanol (see biofuels) Predominantly produced from cornstarch fermentation. 

Biogas (see biofuels) Can be produced from anaerobic digestion, landfills, and other sources. 
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Recommendation 8-4: LCA of oil-derived marine fuels should use new data as available for the 
feedstock conversion life-cycle stage.  A body such as the International Maritime Organization 
should strive to collect data that will enable reliable marine fuel LCAs. 
 
Recommendation 8-5: The baseline life-cycle GHG emissions for marine fuels should reflect cur-
rent industry trends stemming from MARPOL Annex VI and potentially be updated after several 
years’ time once the industry adjusts more fully to the new regulations through, for example, de-
ployment of more liquefied natural gas-fueled vessels. 
 
Recommendation 8-6: Marine fuel pathways should be evaluated with methods that are consistent 
with on-road and aviation fuels while considering unique factors in the oil refining and use phase 
aspects of a marine fuel’s life cycle. 
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9 
Biofuels 

 
This chapter focuses on biofuels for transportation, how they are produced, and how to use life-

cycle analysis (LCA) to assess their climate impacts. First, this chapter briefly summarizes several different 
broad categories of biofuels, either currently in production or near commercialization, and then evaluates 
the types of feedstocks used to produce biofuels. Next the special considerations in the assessment of at-
tributional, supply-chain emissions from biofuel production are discussed. Last, several LCA methodolo-
gies used to assess the market-mediated effects attributable to biofuels are summarized. 

The primary motivating factors to produce biofuels have been to reduce reliance on petroleum 
products, to enhance energy security, and to create new markets for agricultural products. Scarcity and price 
volatility of petroleum fuels provided important early motivation for interest in biofuels, going back for a 
century and peaking during periods of high oil prices or concerns about continued availability. More re-
cently, concern over climate change caused primarily by the combustion of fossil fuels added a new moti-
vation to seek alternative fuels produced from biogenic feedstocks that can in principle reduce greenhouse 
gas (GHG) emissions while also reducing exposure of U.S. consumers to oil price volatility. Market devel-
opment, including price support, for agricultural products has also been a key motivation for biofuel pro-
duction, and agricultural producers have been actively involved in the development and promotion of bio-
fuels (Chambers et al., 1979; Gasparatos et al., 2013; Hill, 2022; Keeney 2009; Khanna et al., 2008; Lark 
et al., 2022; Robertson et al., 2008; Tilman et al. 2009; Tyner and Taheripour, 2007, 2014).  

There have also been long-standing concerns about biofuels, including their contribution to climate 
change and their merits compared to mitigation efforts. This historically took the form of debates over net 
energy balance of different biofuels, and more recently have focused on life-cycle GHG emissions, air 
quality, and water quality. Other concerns include increased costs to taxpayers and consumers, competition 
for land, increased food prices, net energy balance, GHG impacts, and negative impacts on air and water 
quality impacts, biodiversity, and other environmental concerns (Chambers et al., 1979; Gasparatos et al., 
2013; Hill, 2022; Keeney 2009; Khanna et al., 2008; Lark et al., 2022; Robertson et al., 2008; Tilman et al. 
2009).  
 

Potential benefits of biofuels include: 
 Replacing petroleum with a less polluting alternative fuel 
 Reducing exposure of U.S. fuel consumers to oil price volatility 
 Increased demand for agricultural commodities, which is a benefit from the perspective of 

the producers of these commodities and a concern from competing users of the same com-
modities or parties concerned about agricultural expansion. 

 Potential for other environmental benefits 
 
Concerns about biofuels have included: 

 Replacing petroleum with a more polluting alternative fuel 
 Increased costs to U.S. fuel consumers both directly from fuel prices and indirectly through 

federal and state subsidies or mandates. 
 Questions about the full life-cycle impact of biofuels once inputs and emissions from feed-

stock production and conversion are considered. These historically took the form of argu-
ments over net energy balance of ethanol, and more recently have focused on life-cycle 
GHG emissions, air quality, and water quality.  
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 “Food versus fuel” concerns that expanded production of biofuels compete with food con-
sumption, driving up food prices and harming food consumers, especially poor food con-
sumers.  

 Land use change (LUC) due to biofuels, including claims that expanded use of biofuels 
leads to expansion of agricultural acreage at the expense of forest or grassland ecosystems 
in the U.S. Midwest or in the tropics. 

 Potential for other environmental damages 
 

For context in considering these potential benefits and concerns, the policy environment both at 
home and abroad is discussed in this chapter. 
 

BIOFUEL FEEDSTOCKS AND FINISHED FUELS 
 

Categories of Finished Biofuels 
 

At their most basic level, biofuels are composed of molecules that include carbon that was recently 
removed from the atmosphere by photosynthesis, in contrast to carbon originating from fossil resources. 
Though the feedstocks for these fuels are biogenic in origin, their production may use fossil inputs in some 
parts of their supply chain, which must be accounted for in LCAs. Depending on the specific fuel, biofuels 
may be produced from sugars, starches, lipids, cellulose, lignin, and other compounds derived from mixed 
organic waste, or from woody or herbaceous biomass. Liquid biofuels target four markets: gasoline (for 
spark-ignited internal combustion engines), diesel (for compression-ignited internal combustion engines), 
jet fuel (for jet engines), and marine fuel (for compression-ignited internal combustion engines on marine 
vessels). Gaseous biofuels require additional changes to vehicles and engines to accommodate their on-
board storage and use; these fuels also require separate fueling infrastructure. Compressed biomethane, 
derived from biogas produced during anaerobic digestion and sometimes referred to as renewable natural 
gas, can also be used in vehicles that are equipped to run on compressed natural gas. Additionally, hydrogen 
can be produced from biomass through gasification or reforming of biomethane for use in fuel cell vehicles.  
 
Ethanol  
 

The most common biofuel in use currently in the United States is ethanol, which is produced 
through microbial fermentation of sugars and is suitable as a blendstock for spark-ignited internal combus-
tion engines. Ethanol production facilities primarily use yeast to convert sugars to ethanol, namely Saccha-
romyces cerevisiae (also known as brewer’s yeast). S. cerevisiae and other, less common hosts naturally 
produce ethanol under anaerobic conditions, meaning in the absence of oxygen. If the starting feedstock is 
a polysaccharide such as starch, as is the case for the corn ethanol industry, a mixture of enzymes is first 
required to break it down into glucose (C6H12O6). Sucrose (C12H22O11), which is the sugar present in sugar-
cane juice, can be utilized directly by yeast to produce ethanol. One of the challenges facing cellulosic 
biofuel producers is associated with the limited ability of some microbial hosts to efficiently utilize sugars 
derived from biomass. In these cases, a cocktail of enzymes is also required to depolymerize the polysac-
charides present in cellulose and hemicellulose portions of cell walls, such as glucan and xylan, to their 
corresponding monosaccharides. The second-most abundant sugar liberated from plant cell walls is xylose 
(C5H10O5), and common hosts for ethanol production do not naturally utilize five-carbon sugars. Co-utiliz-
ing strains (meaning they utilize both five- and six-carbon sugars) have been developed and are being con-
tinually improved. More advanced hosts are also being developed to utilize other plant-derived monomers, 
including aromatic compounds liberated from lignin (Linger et al., 2014). 

Ethanol in the United States is produced almost exclusively from corn starch, with 15.8 billion 
gallons of production, 14.6 billion gallons blended with gasoline, and net exports of 1.2 billion gallons in 
2019 (U.S. Energy Information Administration, 2019). The volumetric blending rate was about 10.25 per-
cent in that year. At a 10 percent volumetric blend rate, ethanol can be used in most existing fueling stations 
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and combusted in most spark-ignited internal combustion engines without any adjustments. Because etha-
nol’s lower heating value is 21.1 MJ/liter, as compared to a typical gasoline lower heating value of 32.0 
MJ/liter, vehicles deemed “flex-fuel” require modifications to the fuel pump and fuel injection system, as 
well as the engine control module, to account for this difference in heating value and ethanol’s oxygen 
content. These flex-fuel vehicles are capable of using blends of up to 83 percent ethanol in gasoline.1 Flex-
fuel vehicles can run on a blend known as E85 which, contrary to what its name might suggest, is gasoline 
blended with anywhere between 51 percent and 83 percent ethanol by volume. 
 
Biodiesel 
 

Biodiesel (fatty acid methyl esters) is the second most common liquid biofuel produced in the 
United States. Biodiesel is suitable as a neat fuel (100 percent) or for blending with diesel for use in com-
pression-ignited internal combustion engines. It is produced by reacting fats or oils with short-chain alco-
hols such as ethanol or methanol in the presence of a catalyst; this process is called transesterification. The 
result is a 10:1 ratio of biodiesel and glycerin (a co-product). Total production in 2020 was 1.8 billion 
gallons, with 45 percent of that volume being used as a neat fuel and 55 percent used in blends with petro-
leum-derived diesel fuel. Soybean oil is the largest feedstock for producing biodiesel in the United States, 
followed by smaller, roughly equal amounts of corn oil, canola oil, and yellow grease (a waste product). 
Algae are also capable of producing oils suitable for conversion to biofuels, although the cost of production 
and the effort required to lyse the cell walls to extract the oils have hindered commercialization of the 
technology (Cruce and Quinn, 2019). Other organisms can produce oils; for example, oleaginous yeast 
strains can convert sugars to oils, but those cells must also be lysed to recover the product (Sitepu et al., 
2014).  
 
Aviation Biofuels 
 

A wide array of biomass feedstocks including grains, sugar crops, oilseeds, lignocellulosic crops, 
and waste materials can be processed into alternative aviation biofuels via chemical, biological, and hybrid 
biological-chemical routes. These pathways require additional processing, certification and testing to en-
sure that they meet the physiochemical characteristics of conventional jet fuel at certain technology-specific 
blending rates. To date, there are no commercially-approved aviation biofuel pathways suitable for use at 
a 100 percent blend rate, with the maximum allowed share limited to 50 percent. See Chapter 8 for more 
information on approved pathways and relevant life-cycle methodologies. 
 
Biomethane 
 

Biomethane refers to biogenic methane produced from a variety of feedstocks and conversion pro-
cesses, including decomposition in landfills, anaerobic digestion of biogenic wastes and residues, and gas-
ification of biomass in conjunction with a methanation reaction. Depending on the process used to produce 
the biomethane, its purity (i.e., its methane content) can vary significantly; at lower methane concentrations 
(approximately 50 percent), it is typically referred to as biogas. This biogas can be combusted onsite for 
electricity or heat, or alternatively, upgraded to remove impurities such as sulfur and carbon monoxide to 
make it suitable for distribution on the natural gas grid for use in natural gas vehicles or at natural gas power 
plants.  
 
Drop-In Fuels 
 

The term “drop-in fuel” is something of a misnomer because most alternative fuels cannot serve as 
neat replacements for petroleum fuels. However, drop-in fuels do tend to have heating values closer to those 

 
1 See https://afdc.energy.gov/vehicles/how-do-flexible-fuel-cars-work. 
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of conventional petroleum fuels and may be suitable at higher blending levels than, for example, ethanol 
(Taptich et al., 2018). Renewable diesel is an example of a drop-in fuel. Unlike biodiesel, renewable diesel 
can encompass a variety of production processes, including biological or thermochemical, that result in 
hydrocarbons suitable for use in compression-ignited internal combustion engines.2 One of the simpler 
methods for producing renewable diesel is to hydrotreat oils and fats to remove the oxygen molecules (de-
oxygenate). Hydroprocessed esters and fatty acids (HEFA) fuel is produced by a similar process but is 
intended for use as a jet fuel blendstock. Hydroprocessed esters and fatty acids synthetic paraffinic kerosene 
(HEFA-SPK) is produced by hydrodeoxygenation followed by cracking and isomerization of the paraffinic 
molecules to produce molecules of the desired chain length for jet fuels. 

A commonality among renewable diesel and HEFA production processes is the need for hydrogen, 
which is used to deoxygenate the feedstock and isomerize the finished fuel. Therefore, the source of hydro-
gen can influence the emissions attributable to these biofuels, ranging from more emissions-intensive fossil 
hydrogen to alternative sources such as green hydrogen produced using electrolysis of renewable energy 
(more discussion of hydrogen LCA considerations is available in Chapter 7). 
 

FEEDSTOCKS FOR BIOFUEL PRODUCTION 
 

Agricultural Feedstocks 
 

Corn and soybeans are the most common feedstocks currently used to produce biofuels in the 
United States. Corn grain is the primary source of domestic ethanol production and, as mentioned earlier, 
soybean oil is the primary feedstock for domestic biodiesel production. Agricultural residues, such as corn 
stover and wheat straw, are also potential biofuel feedstocks. Sugarcane, while not a major crop inside the 
United States, is an important bioenergy crop globally (mostly in Brazil), and the residues (bagasse and 
trash) can serve as lignocellulosic feedstocks in addition to the sucrose that is currently fermented to pro-
duce fuel. Other types of dedicated so-called energy crops that can be used as biofuel feedstocks include 
energy grasses like switchgrass and Miscanthus, diverse native prairie biomass, and short rotation woody 
crops, although these are not yet produced at commercial scale for biofuels (Field et al., 2020; Tilman et 
al., 2006). Cover crops, which are crops grown primarily for the purpose of maintaining or enhancing the 
productivity of the land between main crop harvests, also can be used as feedstock for biofuel production. 

A key distinction among different agricultural feedstocks is between perennial and annual crops. 
Unlike annual crops which must be replanted each harvest, perennial bioenergy crops may live for a decade 
or longer. Rather than requiring steady inputs each year, perennial crops have increased inputs during es-
tablishment year(s) and reduced inputs once they are fully established. High-yielding perennial grasses like 
switchgrass and Miscanthus, and diverse mixtures of native prairie species, are sometimes credited for their 
potential to restore soil carbon because of the reduced disturbances to soils associated with perennial agro-
nomic practices and because of the substantial accumulation of below-ground carbon in the roots and rhi-
zomes, although this net sequestration does not continue indefinitely. This reduced soil disturbance associ-
ated with perennial crops is also why they are sometimes cited as being appropriate to grow on marginal 
lands that are not suitable for food production (Keeler et al., 2013), although the definition of what consti-
tutes marginal land is hotly debated (Khanna et al., 2021). 
 

Woody Biomass 
 

Woody biomass is one of the most abundant feedstock for bioenergy production in the United 
States. Wood is used to produce pellets, briquettes, and logs, which are often categorized as densified bio-
mass fuel. The total capacity of densified biomass fuel manufactured in the United States is about 13 million 
tons/year, and most of them are for wood pellet production. In the United States, wood pellets are made 
from forest residues from managed forest or wood residues from industrial plants such as sawmills and 

 
2 See https://afdc.energy.gov/fuels/emerging_hydrocarbon.html. 

http://nap.nationalacademies.org/26402


Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels in the United States

Copyright National Academy of Sciences. All rights reserved.

Biofuels  161 

wood product manufacturing facilities. Densified wood pellets in the United States are made from diverse 
feedstocks, including residues from industrial plants (e.g., sawmills and wood product manufacturing facil-
ities and roundwood (also referred as stemwood) harvested from managed forest (about 20 percent of total 
feedstock in 2018) (Lan et al., 2021; Liu et al., 2017a). As a waste material from forest management and 
wood processing activities, forest residues can be a source of biorefineries for biofuel production. LCAs 
have been conducted for biofuels made from forest residues (e.g., Hsu, 2012; Lan et al., 2019; Nie and Bi, 
2018). For roundwood, most of the LCA studies have focused on the solid fuel products instead of liquid 
biofuels (Liu et al., 2017b; Verkerk et al., 2018). 
 

Biomass Wastes and Residues 
 

In addition to purpose-grown crops, biofuels can be produced from wastes and residues of other 
primary products. This category is extremely varied, with a great variety of physical and economic differ-
ences between different wastes and residues, and very different life-cycle implications depending on the 
material in question. Though many feedstocks in this category are lignocellulosic, they may also include 
gaseous feedstocks and lipids. For example, straw and residues typically left on the field or used as animal 
fodder can be converted into biofuel; alternately, biogenic wastes or by-products from industrial processes, 
such as inedible beef tallow or used cooking oil from restaurants can also be converted into biofuel. The 
life-cycle approach to study the impacts of these feedstocks will necessarily vary based on the product in 
question, as discussed in Chapter 6.  
 

Algae 
 

Biofuel can be produced from algae, which is grown in open ponds or in closed photobioreactors 
(Tu et al., 2017). These systems can be located on land that is not used for agriculture; moreover the produc-
tivity per unit land area of algal systems can be high compared to land plants. 
 

KEY CONSIDERATIONS IN BIOFUEL LIFE-CYCLE ANALYSIS 
 

This section assesses several key aspects of life-cycle methods particular to biofuels. First, the ex-
isting methods used to assess the attributional supply chain emissions attributable to purpose-grown bio-
mass feedstocks and the emissions attributable to biorefineries are discussed. Next, is a discussion of several 
market-mediated effects attributable to biofuel policies, and a discussion of existing approaches and meth-
ods to assess the emissions impacts of these effects. Last, the degree to which different market-mediated 
effects have been assessed and factored into existing biofuel policies is discussed.  
 

Attributional Effects of Biofuels 
 
Agricultural Feedstock Production 
 

LCA methods commonly used to estimate GHG emissions associated with crop production in con-
ventional agricultural systems are largely similar regardless of the specific crop in question. Emission 
sources include the production and use of agricultural equipment (e.g., tractors) and fertilizers, herbicides, 
and pesticides. For perennial crops, an average may be taken, or other allocations may be made, across the 
lifetime of the crop to account for year-to-year variations in yields and inputs. An array of land management 
practices can affect emissions associated with feedstock production. These practices include tillage, the use 
of nitrification inhibitors, animal manure application, crop rotation, and cover cropping (Lee et al., 2020). 
Each of these management practices must be evaluated on a life-cycle basis because there can be tradeoffs 
between on-farm emissions and upstream or market-mediated effects. For example, while nitrification  
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inhibitors reduce nitrous oxide (N2O) emissions on-field, GHGs are emitted during their production. Fur-
thermore, the effects of land management practices can vary depending on location given differences in 
soil quality, crop yield, and climate conditions (Hill et al., 2019; Maestrini and Basso, 2018; Qin et al., 
2018). Many of these factors, along with soil properties, also affect N2O emissions from soils, which can 
vary widely (Lawrence et al., 2021; Sathaye et al., 2011; Shakoor et al., 2021). 

There are strong spatial variations in emissions from land management practices for agriculture 
(Adler et al., 2012). Chapter 4 discusses the influence of methodological aspects of spatial effects in more 
detail, including for soil carbon changes that are one of the most important outcomes of land management 
effects.  

Because LCA results are spatially dependent, increasing transparency and availability of public 
data pertaining to agricultural inputs at finer spatial scales may improve LCA parameterization. Currently, 
the U.S. Department of Agriculture publishes critical statistics of farm energy use and fertilizer consump-
tion every five years with yield estimates published annually. More frequent data collection may also high-
light how key parameters such as these change during years with extreme weather events and would facil-
itate statistical and machine learning based approaches to estimating fertilizer and energy consumption 
under different farming conditions (e.g., economic, climate, policy). The finest spatial scale generally avail-
able is county-level given concerns around protecting farmers’ proprietary information. See Chapter 5 for 
a discussion of verification strategies that can be used to develop farm-level feedstock information in the 
absence of publicly available databases. 

There have been numerous examples of estimates of supply chain GHG emissions for conventional 
agriculturally-derived feedstocks using a variety of LCA methods (Hill et al., 2019; Smith et al., 2017). It 
is important to remember that LCA results for feedstocks can vary spatially and temporally because of a 
variety of factors including technological advances, uptake of land management practices, soil characteris-
tics, market conditions, policy changes, and climate change among other factors. Understanding these spa-
tial and temporal variations and how they change over time may be used to improve aspects of estimates of 
biofuel life-cycle GHG emissions and how they evolve with changing climate, market, and policy condi-
tions. 
 

Conclusion 9-1: Improved data on biofuel feedstock production, including energy consumption, 
yield, and fertilizer application at fine spatial resolutions may be useful for some applications. Data 
quality improvements may support improved GHG accounting in biofuel feedstock production, 
especially should a performance-based LCFS be developed that accounts for spatially-explicit fer-
tilizer and energy consumption, and land management practices like cover crop planting, land clear-
ing, overfertilization, manure application, use of nitrification inhibitors, or noncompliance with 
long-term soil carbon storage incentives. 

 
Woody Biomass Production 
 

The GHG emissions associated with the production of woody biomass come from multiple sources, 
including the use of energy and materials (e.g., fertilizers and soil amendments) for forest management, 
harvesting, storage and transportation. Energy-related GHG emissions can be estimated by fuel consump-
tion and the GHG emission factors of each fuel. The fuel consumption depends on wood species and forest 
operations. For example, thinning is a common practice that generates forest residues and is used in the 
United States to address issues such as bark beetles and wildfires (Knapp et al., 2021). Diesel fuels are often 
used for activities involved in commercial thinning, such as felling and bunching, skidding, delimbing, 
debarking, and loading (Markewitz, 2006; McEwan, Brink, and Spinelli, 2019; Oneil et al., 2010). Similar 
activities are involved in logging (in other words, final harvesting), but the diesel inputs are often different. 
The GHG emissions of machinery used for thinning and logging can be estimated by using the diesel con-
sumption data and emission factors of diesel (Lan et al., 2019). 
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Herbicide, fertilizers, and soil amendments used in the forest site preparation and planting generate 
GHG emissions from the applications and upstream production. The data of upstream GHG emissions are 
available in many life-cycle inventory (LCI) databases. These upstream GHG emissions have large varia-
tions, depending on the chemicals and materials used and production technologies. GHG emissions may 
also be generated during and after the application of fertilizers, and may depend on fertilizer type. For 
example, compared to many other nitrogen-containing fertilizers, urea may have lower carbon dioxide 
(CO2) emissions during the production stage but higher CO2 emissions after field application due to the 
CO2 generated after urea hydrolysis (Hasler et al., 2015). The GHG emissions released by fertilizers can be 
estimated by emission factors and application rates (Brentrup et al., 2000). Therefore, the GHG emissions 
related to the materials and chemicals used in forest management need to be transparently reported with 
additional information in production technology, supply chain (e.g., transportation modes), and application 
methods and rates (e.g., in the unit kg/ha). 

The storage of most woody biomass generates GHG emissions from energy use and fugitive emis-
sions. The energy use of woody biomass storage is generally low (Sahoo et al., 2018). Fugitive emissions 
are contributed by chemical and biological degradation, including CO2, methane (CH4), and other volatile 
hydrocarbons (Alakoski et al., 2016; Geronimo et al., 2022), and may vary substantially. The large varia-
tions of fugitive emissions depend on many factors such as the shape and sizes of both biomass and piles, 
moisture control strategies, storage methods, the type of biomass, and the local environment. The research 
on these fugitive emissions is more-limited compared to GHG emissions studied in other stages related to 
woody biomass production. 

The GHG emissions of woody biomass transportation are driven by the weight of biomass, dis-
tances, and energy use. The weight of biomass and distances depend on the biomass supply chain design. 
Centralized design requires the transportation of woody biomass directly to a biorefinery while decentral-
ized design often pretreats woody biomass by drying and/or size reduction for easier and more economic 
transportation (Lan et al., 2021). Main GHG emissions sources are energy that is used for activities such as 
loading, hauling, and transporting (mostly by truck). Transportation GHG emissions can be estimated using 
either energy-based approach discussed previously, or weight–distance based emission factors (e.g., data 
in the USLCI database reported on the basis of 1 t*km). 

The source of wood used affects the GHG emissions of biomass production in several aspects. In 
many cases the feedstocks of biofuels are residues generated from forestry operations or wood manufactur-
ing (e.g., sawdust and barks). As residues are also produced from forestry operations, allocating GHG emis-
sions of forestry operations and other activities between the main products (e.g., logs) and other products 
is often needed, and the allocation methods affect the LCA results (see discussion below on allocation). It 
may be challenging to use system expansion to avoid allocation in this case due to the lack of alternative 
product routes for logs and residues. However, system expansion could be helpful to include counterfactual 
scenarios of alternative uses and/or fates of residues. For example, Lan et al. (2020) explored the counter-
factual scenarios of forest residues. Residues from forest operations are currently either left on site to decay 
are combusted without energy recovery (Booth, 2018). Mill residues are sent to landfills, burned for energy 
recovery, or sold to market to produce other wood products like particleboard (Lan et al., 2020).  These 
counterfactual scenarios could be considered for estimating avoided emissions (see section on Negative 
Emissions), although they are commonly not included in biofuel LCAs using forest residues (Lan et al., 
2021) except for several studies focusing on developing global warming potential (GWP) indicators for 
biogenic CO2 emissions  that consider slow residue decomposition if not collected (Liu et al., 2017a, 
2017b). The source of wood also affects the carbon flows associated with effects related to forest manage-
ment practices. The source of wood determines the forest management and relevant direct GHG emissions 
given the differences in forestry operations for diverse wood species and regional climate.  

The source of wood may have different carbon implications due to changes in land use and forest 
management practices. For example, the wood from afforestation and reforestation brings carbon benefits 
of increased carbon stocks on lands (Favero et al., 2020; Kauppi et al., 2020). The carbon implications of 
using woody biomass for biofuels are complicated, and depends on how the forest and related systems will 
be affected (Klein et al., 2015); see discussion of biogenic emissions accounting in Chapter 6. The use of 
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forest residues may provide financial incentives for using overstocked, low-quality biomass that reduce 
forest wildfires and associated GHG emissions (Verkerk et al., 2018). Excessive removal of forest residues 
affects the forest soil and growth (Achat et al., 2015). The rapid increase of roundwood harvest rate may 
lead to decrease of carbon stock (Pingoud et al., 2020);  however, the increased demand of woody biomass 
could also stimulate new forests and better forest management for additional carbon storage benefits (Cowie 
et al., 2020; Favero et al., 2020). The forest carbon stock changes are closely linked to the biogenic carbon 
issues of forests (see section on biogenic carbon in Chapter 6). Previous studies also show the reduced 
climate benefits if the policy supporting the use of forest reduces timber supply for material applications 
(Favero et al., 2020). Thereforeit is important that a practitioner consider the impacts of using woody bio-
mass on forest management in LCAs. It may be challenging to directly assess the future forest carbon stock 
changes caused by different forest management strategies and under diverse climate change situations. 
However, it is useful to at least explore the potential impacts of key parameters or assumptions of forest 
management practices that could be changed in response to increased demand of woody biomass, such as 
changes in tree species, thinning, residue removal, and forest productivity (Klein et al., 2015). 

In sum, estimates of the GHG emissions from woody biomass production depend on the source of 
wood, forest management (i.e., the application of fertilizers, pesticides, and soil amendments), logistics 
design, and the accounting methods of biogenic carbon. The use of residues and primary product logs from 
the forest sector may lead to different impacts and resulting carbon implications depending on the category 
of woody biomass used and where it is produced, such as carbon emissions or reductions from LUC, chang-
ing forest management practices in response to increased woody biomass demand, and counterfactual sce-
narios of alternative uses and fates of residues. However, data gaps exist in fugitive GHG emissions of 
woody biomass storage. 

 
Conclusion 9-2: Estimates of the GHG emissions associated with biofuels from woody biomass 
depend on the source of wood, forest management practices, and the carbon accounting method. 
 
Recommendation 9-1: Additional research should be done to assess key parameters and assump-
tions in forest management practices induced by increased woody biomass demand, including: 
changes in residue removal rates, stand management and forest productivity, and changes in tree 
species selection during replanting.  
 
Recommendation 9-2: Research and data collection efforts should be carried out for improved 
data and modeling related to forest feedstock production and storage, including energy use, yield, 
inputs, fugitive emissions, and changes in forest carbon stock should be supported. 

 
CARBON EMISSIONS AND SEQUESTRATION FROM BIOREFINERIES 

 
GHG emissions associated with biomass conversion come from multiple sources, including on-site 

combustion of fuels (e.g., fossil fuels, biomass, or byproducts), direct emissions from conversion processes, 
and upstream emissions associated with the production of chemicals, enzymes, and electricity used by bio-
refineries. There may be a key distinction between biogenic (sometimes referred to as “contemporary”) 
carbon and fossil carbon for purposes of carbon accounting—the atmosphere is not affected differently by 
them. Some studies include biogenic carbon emitted in the form of CO2,then balanced with a biogenic CO2 
sequestration credit during the biomass growth phase (e.g., Spatari et al., 2005), while other studies exclude 
them by using the carbon neutral assumption (e.g., Cai et al., 2013; Scown et al., 2012). It is important to 
note that the form of carbon can change in conversion (e.g., carbon as CO2 fixed by photosynthesis but 
released as CH4, with a different GWP. It is critical to clearly identify the individual contributors to GHG 
emissions and sequestration for biomass conversion. If a CO2 sequestration credit is applied to account for 
biomass regrowth, this should be differentiated from any soil organic carbon sequestration credits (or net 
emissions) included in the analysis. GHG emissions from biorefineries can be measured when emission 
monitoring systems are available, and organic carbon testing has been considered in regulations related to 
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biomass content. They can also be estimated using the mass and energy balance data collected from biore-
fineries (primary data), literature (secondary data), or derived from mechanistic process simulations (Huo 
et al., 2009). The energy balances provide energy demand information that can be used together with GHG 
emissions factors of fuels to compute the energy-related emissions (Lan et al., 2020). The energy-related 
emissions can also be estimated by mechanistic modeling for the combustion processes in biorefineries (Cai 
et al., 2018). Depending on the source and quantity of fuel used, the energy-related GHG emissions vary; 
for example, using renewable electricity or increasing the efficiency of a biorefinery could reduce its en-
ergy-related emissions. The mass balance data can provide estimations of process-related GHG emissions 
as they are parts of gas outputs of biorefineries.  

Process-related GHG emissions can be estimated by theoretical estimations or mechanistic process 
models, and these emissions are often process- and technology-specific. For example, ethanol biorefineries 
generate significant biogenic CO2 emissions in the fermentation process, which was estimated to be 45 
Mt/year for 216 existing biorefineries in the United States (Sanchez et al., 2018) using an emission factor 
of 2853 metric ton of CO2/million gallons of ethanol produced. Such an emission factor was estimated 
based on the stoichiometry of converting glucose to ethanol and CO2 (Hornafius and Hornafius, 2015). 
Another example is biomass gasification that can produce various biofuel products using different down-
stream processes, such as ethanol, methanol, hydrogen, Fischer–Tropsch fuels and many others. CO2 is part 
of the gas products from gasification and the quantity of CO2 depends on many factors such as feedstock 
compositions, gasifiers, operational conditions, and downstream cleaning up processes (Sikarwar et al., 
2017). Given the complexity of chemical reactions and downstream processes involved in gasification, 
theoretical estimations of CO2 emissions based on chemical reactions could be challenging. Mechanistic 
models such as process simulations using software AspenPlus have been used to simulate the CO2 gas 
stream for gasification to different types of biofuels (Susmozas et al., 2016; Salkuyeh et al., 2018). 

CO2 emissions of biomass conversion could be mitigated by integrating carbon capture into biore-
fineries, though the impact on biorefinery emissions depends on the CO2 capture rate, the end use of the 
captured CO2, and the fate of stored CO2. Ethanol plants have been considered near-term candidates for 
carbon capture (Sanchez et al., 2018), while other biomass conversion pathways such as gasification also 
attract increasing interest given the significant amount of CO2 generated as by-products (Sikarwar et al., 
2017). The quantity of CO2 that can be removed by carbon capture depends on many factors such as tech-
nology choices, CO2 concentrations, and end-of-life of CO2 (e.g., geological storage or utilized for other 
applications such as enhanced oil recovery that may lead to secondary leakage, as well as increased oil use). 
As CO2 capture facilities need additional energy input, they may change the energy generation and supply 
scheme of biorefineries. The energy demand of CO2 capture facilities in biorefineries could be met by burn-
ing byproducts (e.g., solid residues), expanding the capacity of on-site energy generation facilities, or pur-
chasing fuels externally (Kim et al., 2020). That being said, this requirement is less for the CO2 by-product 
of fermentation, which does not require gas-phase separation, only dewatering and compression. Different 
choices will affect the GHG emissions associated with the energy consumption of CO2 capture facilities, 
but mass and energy balance approaches have been used to estimate energy use and energy-related GHG 
emissions (Yang et al., 2020). 

There are GHG emissions generated during the upstream production of chemicals, enzymes, and 
electricity purchased by biorefineries. These emission data can be obtained from LCI databases and litera-
ture (e.g., the life-cycle GHG emissions of electricity generation are available in databases such as the 
USLCI database [National Renewable Energy Laboratory, 2012] and literature [Sathaye et al., 2011]). As 
these GHG emissions highly depend on the technology pathways and market mix, the GHG emission fac-
tors with technology and market mix information are should be disclosed for biofuel LCA. 

In addition to biofuels, biorefineries almost always produce byproducts or co-products. The dis-
tinction between what materials qualify as co-products and what outputs are truly waste products is often 
unclear. For corn ethanol facilities, distiller’s dried grains with solubles and corn oil are common co-prod-
ucts that have clear applications in the animal feed market and can be accounted for through allocation 
procedures (see Chapter 3). From the standpoint of carbon flows, it is a safe assumption that all of the 
carbon in these products will eventually be oxidized, some as methane from ruminants. Co-products or 
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byproducts from other biorefining processes, particularly if the product(s) do not have a well-established 
market, can be more difficult to account for.  

Biochar, a byproduct from most thermochemical conversion processes, is an example of a product 
for which a robust market does not yet exist (Baker et al., 2020; Campbell et al., 2018). In general, biochar 
is made of aromatic compounds and is rich in carbon (>65 percent by mass), although the composition 
varies widely depending on the biomass feedstock and process conditions under which it was produced 
(Ippolito et al., 2020). Char can be combusted as a fuel on-site or exported to be used as a fuel elsewhere, 
in which case the carbon accounting can be calculated using system expansion, assuming the fuel it is 
displacing (e.g., coal or natural gas) is known. If biochar is applied to soils with the intention of improving 
soil quality or sequestering carbon, the impact is highly uncertain and is the topic of heated debate  
(Dumortier et al., 2020; Lan et al., 2021; Maroušek et al., 2017). In the Getting to Neutral report by Law-
rence Livermore National Lab (Baker et al., 2020), researchers assumed that 80 percent of carbon in biochar 
buried underground would remain sequestered for at least 100 years but they chose not to attempt to capture 
the impacts on net primary productivity (if applied to croplands or other lands). This is similar to the as-
sumption used in Woolf et al. (2012) and Breunig et al. (2019), both of which assume that 85 percent of 
carbon in biochar is recalcitrant over a 100-year period. The assumptions used in these studies are consistent 
with biochar research that shows high carbon persistence in biochar, although the biochar decomposition 
rate depends on many factors, such as pyrolysis temperature and biomass composition (Joseph et al., 2021; 
Lehmann, 2021; Woolf et al., 2021). One advantage for biochar, in terms of its recalcitrance, is that it 
contains little in the way of nutrients, meaning that microbial breakdown of biochar in the environment, if 
buried in large quantities, should be slow (Astals et al., 2012; Moset et al., 2015; Pognani et al., 2009).  

Another common byproduct of bioenergy production is solid digestate; this is particularly prevalent 
for anaerobic digestion facilities, where a typical facility only breaks down 20-40 percent of solids in the 
digester and the remaining material must be directly land-applied, composted, or sent to landfills (Astals et 
al., 2012; Moset et al., 2015; Pognani et al., 2009). This material will vary in its composition depending on 
the original feedstock type, residence time in the digester, and digester conditions, but the average carbon 
content for digestate produced from manure or mixed organic waste is estimated to be 18-25 percent on a 
dry mass basis (European Commission, 2018). In contrast to biochar, digestate is rich in nutrients, which 
means it has value as a fertilizer supplement and any carbon sequestration potential is negligible as remain-
ing carbon-containing compounds will be broken down rapidly by microbes once the digestate is directly 
land-applied or composted. In addition, its use is a potential source of N2O emissions. 

The role of CH4 emissions in low-carbon fuel production systems is important in the context of 
anaerobic digestion facilities (e.g., wastewater treatment facilities and manure digesters). Regardless of 
whether the carbon is biogenic or fossil, methane emissions must be accounted for. For consistency, peer-
reviewed LCA literature and regulatory applications tend to use GWP100 (i.e., global warming potential 
calculated over 100 years) values for all non-CO2 GHGs. In systems that produce CH4, fugitive emissions 
are often most easily and transparently calculated as a fraction of total system throughput, as is common 
practice in government-sponsored GHG inventories, such as the Environmental Protection Agency (EPA) 
GHG Inventory3 and the California Air Resources Board’s GHG inventory.4  This can be applied to differ-
ent parts of the supply chain, including production, processing/cleanup, and pipeline transport. However, 
measurement and monitoring is required to ensure these estimates are accurate; Alvarez et al. suggested 
that prior fugitive CH4 emissions estimates were likely too low, and the leakage from the oil and gas supply 
chain was the equivalent of 2.3 percent of all natural gas produced, as of 2015 (Alvarez et al., 2018). Though 
the authors did not estimate the equivalent effect across biomethane supply chains, fugitive CH4 leaks may 
pose similar risks (see Chapter 7). Regular monitoring of fugitive CH4 emissions from anaerobic digestion 
and any other methane-producing facilities will be necessary to ensure that accurate leakage values are 
incorporated into CI values. 

 
3 See https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks. 
4 See https://ww2.arb.ca.gov/ghg-inventory-data. 
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Using allocation or system expansion to include the substitution benefits of byproducts is common 
in biofuel LCA. If the substitution benefits of byproducts are included, the use of byproducts and counter-
part products to be replaced has direct impacts on the GHG emissions allocated to biofuel. Therefore, the 
information of byproduct applications, substitution effects, and the GHG emissions of counterpart products 
and materials is to be disclosed and documented. 

To summarize, mass or energy balance are the most common methods used to estimate GHG emis-
sions of biorefineries. Some of the attributional GHG emissions of upstream production of electricity and 
chemicals used in biomass conversion are available in many LCI databases but have large variations de-
pending on the production technologies and market mix. Research articles vary in their assumptions about 
the potential for carbon sequestration using biorefinery co-products as soil amendments; but many assume 
80–85 percent of biochar is stable for at least 100 years whereas digestate and compost are not assumed to 
result in accumulation of stable carbon in soils. 
 

Conclusion 9-3: The impact of biorefinery co-products, particularly biochar, compost, digestate, 
or other products meant to be applied to soils, is highly dependent on how these materials are pro-
duced and handled and on what land they are applied. Assigning any GHG offset credit to a biore-
finery for producing and exporting these materials requires extensive verification to ensure they 
deliver the intended benefits. Nutrient-rich materials such as compost only offer fertilizer offset 
benefits if they are applied in a manner that results in lowered net GHG emissions. 
 
Recommendation 9-3: Policymakers should exercise caution in crediting biorefineries for GHG 
emissions sequestration as a result of exporting co-products such as biochar, digestate, and com-
post, as it risks over-crediting producers for downstream behavior that is not necessarily occurring. 
The committee recommends that any credits generated from these activities must be contingent on 
verification that these activities are being practiced.  
 
Recommendation 9-4: Applying credits for carbon sequestration to soil or reduced use of fertilizer 
should require robust measurement and verification to prove the co-products are applied in a man-
ner that yields net climate benefits. 

 
Market-Mediated Effects of Biofuels  

 
Large-scale production of biofuels has an effect on various markets at regional, national, or global 

scales and can affect market prices at these levels. Changes in market prices can trigger other changes in 
production and consumption decisions that may have positive or negative effects on GHG emissions from 
those markets. These secondary effects on GHG emissions are of concern because they affect the assumed 
savings in GHG emissions obtained by displacing fossil fuels by biofuels. In this section, several relevant 
effects attributable to increased biofuel demand are identified, then several methods used to assess their 
impacts are discussed. 

Competition for Land 
 

Biofuels produced from agricultural feedstocks, including food and feed crops, perennial energy 
crops, or short rotation woody crops, compete for land with crops produced for non-biofuel uses. The extent 
to which this is the case will depend on the type of feedstock, the yield of feedstock per unit of land, and 
the types and availability of land on which they can be grown. The use of food or feed crops for biofuels 
could divert some of the produced crops from food or feed consumption. If land resources are not fully 
employed (idle land is available) and the supply function for a given crop is relatively elastic, then addi-
tional biofuel production would increase production of the food crop with a more limited increase in the 
price of the food crop. However, the diversion of the food crop to biofuel could increase the price of the 
food/feed crop. Increases in biofuel production could also lead to changes on the extensive margin by bring-
ing additional land into crop production, by conversion of idle land, pastureland, and forestland to cropland. 
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It may also lead to reduction in the amount of the food crop exported (if the country is an exporter) for 
agricultural commodities or an increase in imports of agricultural commodities. If the country is a major 
exporter (importer) of food/feed crops with a large share of world market trade, the increased demand for 
biofuel crops could reduce exports (increase imports) of food/feed crops, and this can potentially affect 
world market prices of those crops, leading to increased returns to producing those crops in other countries 
and to intensive and extensive margin changes in land use in those countries. 

The use of non-food feedstocks, such as dedicated energy crops, could also divert land from food 
crops; the extent to which this is the case may be less than for food crops, because these crops can potentially 
be grown on low quality/marginal land not suitable for other crops, and they may be high yielding and thus 
require less land to produce a given amount of biofuel. However, to the extent that their production increases 
demand for land and diverts some land from food crops and raises land rents, they could also create similar 
incentives for LUCs at the intensive and extensive margin as in the case of food crops. Higher prices of 
food crops and agricultural commodities will lead to similar changes in trade in agricultural commodities 
as described above. 

The extent of LUC and the type of land (idle land, pastureland, forestland) conversion induced by 
biofuels will depend on various features of the feedstock, such as its yield, requirements for soil fertility 
and quality, climatic conditions, its co-products, the potential to make changes in crop production at the 
intensive margin (e.g., yield improvement and expansion in harvest frequency due to cultivation of unused 
cropland), and availability and ease of conversion of various types of non-cropland to crop production. The 
extent of LUC associated with a given volume of biofuels is expected to change over time in response to 
changes in crop varieties, crop productivity, management practices, changes in the climate conditions and 
so on. As the production of biofuel feedstocks increases, there may be an increase in demand for land and 
an increase in the returns to land and in food or feed crop prices within the country. This effect could be 
non-linear if additional land brought into production has a yield lower than the existing cropland. Addition-
ally, increases in crop prices can induce changes in management practices that can increase land productiv-
ity. Furthermore, the availability of idle land is also expected to change over time, depending on the rate of 
growth of demand for food or feed relative to the rate of growth of crop productivity, urban development, 
government policy support for agriculture, and other factors. Induced LUC is therefore a dynamic phenom-
enon that cannot be proxied by a fixed estimate that is constant over time. 

The resulting changes in land use both at the intensive and extensive margins within the country 
and globally can affect GHG emissions. Intensive use of existing cropland, due to additional chemical ap-
plications, can increase GHG emissions not only on land under biofuel feedstocks but on other cropland as 
well. While fertilizers used for biofuel crop production enter directly into the LCA of biofuels, an increase 
in the rate of fertilizer application on other cropland could generate some additional GHG emissions as a 
market-mediated effect in response to biofuel demand. Similarly, if due to extensification carbon-rich grass-
lands and forestland are converted to crop production, this could release stored carbon into the atmosphere 
(Fargione et al., 2008; Gibbs et al., 2008; Hertel et al., 2010). 

 There are several key factors that can influence estimates for ILUC values for a given biofuel 
pathway, including: changes in the mix of crops induced by biofuel production, modeling yield change per 
harvest, modeling change in harvest frequency (including multiple cropping and returning unused land to 
crop production), the share of additional land expansion that goes on high carbon stock land, elasticities, 
emission factors and amortization time horizon. 
 

Recommendation 9-5: Additional review and research is recommended on the key factors affect-
ing induced land use change.  

 
Displacement of Fossil Fuels 

 
In principle, large scale biofuel production could displace at least a portion of domestic liquid fossil 

fuels consumption, ostensibly reducing oil demand. If the production of biofuels does reduce the world 
market price of oil, then it has the potential to increase the demand for oil in the rest of the world. This has 
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been referred to as the “global rebound effect” which might offset the savings due to biofuel (Hill et al., 
2016).  

The effect of a reduction in the world oil price on the domestic oil price in the biofuel-producing 
country is complex and depends on the domestic biofuel and agricultural policies used to promote the pro-
duction of biofuels in a given country (Taheripour and Tyner, 2014). In general, biofuel blend mandates, 
such as the U.S. Renewable Fuel Standard (RFS), and low-carbon fuel standards (LCFSs), are designed to 
implicitly penalize the consumption of fossil fuels and implicitly subsidize the consumption of biofuels 
with a lower carbon intensity (CI) than an LCFS. The implicit subsidy will depend on the policy, for exam-
ple, in the case of an LCFS, the implicit subsidy increases as the CI of the biofuel decreases relative to an 
LCFS; in contrast with a biofuel blend mandate, the subsidy may be the same for all biofuels covered by 
the mandate.  
 

Other Indirect Effects 
 

While the above two effects have received the greatest attention in the literature, biofuel production 
affects production and consumption decisions in other markets that can also affect GHG emissions. Specif-
ically, the production of corn ethanol results in the production of co-product distillers dried grain solubles 
which are used as animal feed and can replace corn and soymeal to some extent. Higher crop prices due to 
corn ethanol are expected to reduce demand for livestock and this could reduce downstream emissions 
generated during the production of livestock, which are largely in the form of CH4 and thus have a higher 
GWP than carbon emissions. Additionally, feeding distiller’s dried grain solubles to cattle affects their 
digestion and reduces or increases (Masse et al., 2014) enteric CH4 emissions generated by them (Arora et 
al., 2010; Bremer et al., 2010; Flugge et al., 2017). Similarly, policies that lead to increased corn ethanol 
production may also support animal feed production by generating additional distillers dried grain solubles, 
which incentivizes animal production over plant-based protein sources for human consumption. 

Another unintended consequence of demand for biomass for advanced biofuels is the increase in 
the demand for advanced biofuel feedstocks, such as corn stover. This can create incentives to change crop 
rotations from corn-soybean rotation to continuous corn rotation. Since corn is more nitrogen fertilizer 
intensive this can lead to an increase in fertilizer use as corn displaces soybean production. Also, corn stover 
harvesting practices can be accompanied by increased fertilizer inputs, particularly at higher residue re-
moval rates. It can also lead to a change in tillage methods and use of better varieties of seeds that produce 
larger agricultural biomass (stover) which can increase carbon sequestration in biomass and soils and reduce 
atmospheric carbon, although this can depress grain yield leading to the unintended consequence of induced 
LUC. 

Another unintended consequence is dietary change, which may include both food availability and 
dietary consumption in response to biofuel demand. For example, models used to assess LUC have esti-
mated that increased biofuel production has reduced calories from corn and wheat used for food and feed 
by 25–50 percent (Searchinger et al., 2015). Also, for example, using more biofuels byproducts such as 
distillers dried grain solubles and oilseed meals has helped the livestock industry to move towards produc-
ing more meat from non-ruminants with lower CI than ruminant meat (Taheripour et al., 2021). The con-
sequences of these changes are complex and can both increase and decrease net GHG emissions. 

In addition to induced LUCs and the rebound effect, the existing literature has noted several other 
indirect effects due to biofuels—such as co-product impacts on livestock markets, food availability and 
dietary change—that may affect GHG implications positively or negatively.  
 

Recommendation 9-6: Beyond research on induced land use change and rebound effects, research 
should be done to identify and quantify the impacts of other indirect effects of biofuel production, 
including but not limited to market-mediated effects on livestock markets, land management prac-
tices, and dietary change of food type, quantity, and nutritional content.  
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QUANTIFYING MARKET-MEDIATED EMISSIONS FROM BIOFUELS 
 

Land Use Change 
 

Assessment of the GHG intensity due to market-mediated effects of biofuels uses a comparison of 
production and consumption in multiple markets in the economy both domestically and in the rest of the 
world with biofuels and in a counterfactual scenario without biofuels (holding all else constant). This as-
sessment is commonly conducted using various types of economic models; these models can be classified 
broadly into partial equilibrium (PE) and computable general equilibrium (CGE) models. Some of these 
models are global and can analyze both domestic and international LUCs, whereas others only analyze 
domestic LUCs in the country that produces biofuels.  

Partial Equilibrium (PE) models consider only a few sectors of the economy that are most closely 
affected by biofuel production, such as the agricultural, forestry and fuel sectors. Prices, production, and 
land allocation within these sectors are determined within the model, and it is assumed that conditions in 
the rest of the economy remain unchanged with biofuel production. These models could be either static or 
dynamic and used to analyze the effects of a one-time shock in biofuel demand on equilibrium prices and 
quantities in the markets included in the model. A widely used example of this is the Food and Agricultural 
Policy Research Institute (FAPRI) model, developed at Iowa State University’s Center for Agricultural and 
Rural Development (CARD) (e.g., Searchinger et al., 2008; Fabiosa et al., 2010). These models include 
multiple markets, each of which is represented by a demand and supply relationship that are linked across 
markets through cross-price elasticities. As a result, changes in demand in one market can affect prices and 
production in other connected markets. These models estimate the demand for land converted based on 
assumptions about crop productivity and allocates the expansion in demand for cropland in each region 
among other types of land cover including forest and grassland categories based on a land allocation pro-
cess. 

These models are suited to analyze the effects of changes in demand for existing crops that are 
already being produced but not readily adaptable to analyze the effects of introducing new biofuel feed-
stocks, such as dedicated energy crops that are yet to be commercially produced. Early applications of the 
FAPRI-CARD model to examine the induced LUC effect of biofuels ignored the potential for conversion 
of cropland pasture or idle land to crop production before converting forestland. The inclusion of cropland 
pasture or idle land in later versions of this model was found to substantially reduce the modeled conversion 
of forestland to crop production by the model (Dumortier et al., 2011). 

Other well-known PE models used in assessing induced LUCs due to biofuels are the Forest and 
Agricultural Sector Optimization Model (FASOM) and the Global Biomass Optimization Model 
(GLOBIOM).  Unlike static multimarket models that are reduced form models of supply and demand, these 
are dynamic programming models. They are multi-period, structural models that represent the behavior of 
utility maximizing consumers and profit maximizing producers. They typically include detailed biophysical 
data to model the dynamics of crop yields, soil carbon changes, and GHG emissions. These models can be 
regional or global in scope: with examples including FASOM and the Biofuel and Environmental Policy 
Analysis Model (BEPAM), which are national scale models for the United States and GLOBIOM, which 
is at the global scale. These models examine the effects of biofuel production on land allocation, equilibrium 
production, and prices subject to constraints on land, technology, and various material balances, and solve 
for endogenous prices, production and consumption decisions in multiple markets within a limited number 
of sectors of the economy. In these models, land is allocated among alternatives based on returns to land 
and LUCs can occur at the intensive and extensive margin based on relative returns to alternative uses. 
These “bottom-up” models can incorporate detailed representation of the technology, introduce new tech-
nologies and crops and substantial spatial heterogeneity in land availability, land suitability, and costs of 
production across fine spatial scales (Khanna and Crago, 2012; Khanna et al., 2014). The national scale 
models are not suited to calculate the global induced LUC but can calculate domestic induced LUC. They 
can also be linked to other global models to calculate the international portion of the induced LUC as in 
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Beach and McCarl (2010). EPA (2010) has used FASOM in combination with FAPRI-CARD to assess 
induced LUC values for corn ethanol, soy biodiesel, sugarcane ethanol, and switchgrass ethanol.  

CGE models simulate economy-wide effects of a biofuels shock, include intersectoral linkages and 
constraints on labor and capital and determine all prices and incomes in the economy simultaneously. These 
models are typically global in scope, represent multiple economic sectors in each region, and include factor 
markets for labor and capital. While these models are broad in geographic and sectoral scope, many CGE 
models have limited spatial resolution and usually partition the world into several large homogenous geo-
graphical units called agro-ecological zones. In these models each region or country has a representative 
household that allocates resources across uses domestically and consumes goods and services produced 
domestically or imported. Some CGE models may have more than one representative household. On the 
production side, multiple producers demand primary and intermediate inputs (produced domestically or 
imported) and produce goods and services. Primary inputs are typically land, labor, capital, and resources. 
In these models the government collects taxes and pays subsidies or makes transfer payments. Each region 
interacts with other regions through trade. These models assume that consumers maximize utility and pro-
ducers maximize profits in a perfectly competitive market setting, leading to endogenously determined 
prices and quantities of goods and services and also factors of production. These models typically limit the 
number of agricultural products considered by categorizing individual commodities into large groups (e.g., 
all coarse grains, oilseeds) and imposing the same behavioral and market assumptions on the individual 
components. Among the CGE models being used are the Global Trade Analysis Project (GTAP-BIO), the 
Modeling International Relationships in Applied General Equilibrium (MIRAGE) and the Emissions Pre-
diction and Policy Analysis (EPPA) models (Gurgel et al., 2007; Hertel et al., 2010; Laborde and Valin 
2012; Taheripour et al., 2017). In determining induced LUCs due to biofuels, these models do not divide 
induced LUCs into direct and indirect. However, CGE models usually provide induced LUCs by geograph-
ical regions. These models distinguish between different types of land and the ease of conversion of land 
from one type to another is determined by an elasticity of transformation in GTAP-BIO and by a cost of 
conversion in EPPA. For more details on modeling LUCs in CGE models see Taheripour et al. (2020). 

In addition to structural differences across the PE and CGE models, they also differ in key assump-
tions that affect LUC in response to biofuel production. Some of the key assumptions are described in the 
rest of this section. 

Land Productivity in Intensive and Extensive Margins. The effect of a biofuel policy shock on 
land use depends on some key assumptions such as (1) the productivity of new cropland which is brought 
into crop production, (2) the crop yields in the base data, (3) the potential for intensive margin changes in 
response to biofuel induced increase in crop price, and (4) cultivation of unused cropland for cropland. 
These intensive margin changes can take two forms, a change in crop yields per unit of harvest area and a 
change in the potential to increase double cropping on existing land (or conversion of unused cropland) 
which can reduce the amount of expansion in cropland. In the life-cycle accounting of a fuel, some portion 
of GHG benefits from intensification may be counterbalanced by increased emissions from other effects 
such as increased fertilizer application. 

Inclusion of By-Products: Biofuels from some types of food crops, such as corn, produce by-
products such as distillers dried grains with solubles that can substitute for corn and soymeal used for animal 
feed and substitute for products that would otherwise require land. The inclusion of these feed byproducts 
in models affects the land requirements for biofuels. The modeling approach of inclusion of byproducts 
significantly affects the land use effects. Some co-products or byproducts such as distillers dried grain 
solubles and soymeal are used for livestock feed and can displace corn and other feed crops, within certain 
dietary constraints which may positively or negatively affect livestock emissions. Models differ in the 
mechanisms by which this displacement occurs and in the modeling of the consequences of this displace-
ment. For example, GLOBIOM maintains complementarity relationships among feed rations in livestock; 
as a result, for example, it generates a large rebound effect since more soymeal leads to more production of 
other types of feed and need for more land to produce that feed and more demand for meat products. In 
contrast, GTAP-BIO allows greater substitution among feed rations at the macro level and allows for the 
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mix of livestock to change in response to availability of byproducts, leading to a shift towards poultry and 
pork from cattle. 

Availability of Various Types of Land and Ease of Substitution of Land from One Use to 
Another: Models differ in the extent to which they include idle or marginal land and the availability of this 
land as well as the mechanism by which land can change from one use to another. In CGE models that use 
the constant elasticity transformation approach, LUC is specified by a constant elasticity of transformation 
parameter that governs the ease with which land is converted from forests to cropland and marginal land to 
cropland. In PE models, LUC is dependent on the assumptions of the cost of converting land from one use 
to another and limits on conversion based on historically observed crop mixes and other constraints on the 
extent of conversion. Some models use other approaches such as extreme distribution functions to model 
cost of land conversion. These assumptions affect the ease/costs of changes in land use at the extensive 
margin as well as which land (forestland or marginal cropland) is the first to convert to cropland. 

Estimates of induced LUC are sensitive to assumptions about which land is likely to convert in 
response to higher crop prices and the productivity of this land for producing crops. Replacing forests with 
cropland may release on average about four to five times more carbon emissions per unit land than con-
verting pasture to cropland (Plevin et al., 2010), although there is wide variation in estimates. Melillo et al. 
(2009) show that allowing conversion of unmanaged natural areas to cropland leads to a seven-fold higher 
induced effect of biofuels compared to a scenario that only allows more intensive use of existing managed 
lands. The larger the potential for intensive management of land for biofuel feedstocks to displace other 
crops, the lower the induced land use effect of biofuels because it reduces extensive margin effects. A recent 
analysis of how models for assessing LUC treat availability of land showed how this parameter affects 
estimated CIs. Figure 9-1 provides a comparison of the different quantities of land categories available for 
conversion across a selection of models used for estimating biofuel-driven land use. 
 
Price Responsiveness of Consumer Demand for Agricultural Commodities 
 

The greater the elasticity of demand for agricultural commodities, the smaller the increase in crop 
prices due to the demand for biofuels and the smaller the resulting increase in land conversion to meet the 
additional demand for food crop-based biofuels. 
 
 

 
FIGURE 9-1 Land available for conversion in commonly-used models for assessing land use change in 
biofuel production. NOTE: ADAGE = Applied Dynamic Analysis of the Global Economy Model; EPPA = 
European Paper Packaging Alliance model; GCAM = Global Change Assessment Model; GLOBIOM = 
Global Biosphere Management Model; GTAP-BIO = Global Trade Analysis Project-BIO model. 
SOURCE: Plevin et al. (2022). Creative Commons CC-BY Attribution 4.0 International. 
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Changes in Food Availability 
 

Along with LUC, one of the consequences of increased competition for land due to biofuels could 
be a decrease in available food for consumption by humans. In a review of major models used to estimate 
market-mediated LUC, including GTAP-BIO (used by the California Air Resources Board), FAPRI-CARD 
(used by U.S. EPA), and MIRAGE (used by the European Union [EU]), Searchinger et al. (2015) found 
that the models resulted in decreased food availability for humans, the long-term GHG emissions conse-
quences of which have gone largely unexplored, which is particularly important as global food demand is 
expected to increase substantially over the coming decades (Clark et al., 2020; Tilman et al., 2011). Further 
research is needed to assess the effect of biofuel production on food availability.   
 
Ease of Transmission of Price Shocks in World Markets 
 

The impact of increased biofuel production on LUCs in the rest of the world depends on the ease 
with which price shocks are transmitted from domestic markets to the rest of the world. This, in turn, de-
pends on assumptions about the ease with which goods can be traded across countries. Some CGE models 
typically use the Armington approach5 which differentiates otherwise homogeneous goods by country of 
origin (Armington, 1969). Other CGE and all PE models assume that there is one world price for homoge-
nous goods (an integrated world market) and goods will be produced where it is least costly to do so. These 
models allow for an easier transmission of a shock throughout the world economy which could result in 
“unrealistic” trade patterns. The Armington approach leads to results that follow observed trade patterns. A 
potential pitfall of this approach is that it allows price differentials for homogenous goods, such as imported 
ethanol and domestic ethanol, to persist. Estimates of the induced LUC effect are sensitive to the use of the 
Armington assumption as compared with the integrated world market assumption. With the Armington 
assumption in the GTAP-BIO model, land conversions are primarily concentrated in the United States and 
EU while with the integrated world market assumption they are more evenly distributed across the world 
and the share of global forest land converted to cropland is higher (Golub and Hertel, 2011).  
 
Types of Biofuels 
 

The mix and quantity of biofuels produced will affect the magnitude of the LUC caused by a low-
carbon fuel policy. Low-carbon fuel policies can affect the mix of biofuels depending on the incentives 
they provide for biofuels from different feedstocks that differ in their CI, cost of production and other 
factors. This mix of biofuels and overall quantity will depend on the policy inducing the production of 
biofuels. The use of crop residues and high yielding dedicated energy crops may reduce the need for land 
for a given volume of biofuels compared to the use of food crops that have relatively lower yield. The 
overall ILUC intensity of a given target for biofuel consumption will depend on the mix of biofuels and the 
policy design, although it may not affect the feedstock specific LUC. 
 
Size of the Biofuel Policy Shock 
 

The induced LUC effect of a given target for biofuel consumption is likely to be scale and policy 
dependent. The magnitude of biofuel produced can affect the magnitude of the induced LUC due to non-
linearities in models (Laborde, 2011; Tyner et al., 2010). In CGE models, the concave shape of the constant 
elasticity of transformation function and the constant elasticity of substitution functions used to represent 
production possibilities and substitutability among consumption choices causes nonlinearity in effects. Ad-
ditionally, non-linearity can also arise because the size of the policy shock and the type of policy can affect 

 
5 The Armington assumption is that each country produces a distinct variety of a good. Some CGE models use an 
Armington elasticity to represent the elasticity of substitution for products from different countries or regions. 
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the mix of biofuels. The mix of policies can affect the indirect effect of a given volume of biofuel because 
they can change the mix and levels of different biofuels produced (Chen and Khanna, 2012; Laborde, 2011). 
 
Time Horizon for Assessing the Land Use Change Effect 
 

Induced LUC leads to the release of stored carbon in soils and vegetation if land is converted to 
crop production. To attribute these GHG emissions to each unit of biofuel produced and compare the in-
duced emissions to the direct flow of carbon savings from using biofuels to displace fossil fuels, studies 
have amortized the induced LUC emissions over the time horizon that the land is expected to remain in 
crop production.  
 
Conversion of Induced Land Use Changes to GHG Emissions 
 

Assessing the effects of induced LUC on carbon emission requires two components: (1) An eco-
nomic model to assess land use and land cover changes induced by biofuel production, or in the case of the 
approach of Searchinger et al. (2018) the land area used in production, and (2) a set of emissions factors to 
evaluate the potential emissions associated with each of land conversion or land type in production. Differ-
ent methods for estimating effects of LUC attributable to biofuel production have been used. In the ALCA 
context, the opportunity cost of using land for biofuels has been explored with the development of a carbon 
benefits index that measures the relative output of land use of different types (Searchinger et al., 2018). 
While the existing literature has intensively discussed the land use modeling component, less attention has 
been paid to the implications of the choice of emission factors on the estimated ILUC values. 
 
Conversion of Induced Land Use Changes to GHG Emissions 
 

Assessing the effects of induced LUC on carbon emission requires two components: (1) An assess-
ment of land use and land cover changes induced by biofuel production and (2) a set of emissions factors 
to evaluate the potential emissions associated with each of land conversion or land type in production. 
While the existing literature has intensively discussed the issue of assessing land use changes, less attention 
has been paid to the implications of the choice of emission factors on the estimated ILUC values. 

The suitability, accuracy, and validity of the implemented emissions factors across the existing 
modeling efforts have not been reviewed extensively. The early papers in this field applied a set of land use 
emissions factors provided by the Woods Hole Research Center, Winrock International, or Intergovern-
mental Plan on Climate Change to estimate these emissions. Then a set of emissions factors developed by 
Gibbs et al. (2014) and Plevin et al. (2014) have been used in some studies. In support of its GREET model, 
Argonne National Laboratory developed a separate set of emissions factors (Kwon et al., 2020).6 Some 
modelers have developed their own emissions factors using the existing publications following the Inter-
governmental Panel on Climate Change guidelines and its reference tables. The implemented emissions 
factors differ significantly across studies and are a major source of variation in land use emission estimates 
provided by various studies (Leland et al., 2018).   

As models used to assess induced LUC have been updated over the last decade, they have incorpo-
rated new elements to reflect agricultural practices in finer detail, including multi-cropping, new land cat-
egories such as idled or marginal cropland, and new forms of market mediated responses to biofuel demand. 
It is worth noting at the beginning of this section that challenges with estimating the emissions conse-
quences of market mediated LUC have led some researchers to call into question whether the modeling 
approaches described here can adequately quantify these emissions, even as such emissions are expected to 
occur (Daioglou et al., 2020; Malins et al., 2020). However, counter views have been presented by 
Taheripour et al. (2021).  

 
6 This sentence was altered after the release of the pre-publication version of the report to the sponsor to acknowledge 
that Argonne National Laboratory developed a separate set of emissions factors. 
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Recommendation 9-7: Though the study of induced land use changes from biofuels has been the 
topic of intense study over the last decade, substantial uncertainties remain on many key compo-
nents of economic models used to assess these impacts. Further work is warranted to update these 
estimates of market-mediated land use change and the models so as to inform the development and 
implementation of an LCFS. 
 

Recommendation 9-8: Assessment of the consequential effects from a future proposed policy, 
such as induced land use change, should be further developed in order to assess the risk of market-
mediated effects and emissions attributable to the policy. Consequential assessment can inform the 
implementation of safeguards within policies such as limits on high-risk feedstocks, can inform the 
development of supplementary policies, identify hotspots, and reduce the likelihood of unintended 
consequences. 
 

Recommendation 9-9: To improve understanding of market-mediated effects of biofuels, research 
should be supported on different modeling approaches, including their treatment of baselines and 
opportunity costs, and to investigate key parameters used in national and international modeling 
based on measured data, including various elasticity parameters, soil carbon sequestration, land 
cover, and emission factors and others. 
 

Recommendation 9-10: Because other market-mediated effects of biofuel production, such as 
livestock market impacts, land management practices, and changes in diets and food availability 
may be linked to land use and biofuel demand assessed using induced land use change models, 
additional research should be done and model improvements undertaken to include these effects.  
Recommendation 9-11: Current and future low-carbon fuel policies should strive for transparency 
in their modeling efforts.  

 
Rebound Effect from Fossil Fuel Displacement 

 
The rebound effect is also measured using economic models that include the domestic transporta-

tion sector, the global fuel sector and global trade in fossil fuels. These models include supply and demand 
relationships for fossil fuels and biofuels (or in some case vehicle miles travelled that are used to derive 
demand for alternative types of fuels) in domestic and global markets that are influenced by the biofuel 
policies. The extent to which these models cover the energy sector varies across the modeling practices. 
Some models only cover markets for ethanol and gasoline, while others cover a broader perspective includ-
ing markets for fossil fuels across uses including but not limited to transportation and the link between the 
crude oil and refinery products. Estimates of the global rebound effect due to U.S. biofuels have varied 
substantially across studies depending on assumptions about the elasticity of supply of oil in the world 
market, market power in the oil market, and the quantity of biofuel produced. There are various determi-
nants of the magnitude of the rebound effect, these include:  

Market structure: Models differ in their assumption about the structure of the oil market. Some 
studies assume perfectly competitive markets with free trade in oil among countries. An alternative assump-
tion is that there is sufficient market power in the oil market and that oil prices can be set by large oil 
producers in response to different market factors. 

Elasticity of the world oil supply: Studies differ in their assumptions about the elasticity of world 
oil supply; this may depend on whether they are analyzing short term or long term effects. The more ine-
lastic the supply curve the larger the reduction in world oil price in response to a reduction in biofuel in-
duced demand for oil. 

Elasticity of demand for fuel: The greater the elasticity of demand, the larger the reduction in de-
mand for fuel due to a small policy induced increase in the price of fuel. 
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Comprehensiveness of fuel and energy markets: Studies differ in modeling the details of energy 
and fuel markets. A more comprehensive model provides a lower rebound effect.  

Extent of trade in fuel with rest of the world: If the biofuel producing country is a small trader in 
oil then it is commonly assumed that, with a small open economy and a small amount of oil use, the effect 
on the global market will be negligible. If the biofuel producing country is a large trader in the world market, 
then it has greater potential to affect world price of oil assuming a competitive oil market (Chen et al., 
2021). 

Stringency of biofuel policy: The larger the biofuel mandate, the greater the need for displacing 
fossil fuel with biofuel and the larger the implicit penalty on fossil fuel use and implicit subsidy on biofuel 
use. This could have a larger negative effect on fossil fuel consumption and can lead to a larger rebound 
effect, depending on the various factors explained above. 
 

Validation of Models Quantifying Indirect Land Use Change 
 

As with any life-cycle model, since emissions due to LUC or fuel market effects that can be at-
tributed to biofuels are not directly observable, the credibility of the estimates obtained depends on the 
quality of the model being used to quantify it. Validation of model outcomes by comparing the simulated 
outcomes with observed data is one approach for assessing the ability of models to predict realistic out-
comes. Another approach to checking the credibility of the model is the extent to which the parametric 
assumptions of the model are supported by empirical evidence. Both of these approaches are however ex-
tremely difficult to implement. This is because the global models described above rely on a very large 
number of parameters and the empirical evidence for these parameters is often thin or not available at the 
spatial scale or for the time period most relevant for the model. Similarly, these models generate a very 
large number of numerical outcomes. While some of these may be close to observed data, others may not 
be; see Arndt et al. (2002) and Liu et al. (2004). The validation methodology offers no guidance on the 
acceptable deviation between observed and simulated outcomes and what constitutes a model as being valid 
or invalid. This is a subjective judgment similar to determining what constitutes a “reasonable” degree of 
uncertainty. Moreover, the time frame for model calibration or validation is typically shorter than the time 
frame over which predictions are to be made. Although the model may accurately reproduce observed data 
at a point in time, there is no assurance that it can perform equally well over a longer time frame. The effect 
of modeling uncertainties and errors on estimates of induced land use change are likely to be lower when 
one is comparing a difference (change) between two scenarios that hold all assumptions the same and only 
differ in the amount of biofuel produced. Despite the limitations of using models to make precise predic-
tions, models serve a useful purpose of providing scientific understanding of the intended and unintended 
system-wide effects of a policy or technology change. Having a range of estimates from multiple models 
can create uncertainty but can also point to areas where there is greater consistency in findings and areas of 
large differences. This can be useful for policy design by showing the order of magnitude of effects. 

As outlined above, validation of model results for future projections is not an easy task to accom-
plish. However, ex post validation is a more practical option. Models’ projections can be validated against 
new evidence and observation as time moves forward. Over the past 15 years various models have been 
used to evaluate the extent to which biofuel production could affect land use and LUCs. The results of these 
modeling practices vary widely. As discussed above, the existing literature shows a few key factors that 
explain most of the differences across models’ results: modeling yield improvement, the extent to which 
biofuel production occurs on the existing idled land or causes extensification, and the extent to which bio-
fuel produced in one country affect land use changes in other countries due to trade. It is practical to assess 
the models’ assumptions on these key drivers and their land use projections and verify them according to 
the existing recent evidence. It may not be practical to assess all models’ parameters. However, after pro-
ducing large quantities of biofuel in practice and having various observations, comparing hypothetical mod-
eling projections with observations is a practical and valid practice and can help policy decision-making.  
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Inclusion of Market-Mediated Effects in Biofuel Policies 
 

Policies to promote low-carbon fuels differ in the way in which they include induced effects in the 
CI of biofuels. The U.S. RFS specifies minimum thresholds for the CI of various types of biofuels, conven-
tional, advanced and cellulosic, relative to conventional gasoline. For the RFS, the CI of a particular type 
of biofuel is the sum of a set of fuel supply chain emissions, emissions from induced agricultural practices, 
and induced LUC emissions intensity; together this sum needs to be lower than the threshold for that type 
of biofuel as assessed in 2022 to ensure compliance. The RFS regulatory impact assessment also estimated 
the 2012 and 2017 CI of biofuels, though the 2022 estimate was used to determine the categorization of 
biofuels within the policy. Uncertainty in estimates of induced LUC is dealt with by taking the mean value 
of the distribution of estimates of CIs.  

In contrast with the RFS, the California Low Carbon Fuel Standard (CA-LCFS) requires specific 
estimates of the CI of a fuel pathway that can be compared with the goal of the policy (the desired CI of 
transportation fuel) in order to determine its compliance. The CA-LCFS determines the total CI of a biofuel 
by adding together the supply chain emissions intensity and induced LUC intensity of the biofuel.  

Each of these policies uses an estimated ILUC factor for each type of biofuel that is treated to be 
invariant to scale of biofuel produced, time period or location of feedstock produced for that biofuel, within 
a country. To the extent that the ILUC effect is non-linearly related to the scale of production of a biofuel, 
this approach may under-estimate or over-estimate the magnitude of the effect. It also ignores potential 
circularity in the magnitude of the effect, since the scale of production depends on the deterrent effects of 
including the ILUC factor in determining compliance with the policy which in turn will influence the mag-
nitude of the ILUC effect. 

Precision in the specific estimate of CI of a biofuel can have meaningful implications for the fuel 
mix supplied under both an RFS and LCFS-like policy. For the purposes of the RFS, the CI can dictate 
which subcategory a fuel is eligible within, or its eligibility altogether, whereas in an LCFS a fuel’s esti-
mated CI determines its compliance value within the policy. These policies ignore other types of indirect 
effects, such as those due to fuel market or livestock market effects. However, in the case of the CA-LCFS, 
the objective of including market-mediated effects in the CI of the biofuel is to deter (implicitly penalize) 
consumption of biofuels with large emissions from market-mediated effects and incentivize consumption 
of biofuels with lower total effects. However, the policy can still incentivize biofuels with higher relative 
ILUC emissions estimates if their total CI estimate is comparable to other fuels. A performance standard 
such as the CA-LCFS creates incentives to continuously reduce the CI of the low-carbon fuel over time and 
to substitute lower-CI biofuels for higher-CI biofuels, even within a type or across types, as compared to 
the RFS.  

Since an LCFS is a CI standard, full compliance with it may achieve a reduction in CI (carbon 
emissions per unit fuel), but there is no guarantee that it will reduce the aggregate GHG emissions from the 
transportation sector. This will depend on the total volume of fuel consumed, which may offset more than 
the reduction in the CI of the fuel, and the degree to which the CI reflects the actual emissions attributable 
to the fuels. The increase in the volume of fuel use may occur for two reasons: a direct effect and an indirect 
effect. The direct effect arises because an LCFS implicitly penalizes the fuel with a CI higher than the 
standard and implicitly subsidizes the fuel with a CI lower than the standard. Depending on the magnitudes 
of these implicit taxes and subsidies, an LCFS can lower the overall cost of the blended transportation fuel 
and lead to greater demand for fuel. The indirect effect arises because the reduction in the demand for the 
high CI (fossil) fuels can lower market price of the fuel and lead to a rebound effect in the fuel market, as 
discussed above (see Holland et al., 2008; Khanna et al., 2014).  
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10 
Electricity as a Vehicle Fuel 

 
Plug-in electric vehicles (PEVs) use energy stored in an onboard battery for propulsion and charge 

the battery using electricity from the power grid. PEVs include battery electric vehicles (BEVs), which rely 
entirely on energy from the power grid, and plug-in hybrid electric vehicles (PHEVs), which can power the 
vehicle from a mix of energy from the battery and from another fuel source, typically gasoline. 

Because PEVs require substantial battery capacity, vehicle production emissions can differ from 
those of liquid fuel vehicles. Vehicle production emissions are discussed in Chapter 6. Here the focus is on 
the fuel: electricity. 

When PEVs are charged, they add load to the power grid. This demand is satisfied by increased 
output from power plants, which has implications for air emissions and other power system impacts. Addi-
tionally, broad adoption of PEVs could add a large enough load to the power grid to trigger construction of 
new power plants in some regions (known as capacity expansion). The potential for flexible PEV charging 
profiles acting as demand response units could plausibly change the economic and logistical factors asso-
ciated with increasing penetration of intermittent, non-dispatchable generators, like wind and solar (Weis 
et al., 2014).  The focus here is primarily on grid emissions from operation of existing or projected future 
generators. 

In this chapter the focus is on the consequential effects of PEV charging for power grid emissions. 
There are also other consequential effects of electric vehicle (EV) adoption and PEV use beyond the power 
sector, similar to biofuels, such as rebound effects and fuel market effects as well as potential land use 
changes. The focus here is on power sector effects because they are specific to PEVs. 

This chapter begins by (1) comparing attributional life-cycle assessment (ALCA) and consequen-
tial life-cycle assessment (CLCA) of air emissions from electricity consumption; (2) providing an overview 
of approaches to estimating consequential emissions of PEV charging, including regression, simulation, 
proxies and real time data; and (3) summarizing several key issues, including upstream emissions, uncer-
tainty and dynamics, energy efficiency, effects of public policy, and data sources. 
 

COMPARING ATTRIBUTIONAL AND CONSEQUENTIAL  
LIFE-CYCLE ASSESSMENT FOR ELECTRICITY 

 
Past life-cycle studies of EVs have accounted for power sector emissions using attributional or 

consequential methods. As discussed in Chapter 2, the two approaches are intended to answer different 
questions. In the context of PEVs:  
 

• ALCA seeks to answer what emissions a PEV is associated with or responsible for, given some 
judgments about how to assign power grid emissions to demand sources.  

• CLCA seeks to answer how emissions will change if a technology or policy is adopted given 
some judgments about how to predict future counterfactual scenarios.  

 
Figure 10-1 provides a conceptual illustration of the difference between these questions and ap-

proaches for PEV charging. In attributional approaches, a portion of total power grid greenhouse gas (GHG) 
emissions are assigned to PEV charging. In contrast, in consequential approaches power grid emissions are 
estimated in two scenarios—one without PEV charging and one with PEV charging— and the difference 
between emissions in the two scenarios is the consequential effect of PEV charging.   

LCA GHG estimates of PEVs can vary substantially as a result of the type of LCA estimate used 
and regional boundaries used, so it is important to understand the differences in methods and regional 
boundary choices to identify which questions each approach can answer (Ryan et al., 2016).  
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(a) 

 
(b) 

FIGURE 10-1 Conceptual illustration of the difference in approaches for assessing power sector emissions 
from PEV charging. NOTES: (a) in ALCA (top), a portion of power grid emissions are assigned to PEV 
load (usually proportional to PEV charging load); (b) in CLCA (bottom), total emissions are compared 
across two scenarios: with and without PEV load.  
 
 

The most common attributional approach for estimating emissions from PEV charging is the sim-
plest approach: compute the average emissions per unit of energy produced in the power system and assign 
this rate of emissions to PEV charging. Results from this approach can vary widely depending on boundary 
definitions (Weber et al., 2010). Some past U.S. studies assigned to PEV charging the average emission 
rate from power plants located in the country (Miotti et al., 2016) or the state (Yawitz et al., 2013) where 
the vehicle is charged. These boundaries are easy to identify, but because the grid is not generally organized 
around political boundaries, in most cases political boundaries have little to do with the impact of load at a 
given location. Most attributional studies use the average emissions from generators in regions defined by 
the power grid (Yuksel et al., 2016), rather than political boundaries, with the idea that load within one of 
these grid regions is more likely to affect generation within the region than across the boundary. However, 
electricity is constantly being traded across boundaries, and attributional assessments can vary widely, de-
pending on how boundaries for analysis are chosen (Ryan et al., 2016; Weber et al., 2010).   

Figure 10-3 provides a simplified conceptual illustration of why consequential emissions from PEV 
charging can differ from average grid emission rates. In this example, Region 1 has both coal and nuclear 
power plants, and Region 2 has only nuclear plants. In Region 1 the nuclear plants are fully utilized to meet 
existing load, and the coal plants are partly utilized (represented as height in red). If consumption is in-
creased in Region 1 to charge a PEV, the nuclear plants cannot increase generation to supply that load, so 
the coal plants will increase generation. Although the average emissions in Region 1 are those associated 
with a mix of nuclear and coal generation, the effect of adding load to that region is the emissions associated 
with increasing coal generation.  Although Region 2 contains only nuclear generators, they are already fully 
utilized and cannot increase power generation. If new PEV charging load is added to Region 2, it will need 
to increase trade with Region 1 in order to meet its demand. So, even though power generation in Region 2 
is entirely from a zero-carbon source, the effect of charging a PEV in Region 2 may be to increase emissions 
from coal generators. 
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FIGURE 10-2 Relationship of average and marginal power grid emission factors to attributional and con-
sequential LCA. NOTE: The emissions consequences of a change in electricity load from current levels to 
new levels are the difference between emissions levels with and without the change (a). In contrast, average 
emission factors, used in ALCA, assign average emissions per kWh to PEV load (b). Marginal emission 
factors are often used to estimate consequential emissions when the change in load is small (c). 
 
 

A related example raised frequently is PEV owners who have rooftop solar generation at their 
homes. Rooftop solar generation reduces emissions by displacing fossil fuel generation. However, whether 
or not a household has rooftop solar generation, adding a PEV does not (usually) increase the amount of 
solar power generated. Instead, adding PEV load will increase the amount of energy that the household 
demands from the power grid (or reduce the amount of rooftop solar sold to the grid), triggering increased 
generation from plants on the grid. Like Region 2 in the example above, even in a household with rooftop 
solar the effect of charging a PEV may be to increase generation at a fossil fuel plant.1 

These examples show why the emissions associated with a technology change (such as a household 
purchasing a PEV instead of a gasoline vehicle) or a policy change (e.g., a policy encouraging or mandating 
PEV adoption) can look quite different from the average power generation emissions in a region. 
  

 
1 It is worth noting that when decisions are coupled, such as comparing the adoption of PEV with rooftop solar to 
adoption of a gasoline vehicle and no solar, the difference in consequential emissions between the two scenarios in-
volves both the effects of adding rooftop solar and the effects of replacing gasoline demand with electricity demand. 
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TABLE 10-1 Sample of Published Studies Assessing PEV Emissions in the United States 

Study Vehicle Type Regional Resolution Life-Cycle Scope 

LCA Approach for 
Estimating PEV 
Emissions 

EPRI-NRDC (2007)  PHEV NERC regions Use phase Consequential 

Hadley and Tsvetkova 
(2009 

PHEV 13 NERC subregions Portion of use phase Consequential 

Anair and Mahmassani 
(2012)  

ICV, HEV, PHEV, 
BEV 

eGRID subregion Use phase Attributional 

MacPherson et al, (2012)  PHEV NERC regions, NERC Life cycle Attributional 

Thomas (2012)  HEV, PHEV, BEV 13 NERC subregions Use phase Consequential 

Yawitz et al. (2013)  HEV, PHEV, BEV State Life cycle Attributional 

Graff Zivin et al. (2014)  ICV, HEV, PHEV, 
BEV 

eGRID subregion Portion of use phase Consequential 

Onat et al. (2015) ICV, HEV, PHEV, 
BEV 

13 NERC subregions Life cycle Consequential 

Tamayao et al. (2015) ICV, HEV, PHEV, 
BEV 

NERC region Life cycle Consequential 

Yuksel and Michalek 
(2015)  

BEV NERC region Portion of use phase Consequential 

Nealer et al. (2015)  BEV eGRID subregions Life cycle Attributional 

Archsmith et al. (2015)  ICV, BEV NERC regions Life cycle Consequential 

Yuksel et al. (2016) ICV, HEV, PHEV, 
BEV 

County-level estimates Life cycle Consequential 

Miotti et al. (2016) ICV, HEV, PHEV, 
BEV 

United States – average <Life cycle Attributional 

Holland et al. (2016) ICEV, BEV NERC region Part use phase Consequential 

Hoehne and Chester (2016) PHEV, BEV NERC region Portion of use phase Consequential 

Nopmongcol et al. (2017) CV, HEV, PHEV, BEV US-REGEN region Use ohase Consequential 

Elgowainy et al. (2018) CV, HEV, PHEV, BEV National Life cycle Attributional 

Holland et al. (2019a) CV, BEV NERC region Portion of use phase Consequential 

Holland et al. (2019b) CV, BEV NERC region Portion of use phase Consequential 

Kawamoto et al. (2019) CV, BEV National Life cycle Attributional 

Desai et al. (2020) CV, HEV, PHEV, BEV State Life cycle Consequential 

Jenn et al. (2020) PHEV, BEV RTO Portion of use phase Consequential 

Tong et al. (2020) CV, HEV, BEV NERC regions Life cycle Attributional and 
consequential 

Sheppard et al. (2021) CV, BEV National Life cycle Consequential 
NOTE: Vehicle types: BEV = battery electric vehicle; CV= commercial vehicle; HEV = hybrid electric vehicle; ICEV= internal 
combustion engine vehicle; ICV = internal combustion vehicle; PHEV = plug-in-hybrid-electric vehicle. Regional resolution: 
NERC = North American Electric Reliability Corporation; eGRID = EPA’s Emissions & Generation Resource Integrated Database; 
US-REGEN = U.S. Regional Economy, Greenhouse Gas, and Energy; RTO = regional transmission organization. 

http://nap.nationalacademies.org/26402


Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels in the United States

Copyright National Academy of Sciences. All rights reserved.

190 Current Methods for Life-Cycle Analyses of Low-Carbon Transportation Fuels 

 
FIGURE 10-3 Illustration of why the emissions implications of charging a PEV in a region can differ from 
the emissions of the average grid mix in that region.  SOURCE: Tamayao et al. (2015). Reprinted with 
permission from Environmental Science & Technology. Copyright 2015 American Chemical Society. 
 
 

Because the power grid is highly interconnected in many regions, with many generators adding to 
the system and many demand sources drawing from the system, it is generally not possible to know pre-
cisely which power plants increase generation in response to increased load, especially when projecting 
into the future, such as over the life of a PEV. When assigning emissions to a PEV, many researchers and 
advocates with an attributional view find that it seems unfair to assign certain grid emissions to existing 
loads and different grid emissions to new loads, so it is common in ALCA to assign equal emission rates to 
all loads. Such allocations do not estimate how a technology or policy will change net emissions. To answer 
these questions, CLCA is needed. 

With CLCA no assignment of emissions is made. Rather, the question of interest is how emissions 
will change if more PEVs are adopted (and charged). The effect of adding PEV charging load to the power 
grid depends on when and where the load is added. Figure 10-4 shows a hypothetical dispatch curve, which 
orders power plants available for dispatch based on their marginal generation cost. In the early morning 
hours in this example, the existing load is 67 GW. Adding new load at this time will increase generation 
from the specific generators on the margin (located just above the 67 GW load line): the natural gas com-
bined cycle (red). In the afternoon on a hot day, the existing load is 114 GW, so adding new load at this 
time will increase generation from plants next in the dispatch order: natural gas and other (yellow). If fossil 
generation assets were to be replaced by dispatchable low-carbon energy sources, the addition of PEV 
charging demand would not create additional fossil fuel emissions from the electricity system. 
 

APPROACHES TO CONSEQUENTIAL LIFE-CYCLE ASSESSMENT FOR  
PLUG-IN VEHICLE CHARGING EMISSIONS 

 
CLCA approaches attempt to estimate emissions from the plants that will change generation in 

response to a change in load. A dispatch curve like the one in Figure 10-4 helps to visualize why this answer 
may change with time and location. In practice there are a number of factors that make operations more 
complicated than a simple dispatch curve, including transmission constraints, regulations, ramp rate limits, 
and other factors. 
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FIGURE 10-4 Hypothetical dispatch curve. NOTE: See text for discussion; GW = gigawatt. SOURCE: 
Energy Information Administration (2012, August).. 
 
 

In broad terms, CLCA approaches to estimating PEV emissions fall into four main categories: regres-
sion, simulation, proxies, and real-time data. 
 

Regression 
 

Regression approaches use past data on power grid operations and emissions to statistically esti-
mate how a marginal change in load affects emissions output across different operating conditions (Ryan 
et al., 2016). Figure 10-5 provides an example—for the Midwest Reliability Organization (MRO), which 
covers the Midwest region2 in which marginal generation is estimated to be primarily from coal plants 
during low demand hours but with more  from gas plants at high demand hours, with implications for 
emissions.  

The main advantage of regression-based approaches is that they are based on real data about how 
the power system has operated. The main limitations are that they typically can only model the effect of 
marginal changes in load and they only look backward at how the power grid  worked when the data were 
collected, making it difficult to predict how future technologies or policies might affect future loads and 
emissions. Regression approaches vary, and each has its advantages and limitations. There are two main 
approaches, one that uses total generation in a region and one that uses total consumption.    

The approach originally proposed by Siler-Evans et al. (2012) uses total generation in a region as 
the independent variable and considers only dispatchable plants (fossil fuel plants that can change genera-
tion on demand). An advantage of this approach is that it avoids a potential correlation/causality confusion 
of counting temporary changes in generation timing from hydroelectric plants as consequential emissions. 
(Unlike fossil plants, a hydroelectric plant has finite supply limited by lake levels, so increasing generation 
at one time to satisfy demand reduces the supply available to generate electricity at a future time). A disad-
vantage is that it ignores marginal trade across regions by focusing on regional generation rather than re-
gional consumption, and assumptions are needed to translate marginal consumption to marginal generation. 

 
2 The region covers the provinces of Saskatchewan and Manitoba, and all or parts of the states of Arkansas, Illinois, 
Iowa, Kansas, Louisiana, Michigan, Minnesota, Missouri, Montana, Nebraska, New Mexico, North Dakota, Okla-
homa, South Dakota, Texas, and Wisconsin. 
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FIGURE 10-5 Example of regression results identifying that during low-demand hours in the MRO grid 
region, when total generation changes, the change comes overwhelmingly from changes in coal generation 
and not from changes in gas generation. During high-demand hours, changes in generation come more from 
changes in gas generation than from coal generation. NOTE: MRO = Midwest Reliability Organization; 
MWh = Megawatt hour. SOURCE: Siler-Evans (2012, p. 4744). Reprinted with permission from Environ-
mental Science & Technology, Copyright 2012 American Chemical Society. 
 
 

In contrast, the approach originally proposed by Graff Zivin et al. (2014) uses total consumption in 
a region as the independent variable and considers all plants in the broader interconnect. An advantage of 
this approach is that it measures the relationship between consumption and generation directly and allows 
for trade across regions at the margin within an interconnected area. A disadvantage is that it can conflate 
increased generation with shifted generation timing for hydroelectric plants. 
 

Simulation 
 

Simulation approaches model the power grid mathematically. Figure 10-6 show simulations of op-
erations under scenarios that include and exclude PEV load, observing the difference in emissions across 
the two scenarios. These approaches typically model the power system as optimally satisfying load at min-
imum cost subject to practical constraints, such as transmission constraints, ramp rate limits, and capacity 
constraints. The main advantage of simulation-based approaches is that they can be used to study future 
scenarios or large changes in load. The main limitation is that it is difficult for a model to capture all of the 
factors that might affect grid operations in practice, and therefore there is generally some expected deviation 
between what an idealized model predicts and what would happen in practice. In particular, models that 
make more simplifying assumptions, such as using simple dispatch ordering without constraints on trans-
mission or generation, can typically model larger systems at some expense of fidelity, while models that 
include detailed operational constraints typically limit scope to a particular region and may therefore miss 
effects of PEV load on marginal trade with other regions. 
 

Proxies 
 

Some analyses use proxies to approximate marginal emissions. For example, the U.S. Environmen-
tal Protection Agency’s (EPA) Emissions & Generation Resource Integrated Database (eGRID) data3 pro-
vide estimates of non-baseload generation by region, and non-baseload generation is sometimes used as a 
proxy for marginal generation.  
 

 
3 See https://www.epa.gov/egrid. 
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FIGURE 10-6 Conceptual illustration of energy balance maintained at every time step of a simulated dis-
patch model. SOURCE: Weis et al. (2014). Reprinted from Applied Energy, Elsevier. 
 
 

Real-Time Data 
 

Regression and simulation models as well as non-baseload eGRID data are ultimately based on 
actual generation resources dispatch and interchange data. This is the function that the regional transmission 
operators (RTOs) and independent system operators (ISOs) are performing (Greer, 2012):  
 

“The operation of a wholesale power system requires one centralized power system operator to 
integrate the generation and transmission of electricity in order to ensure reliability. These system 
operator functions include determining which generation units to start up and shut down, dispatch-
ing of operating units, ensuring that the system is being operated reliably, and responding to chang-
ing system conditions.” 

 
Each of the RTOs/ISOs has its own control area where they are responsible for operating the elec-

tric grid reliably. There are currently seven RTOs or ISOs in the United States. Their names imply but are 
not limited to their general regional coverage: 
 

● Pennsylvania New Jersey Maryland Interconnection (PJM). 
● Midcontinent Independent System Operator (formerly, Midwest ISO) (MISO). 
● Electric Reliability Council of Texas (ERCOT). 
● California ISO (CAISO). 
● New York ISO (NYISO). 
● Southwest Power Pool (SPP). 
● ISO New England (ISO-NE). 

 
Several RTOs and ISOs publish real-time market and dispatch data as well as real-time electricity 

interchanges with other control areas. If not already publicly available, RTOs and ISOs can provide real-
time marginal data, which can potentially be combined with data on EV charging patterns to estimate con-
sequential emissions of EV charging. 
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Table 10-2 summarizes the advantages and disadvantages of regression-based, simulation-based, 
proxy, and real-time CLCA approaches and compares them with ALCA approaches that use average grid 
emissions. While regression-based approaches have advantages for shorter term analyses with incremental 
changes to operations, simulation-based approaches are likely needed to understand the impacts of PEVs 
over typical vehicle lifetimes, given the substantial changes to the grid that would be required to achieve 
climate stabilization targets and the potential for future feedstock prices and policy to change dispatch order. 
Proxies can be easy to use, though how well they estimate marginal emissions can vary, and real-time 
marginal emission estimates can provide observed dispatch information but may not, on their own, provide 
a basis for projecting future scenarios. Ryan et al. (2016) summarize additional recommendations for ap-
propriate models estimating power-sector emissions. 
 
 
TABLE 10-2 Comparison of Approaches to Estimate Grid Emissions from PEV Charging 
Approach Advantage Disadvantage 
ALCA Average Grid Emissions Easy to find data and implement Does not answer the question of how emissions 

will change if a technology or policy is adopted 
CLCA Regression-Based 
Marginal Emissions 

Based on real-world data of how changes 
in load have affected power sector 
emissions in the past 

Limited to modeling small changes in load 
(marginal emissions only); examines only past 
grid behavior; does not predict how future 
technology or policy will affect a future power 
grid 

CLCA Simulation-Based 
Marginal or Non-marginal 
Emissions 

Can model effects of large load changes; 
can model future power grid scenarios 

Difficult to model all factors that affect power 
grid operations in practice so idealized model 
predictions may differ from practice 

CLCA Marginal Emission 
Proxies 

Easy to find data and implement Accuracy for estimating marginal emissions can 
vary 

CLCA Real-Time Marginal 
Emissions from RTOs and ISOs 

Captures actual dispatch implications of 
changes in load real time 

Not known in advance; does not provide a basis 
for modeling future scenarios; addresses only 
marginal changes; may not account for marginal 
trade across RTOs and ISOs 

NOTES: ALCA = attributional life-cycle assessment; CLCA = consequential life-cycle assessment; ISOs = independ-
ent system operators; RTOs = regional transmission operators. 
 
 

In the context of a low-carbon fuel standard (LCFS) policy, for regulatory impact assessment (see 
Chapter 3), consequential grid emissions in future grid scenarios are needed, so simulation-based CLCA 
approaches may be most appropriate. For verification (see Chapter 5), real-time marginal emission factors 
from RTOs and ISOs have the potential to provide useful data. For carbon intensities assigned to fuels, 
there is no single agreed-upon estimate for PEVs. The choice depends on a policymaker’s goals, and there 
are different views, both in the research community broadly and among the members of this committee.   
 

Conclusion 10-1: ALCA is sometimes used to estimate emissions from electricity consumption 
because it is easy or because the modeler is interested in an attributional, rather than consequential, 
question. However, using average emission factors does not answer the question of how emissions 
will change if PEVs or a PEV policy is adopted. CLCA aims to answer how PEV or PEV policy 
adoption would change emissions from the power sector.  
 
Conclusion 10-2: For CLCA, regression-based approaches are useful for grounding in data, but 
simulation-based approaches are needed to project consequential effects of large changes in PEV 
charging or PEV charging on future grids. 
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Conclusion 10-3: CLCA for future PEV loads is inherently uncertain, as is any term related to the 
future, given unknown future conditions that affect consequential emissions, including feedstock 
prices, regulations, non-vehicle load, and other factors. 
 
Recommendation 10-1: Regulatory impact assessment or other analyses estimating the emissions 
implications of a change in PEV charging load should use a CLCA approach to estimate the impli-
cations of power grid emissions and clearly characterize uncertainty of estimates due to assump-
tions, especially for future scenarios. 

 
UPSTREAM EMISSIONS 

 
The emissions consequences of increasing electricity demand are not limited to emissions from 

combustion at the power plants that increase generation to serve that load. Power plants also have upstream 
emissions from feedstock production, processing, and transport. For example, increasing generation from 
coal-fired power plants implies increased coal consumption, which triggers additional emissions from coal 
mining, coal transportation, and other supply chain activities. Attributional estimates of these upstream 
emissions have been used in ALCA studies (Anair and Mahmassani, 2012; Elgowainy et al., 2018; Kawa-
moto et al., 2019; MacPherson et al., 2012; Miotti et al., 2016; Nealer et al., 2015; Tong et al., 2020; Yawitz 
et al., 2013) and in policy.4 However, consequential or marginal emissions from changes in these supply 
chain activities are not well characterized in the literature, and these emissions are typically ignored or 
average attributional emissions estimates are used as a proxy. Upstream emissions can vary, but some stud-
ies have estimated upstream GHG emissions as 5–10 percent of electricity GHG emissions (Michalek et 
al., 2011). In addition, land use implications have not been well characterized.  

Emissions from sources upstream of power plants are omitted in some electricity LCA studies and 
included with ALCA estimates in other LCA studies. CLCA estimates of how emissions upstream of power 
plants change with generation are generally not available in the literature. 
 

Recommendation 10-2: Research should be done to estimate how upstream emissions in the power 
sector change in response to changes in generation.  

 
UNCERTAINTY AND DYNAMICS 

 
Consistent with the general findings about uncertainty in LCA (see Chapter 4), all approaches to 

estimating the power grid emissions consequences of PEV charging involve some degree of uncertainty. 
Furthermore, because the power grid will change over time in ways that cannot be fully predicted, including 
during the life of a vehicle, consequential emissions have important dynamic sources of uncertainty. For 
example, future marginal emissions may look different if the price of coal drops and the price of natural 
gas increases than they do if the price of natural gas drops and the price of coal increases (Weis et al., 2016). 
Many such factors can affect the emissions consequences of future PEV charging. 

In sum, the emissions consequences of PEV charging are inherently uncertain, and effects of future 
PEV charging depend on future factors that cannot now be known. 
 

Recommendation 10-3: Analyses that estimate the emissions implications of changing PEV adop-
tion or PEV policy should provide a transparent assessment of how sensitive or robust the results 
of the analyses are to reasonable variations in modeling assumptions and future scenarios. 

 
One key potential benefit of PEVs is the potential to make electricity from low emissions sources, 

such as wind, solar, hydro, or nuclear power. Such sources typically do not operate on the margin in the 
United States today, but if the capacity of these sources increases in the future such that renewable sources 
are routinely curtailed, renewable generators could be on the margin in a future power grid, implying low 

 
4 See https://ww2.arb.ca.gov/our-work/programs/low-carbon-fuel-standard. 
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consequential emissions from increasing the EV charging load. Several governments have announced tar-
gets to substantially increase renewable generation in the coming decades. The California LCFS policy 
provides incentives and alternative crediting for smart charging timed to coincide with low-emission grid 
composition, though low emission average composition does not necessarily imply low marginal emissions. 
Changes in power grid emissions caused by PEV charging could be low if PEV charging coincides with 
times when renewables would otherwise be curtailed. 
 

Recommendation 10-4: Analyses estimating the emissions implications of PEV adoption in future 
power grid scenarios should consider changes in power grid emissions caused by PEV charging in 
each power grid scenario. 

 
The committee notes that studies that examine GHG emissions in isolation may miss co-benefits or 

tradeoffs with other externalities that can be larger in magnitude. For example, studies have found that the 
change in external costs of health effects from conventional air pollution can be larger than the change in 
external costs from GHG emissions when gasoline vehicles are replaced by PEVs (Michalek et al., 2011; 
Tessum et al., 2014; Weiss et al., 2016). 
 

ENERGY EFFICIENCY 
 

As discussed in Chapter 6, the life-cycle emissions of transportation fuels cannot be fully understood 
in isolation from the vehicles that use them. In particular, vehicle efficiency affects how much fuel must be 
consumed to serve a given travel need. PEV efficiency can be substantially affected by a number of factors 
including:  
 

1. Which specific PEV design is being studied: BEVs in 2021 ranged in efficiency from 24 
kWh/100 mi for the Tesla Model 3 to 50 kWh/100 mi for the Porsche Taycan Turbo S.5 

2. Driving conditions: In city driving conditions with frequent stops, PEVs have substantial effi-
ciency benefits over gasoline vehicles, but for highway cruising, PEVs are more comparable 
to gasoline vehicles (Karabasoglu and Michalek, 2013; Lee et al., 2017). 

3. Climate: Both BEVs and gasoline vehicles are less efficient in cold weather, but BEVs typically 
experience a greater efficiency loss, in part because, unlike gasoline vehicles that use waste 
heat from the engine to heat the cabin, BEVs must use energy from the battery to heat the cabin 
instead of propelling the vehicle. BEVs can lose half of their range in extreme hot and cold 
weather climates (Lee and Thomas, 2017; Yuksel et al., 2016; Yuksel and Michalek, 2015).  
Other climate-related factors, such as humidity and precipitation, can also have substantial ef-
fects on vehicle efficiency. 

 
The effects of these sources of heterogeneity, in addition to the effects of location and charge timing 

on grid emissions, can be larger than the differences in emissions among vehicle technologies. Therefore, 
studies that select a single vehicle design to represent each technology, a single estimate of grid emissions, 
and a single set of assumptions about charging, driving, and climate conditions  have significant limitations. 
Variation in these factors can qualitatively affect the outcome of an LCA, as illustrated in Figure 10-7. 
 

DATA SOURCES FOR RESEARCH 
 

There are various data sources that researchers can use to estimate marginal emissions and exter-
nalities of electricity consumption (to estimate consequential emissions from PEV charging): two key ones 
come from EPA and the Center for Climate and Energy Decision Making at Carnegie Mellon University. 

 
5 See https://www.fueleconomy.gov/. 
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• EPA maintains estimates from two models: eGRID6 and AVERT.7 AVERT, in particular, sup-
ports calculation of marginal emissions factors on a regional, state, and county-levels. The user 
manual of AVERT (EPA, 2020) states: “within each region across the country, system opera-
tors decide when, how, and in what order to dispatch generation from each power plant in 
response to customer demand for electricity in each moment and the variable cost of production 
at each plant.” AVERT analyzes how hourly changes in demand change the output of fossil 
generators and, with that, their hourly generation, heat input, and emissions of PM2.5, SO2, NOx, 
and CO2.” The carbon intensity returned from marginal models such as AVERT can differ 
significantly from average eGRID data. Table 10-3 shows that, for selected states, this differ-
ence can be greater than 60 percent (Mueller and Unnasch, 2021). 

 
 

 
FIGURE 10-7 Illustration of how the relative life-cycle GHG emissions of a particular PEV compare with 
a gasoline vehicle can depend on many factors, including vehicle design, and regional factors such as the 
power grid, driving conditions, and climate. SOURCE: Yuksel et al. (2016). NOTES: Areas colored in blue 
are regions where the PEV has lower estimated life-cycle GHG emissions than the gasoline vehicle; areas 
colored in red are regions where the PEV has higher life-cycle GHG emissions than the gasoline vehicle. 
CV = conventional vehicle; HEV = hybrid electric vehicle; BEV = battery electric vehicle; g/mi = gallons 
per mile. Reprinted with permission from Environmental Research Letters, p.044007. © 2016 IOP Publish-
ing Ltd. 

 
6 See https://www.epa.gov/egrid. 
7 See https://www.epa.gov/avert. 
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• The Center for Climate and Energy Decision Making at Carnegie Mellon University maintains 
a database of marginal emission factors that include GHG emissions and air pollutants:8 These 
estimates are summarized in Table 10-4: they include regression-based marginal emission fac-
tors, simulation-based marginal emission factors, and average emissions from fossil generators 
(a potential proxy for marginal emissions). 

 
 
TABLE 10-3 Comparison of Marginal AVERT Factors with eGrid, by Selected States and Regions  

State/Region 
AVERT 
Region 

AVERT 2019 
(lbs/MWh)a eGRID Regionb 

eGRID 2018 
(lbs/MWh)c 

eGRID 
Transmission 

Loss (%) 

eGRID with 
Transmission 

Loss (lbs/MWh) 

% Diff 
Marginal to 

eGRID 
Average 

Colorado Rocky 
Mountain 

1,904 RMPA 1,171 4.88% 1,231 55% 

Illinois – 
Chicago 

Mid-
Atlantic 

1,540 RFCW 1,174 4.88% 1,234 25% 

Illinois – Rural Midwest 1,860 SRMW 1,677 4.88% 1,763 6% 
Indiana Midwest 1,860 RFCW 1,174 4.88% 1,234 51% 
Iowa Midwest 1,860 MROW 1,249 4.88% 1,313 42% 
Kansas Central 1,800 SPNO 1,172 4.88% 1,232 46% 
Kentucky Midwest 1,800 SRTV 1,038 4.88% 1,091 65% 
Michigan Midwest 1,860 RFCM 1,321 4.88% 1,389 34% 
Minnesota Midwest 1,860 MROW 1,249 4.88% 1,313 42% 
Missouri Midwest 1,860 SRMW 1,677 4.88% 1,763 6% 
Nebraska Central 1,800 MROW 1,249 4.88% 1,313 37% 
North Dakota Midwest 1,860 MROW 1,249 4.88% 1,313 42% 
Ohio Mid 

Atlantic 
1,540 RFCW 1,174 4.88% 1,234 25% 

South Dakota Midwest 1,800 MROW 1,249 4.88% 1,313 37% 
Wisconsin Midwest 1,860 RFCW, 

MROE/MROW 
1,420 4.88% 1,493 25% 

a Values already adjusted for transmission loss. 
b eGRID output factors not adjusted for transmission loss. 
c eGRID Regions: RMPA = Western Electricity Coordinating Council (WECC) Rockies; RFCW = Reliability First Corpo-
ration (RFC) West; SRMW = SERC Reliability Corporation (SERC) Midwest; MROW = Midwest Reliability Organization 
(MRO) West; SPNO = Southwest Power Pool (SPP) North; SRTV = SERC Tennessee Valley; MROE = MRO East.  
 
 
TABLE 10-4 Comparison of Estimated Emission Factors for Changing Electricity Load, by North 
American Electric Reliability Corporation (NERC) Region of the U.S. Power Grid (2017) averaged over 
seasons and time of day. 
 U.S. Grid Region 
Approach FRCC MRO NPCC RFC SERC SPP TRE WECC 
Regression-based marginal (kg/MWh) 483 789 441 671 640 665 583 552 
Simulation-based marginal (kg/MWh) 586 881 459 773 700 706 606 549 
Fossil fuel average emission factors 
(proxy) (kg/MWh) 

534 907 473 743 677 772 688 686 

NOTES: The data are averaged over seasons and time of day in kg/MWh; actual EV charging load may occur at different 
times with different marginal emission implications. U.S. grid regions: SOURCE: Data from Center for Climate and Energy 
Decision Making at Carnegie Mellon University. NOTES: CEDM = Center for Climate and Energy Decision Making at 
Carnegie Mellon University; U.S. Grid Regions: FRCC = Florida Reliability Coordinating Council, Inc.; MRO = Midwest 
Reliability Organization; NPCC = Northeast Power Coordinating Council, Inc.; RFC = Reliability First Corporation; SERC 
= SERC Reliability Corporation; SPP = Southwest Power Pool; TRE = Texas Reliability Entity; WECC = Western Elec-
tricity Coordinating Council. 

 
8 See https://cedm.shinyapps.io/MarginalFactors/. 
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EFFECTS OF PUBLIC POLICY ON CONSEQUENTIAL  
PLUG-IN ELECTRIC VEHICLE EMISSIONS 

 
The consequential GHG emissions implications of vehicle electrification can be substantially af-

fected by policy. In the United States, emission rates of new light-duty vehicles are capped by corporate 
average fuel economy (CAFE) standards (regulated by the National Highway Traffic Safety Administra-
tion) and light-duty vehicle GHG emissions standards (regulated by EPA).9 Both agencies treat some alter-
native fuels, including electricity, favorably in compliance calculations; effectively counting some alterna-
tive fuel vehicles as lower emitting than they actually are and therefore permitting higher emissions from 
other vehicles to meet the same standard, resulting in increased overall permitted fleet emissions when 
alternative fuel vehicles are sold (Gan et al., 2021; Jenn et al., 2016, 2019). For example, in 2021 each BEV 
sold counts in compliance calculations as though 1.5 BEVs were sold, and BEV charging emissions are 
multiplied by zero in compliance calculations (Jenn et al., 2016) For this reason, the consequential impli-
cations of policies that increase BEV market share, such as some LCFS policies or California’s “zero emis-
sion vehicle” policy, is to increase permitted fleet emissions, at least as long as these incentives are in place 
in national fleet standards (Choi et al., 2013). 

Every PEV sold in the United States increases permitted fleet emissions in federal standards, and 
because the auto industry is constrained by fleet GHG standards, they tend to sell fleets that emit as much 
as permitted by the standards. Studies find that each time an EV is sold, permitted fleet GHG emissions 
increase by up to 60 tons, depending on the year and vehicle type (Jenn et al., 2016), and policies like 
California’s zero emission vehicle mandate result in increased emissions due to these fleet standards (Jenn 
et al., 2019). It is possible that such policies may also induce innovation, trigger increased adoption, or 
enable stricter future standards that may reduce long-run emissions, though these factors are more difficult 
to quantify. 

The emissions implications of policies like an LCFS that encourage fuel and vehicle technology 
switching can be substantially affected by interactions with other policies, including fleet vehicle emission 
standards. 
 

Recommendation 10-5: LCA to estimate the change in GHG emissions induced by a policy or a 
change in technology adoption should consider how interaction with existing policies may affect 
outcomes. For cars and trucks, national fleet standards are key to understanding the net GHG out-
comes of technology or policy actions. 
 
Conclusion 10-3: Transportation fuel policies can have co-benefits and tradeoffs in terms of near-
term human health effects, climate impacts and other factors.  
 
Recommendation 10-6: Methods for LCA of low-carbon transportation fuels can evaluate co-
benefits and tradeoffs of transportation policies in terms of climate impact, human health, and other 
factors. 
 
Recommendation 10-7: Continuing and improved data are needed to support evaluation of the 
GHG emissions of electricity used as a transportation fuel. 
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Appendix A 
Conclusions and Recommendations 

 
Conclusions 

FUNDAMENTALS OF LIFE-CYCLE ASSESSMENT 

Conclusion 2-1: The approach to LCA needs to be guided on the basis of the question the analysis is 
trying to answer. Different types of LCA are better suited for answering different questions or achieving 
different objectives, from fine tuning a well-defined supply chain to reduce emissions, to understanding 
the global, economy-level effect of a technology or policy change. 

Conclusion 2-2: Process-based ALCAs entail bottom-up accounting where emissions are assigned to 
products or processes based on modeling approach of a static world. Process-based ALCA can identify 
major sources of emissions in well-defined supply chains and identify opportunities to reduce supply 
chain carbon intensity, especially when case-specific process-data can be used instead of generic data. 
Economic input-output life cycle assessment (EIO LCA) identifies implications of interactions across 
broad sectors of the economy. It can capture emissions that may not be immediately apparent if only a 
well-defined supply chain is evaluated. It also is helpful in flagging emissions sources that are far-
removed from the foreground system but are major contributors to total environmental effects. Hybrid 
Process/EIO ALCA identifies major sources of emissions beyond well-defined supply chains to include 
economy-wide effects. CLCA assesses the net effect of a decision or action, such as a change in fuel use 
or a change in policy, on total GHG emissions.      

Conclusion 2-3: LCA results can vary depending on which methods are used, which data are used, which 
assumptions are made, what scope is defined, and what question is asked. 

LIFE-CYCLE ASSESSMENT IN A LOW-CARBON FUEL STANDARD POLICY 

Conclusion 3-1: The carbon intensities of fuels used in an LCFS are not necessarily equivalent to the full 
climate consequences of their adoption. Increased use of a fuel with a low carbon intensity, as defined in 
an LCFS, could potentially decrease or increase carbon emissions relative to the baseline, depending on 
policy design and other factors. Regulatory impact assessments that use CLCA to project the 
consequences of policy can help assess the extent to which a given policy design with particular carbon 
intensity estimates will result in reduced GHG emissions. 

Conclusion 3-2: More research is needed to evaluate effective methods to collectively leverage the 
strengths of CLCA, ALCA, and verification methods in achieving LCFS objectives. 

KEY CONSIDERATIONS: DIRECT AND INDIRECT EFFECTS, UNCERTAINTY AND 
VARIABILITY, AND SCALE OF PRODUCTION 

Conclusion 4-1: Dividing emissions into direct and indirect can be used when identifying and classifying 
sources of emissions, but it can cause confusion, even if carefully defined and transparently presented in 
an LCA.   

Conclusion 4-2: Direct and indirect emissions are concepts distinct from the concepts of attributional and 
consequential LCA.   

Conclusion 4-3: Explicitly considering parametric, scenario, and model uncertainty can help to represent 
the degree of confidence in model results. 

Conclusion 4-4: Up-to-date LCA studies are needed to inform policy. 
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Conclusion 4-5: LCA studies can produce different estimates depending on regional scope or 
assumptions 

Conclusion 4-6: ALCA studies may produce substantially different results depending on modeling 
choices about how emissions are assigned to co-products. 

Conclusion 4-7: LCA of commercial-scale production for processes that have not been commercialized 
involve assumptions that can introduce substantial uncertainty, including effects of interactions among 
multiple uncertain data or parameters, and so may be particularly sensitive to uncertainty. 

Conclusion 4-8: Variability in methods and circumstances under which fuels are produced may be 
associated with differential economic returns. When this is the case, a techno-economic analysis may be 
helpful to understand the conditions under which market actors will produce the fuel. 

Conclusion 4-9: Research is warranted on how the carbon intensity and economics of fuel production 
may change over time. 

Conclusion 4-10: The scale of production can affect life-cycle GHG emissions, and current LCA 
methods often do not explicitly incorporate changes in production scale into their calculations.  

Conclusion 4-11: More research is needed to develop LCA methodologies for incorporating scale 
dependence.  

VERIFICATION 

Conclusion 5-1: In verification to evaluate land use change at a national level, specifying the approach 
used to evaluate the extent, location, and type of agricultural expansion and the degree of uncertainty aids 
in transparency and clarity. 

Conclusion 5-2: Insight into the degree of agricultural expansion domestically into ecologically 
important, but potentially small, land parcels requires more frequent data with higher spatial resolution 
and ideally high producer and user accuracy. 

Conclusion 5-3: In verification to evaluate electricity load shifts from national electric vehicle policies, 
specifying the approach used to evaluate the extent, location, and type of load expansion to be verified 
and the degree of uncertainty will aid transparency and clarity. 

Conclusion 5-4: While smart charging has potential to provide information about the carbon intensity of 
retail electric vehicle load, the assignment of specific generators to specific loads relies on assumptions 
from either an attributional frame (e.g.: under what conditions renewable generation should be assigned to 
electric vehicle load or to another load) or from a consequential perspective (e.g.: what emissions would 
look like in a counterfactual scenario without electric vehicle load).  

Conclusion 5-5: Since satellite data allow for monitoring of international land use change, it would be 
possible to use satellite data to monitor international land use change, support calculations of LUC 
impacts, and support results from economic models used to estimate international land use change GHG 
emissions. 

Conclusion 5-6: Certification and verification approaches have been implemented in contemporary 
LCFSs to inform values for many parameters that influence emissions. 

Conclusion 5-7: Certification through protocols and methods that are consistent or compatible across 
regions and countries may mitigate global trade barriers. 

Conclusion 5-8: There are a number of issues relating to the choice of certification protocols that use 
verification, including the cost to fuel providers, the benefits of reciprocity among protocols, and whether 
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protocols act as trade barriers. These should be weighed against the net costs or benefits that verification 
provides to society including the carbon footprint of the certification process itself. 

Conclusion 5-9: Certification protocols that use verification strategies can complement initial fuel 
pathway modeling with LCA and associated models (e.g., economic models used to estimate land use 
changes) to lessen the impacts of uncertainty in LCA results and to inform policymakers of the effects of 
an LCFS as they unfold. This insight can aid in policy adjustments if undesirable effects arise over the 
course of the policy. 

SPECIFIC METHODOLOGICAL ISSUES RELEVANT TO A LOW CARBON FUEL 
STANDARD 

Conclusion 6-1: The carbon intensity of fuels derived from methane that would otherwise be released 
(e.g., methane from manure or landfill) is strongly influenced by assumptions in the LCA of the 
alternative fate of methane pollution and is subject to dramatic change if relevant regulations or practices 
change.  

Conclusion 6-2: Different biogenic carbon accounting methods exist and the choice of method affects the 
carbon intensity of fuels. 

Conclusion 6-3: Given the importance of soil organic carbon changes in influencing life-cycle GHG 
emissions of biofuels, investments are needed to enhance data availability and modeling capability to 
estimate soil organic carbon change. Capabilities to evaluate permanence of soil organic carbon changes 
should also be developed. 

Conclusion 6-4: Several metrics in addition to global warming potential for 100 years are now available 
with differing emphases such as short-term, long-term, or cumulative impacts. 

Conclusion 6-5: To make a meaningful comparison of the LCA of transportation fuels, the vehicles that 
use those fuels should be considered. 

Conclusion 6-6: If an LCA uses a single point estimate for efficiency of each vehicle type, its 
conclusions may vary substantially depending on which vehicle design (make-model-trim) is used to 
represent each fuel type. 

Conclusion 6-7: If an LCA uses a single point estimate for efficiency of each vehicle type, its 
conclusions may vary substantially depending on which use conditions are assumed. 

Conclusion 6-8: Specifically formulated high-octane fuels in combination with dedicated fuel engine 
technologies can provide efficiency improvements in fuel combustion that affect LCA results.  

Conclusion 6-9: Ignoring vs. including vehicle production emissions in an LCA could affect its 
conclusion about which transportation fuels have the lowest carbon emission implications per unit of 
transportation services delivered. 

Conclusion 6-10: A per-vehicle-mile functional unit is, on its own, not fully informative for comparing 
transportation fuels for weight-constrained or space-constrained applications, such as Class 8 trucks. 

FOSSIL AND GASEOUS FUELS FOR ROAD TRANSPORTATION 

Conclusion 7-1: Additional data, reporting, and transparency are needed for petroleum sector operations, 
including improved information on venting and flaring of methane. 

Conclusion 7-2: More emissions inventory data from natural gas systems are needed, particularly 
regarding emissions from storage tanks. 
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Conclusion 7-3: The share of natural gas extracted from shale as a share of overall domestic consumption 
in the United States has increased rapidly and additional research and data collection will be necessary to 
better understand its production process and climate implications.  

Conclusion 7-4: Assumptions on co-product handling methods have broad implications on natural gas 
LCAs. Additional research and data collection on industry practices can assist in the understanding of 
choice of co-product handling for natural gas production.  

Conclusion 7-5: The selection of methane emissions leakage rate within an LCA has profound impacts 
on the overall estimated climate impact of natural gas production. Additional research and data collection 
is necessary to identify representative leakage rates for the natural gas industry and is essential to enable 
comparison of natural gas LCA across studies. 

Conclusion 7-6: The life-cycle emissions attributable to green hydrogen are sensitive to assumptions on 
the upstream source of electricity used for electrolysis, as the difference in emissions between hydrogen 
produced from renewable electricity and even grid-average electricity is substantial.  

AVIATION AND MARITIME FUELS 

Conclusion 8-1: Non-CO2 effects from aviation fuels may be high but remain uncertain. The largest non-
CO2 impact from aviation fuel combustion may be aviation-induced cloudiness, with the remaining 
contributions being much smaller.  

Conclusion 8-2: Reduced aviation fuel aromatic content, whether through processing of fossil fuels or 
blending of alternative aviation fuels may have beneficial climate effects on non-CO2 emissions. 
However, additional research is necessary to more accurately assess the contribution of non-CO2 effects 
from the fuel cycle on a consistent basis with existing LCA of alternative aviation fuels. Due to the non-
linearity of these effects, additional testing is necessary to evaluate the effect of alternative aviation fuel 
blending on non-CO2 emissions.  

Conclusion 8-3: The overall addition of CO2 and NOx to the atmosphere from aviation fuel combustion is 
well-characterized; however, there is substantial uncertainty on the emissions of sulfur, soot, and aviation-
induced cloudiness. 

Conclusion 8-4: The combustion emissions from aviation fuel are proportional to the quantity of fuel 
consumed. However, non-CO2 impacts are non-linear and do not necessarily correspond proportionally to 
fuel switching. Furthermore, changes in airplane routing, such as location, altitude, and time of day may 
also influence non-CO2 impacts of aviation.  

Conclusion 8-5: Though there is evidence that fuel blending can mitigate the impact of some non-CO2 
climate forcing; attributing these impacts to fuel switching in policies may result in inaccurate crediting of 
these fuels. 

Conclusion 8-6: The blending of alternative aviation fuels with different energy densities, as well as the 
introduction of alternative technologies such as electric-drive or hydrogen-powered airframes, may 
change the operating weight and efficiency of aircraft. In order to compare the emissions of these 
alternative fuels to conventional jet fuel on a consistent basis, these changes in efficiency must be taken 
into consideration. 

Conclusion 8-7: There are some variations in the life-cycle emissions attributable to alternative aviation 
fuels at facilities for some fuel pathways, depending on whether they are configured to maximize 
alternative aviation fuel output or to maximize yields of other co-products, such as middle distillates.  

Conclusion 8-8: Estimating the life-cycle GHG emissions of very low sulfur fuel oil will depend upon 
information about individual refinery choices in meeting marine fuel sulfur requirements. 
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BIOFUELS 

Conclusion 9-1: Improved data on biofuel feedstock production, including energy consumption, yield, 
and fertilizer application at fine spatial resolutions may be useful for some applications. Data quality 
improvements may support improved GHG accounting in biofuel feedstock production, especially should 
a performance-based LCFS be developed that accounts for spatially-explicit fertilizer and energy 
consumption, and land management practices like cover crop planting, land clearing, overfertilization, 
manure application, use of nitrification inhibitors, or noncompliance with long-term soil carbon storage 
incentives. 

Conclusion 9-2: Estimates of the GHG emissions associated with biofuels from woody biomass depend 
on the source of wood, forest management practices, and the carbon accounting method. 

Conclusion 9-3: The impact of biorefinery co-products, particularly biochar, compost, digestate, or other 
products meant to be applied to soils, is highly dependent on how these materials are produced and 
handled and on what land they are applied. Assigning any GHG offset credit to a biorefinery for 
producing and exporting these materials requires extensive verification to ensure they deliver the intended 
benefits. Nutrient-rich materials such as compost only offer fertilizer offset benefits if they are applied in 
a manner that results in lowered net GHG emissions. 

ELECTRICITY AS A VEHICLE FUEL 

Conclusion 10-1: ALCA is sometimes used to estimate emissions from electricity consumption because 
it is easy or because the modeler is interested in an attributional, rather than consequential, question. 
However, using average emission factors does not answer the question of how emissions will change if 
PEVs or a PEV policy is adopted. CLCA aims to answer how PEV or PEV policy adoption would change 
emissions from the power sector.  

Conclusion 10-2: For CLCA, regression-based approaches are useful for grounding in data, but 
simulation-based approaches are needed to project consequential effects of large changes in PEV 
charging or PEV charging on future grids. 

Conclusion 10-3: CLCA for future PEV   loads is inherently uncertain, as is any term related to the 
future, given unknown future conditions that affect consequential emissions, including feedstock prices, 
regulations, non-vehicle load, and other factors. 

Conclusion 10-5: Transportation fuel policies can have co-benefits and tradeoffs in terms of near-term 
human health effects, climate impacts and other factors. 

 

Recommendations 

FUNDAMENTALS OF LIFE-CYCLE ASSESSMENT 

Recommendation 2-1: When emissions are to be assigned to products or processes based on modeling 
choices including functional unit, method of allocating emissions among co-products, and system 
boundary, ALCA is appropriate. Modelers should provide transparency, justification, and sensitivity or 
robustness analysis for modeling choices. 

Recommendation 2-2: When a decision-maker wishes to understand the consequences of a proposed 
decision or action on net GHG emissions, CLCA is appropriate. Modelers should provide transparency, 
justification, and sensitivity/robustness analysis for modeling choices for the scenarios modeled with and 
without the proposed decision or action. 
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LIFE-CYCLE ASSESSMENT IN A LOW-CARBON FUEL STANDARD POLICY 

Recommendation 3-1: When some emissions consequences of fuel use are excluded from carbon 
intensity values in an LCFS, the rationale, justification, and implications for these exclusions should be 
documented. 

Recommendation 3-2: Public policy design based on LCA should ensure through regulatory impact 
assessment that, at a minimum, the consequential life-cycle impact of the proposed policy is likely to 
reduce net GHG emissions and increase net benefits to society. Regulatory impact assessments should 
consider changes in production and use of multiple fuel types (e.g., gasoline, electricity, biofuels, 
hydrogen).  

Recommendation 3-3: LCA practitioners who choose to combine attributional and consequential LCA 
estimates should transparently document these choices and clearly identify the implications of combining 
these different types of estimates for the given application, scope and research question.   

Recommendation 3-4: Research programs should be created to advance key theoretical, computational, 
and modeling needs in LCA, especially as it pertains to the evaluation of transportation fuels. Research 
needs include: 

 Further development of robust methods to evaluate the GHG emissions from development and 
adoption of low-carbon transportation fuels, and development or integration of process-based, 
economic input-output, hybrid, and CLCA methodologies 

 Products could include the following: 
o development of national, open-source, transparent CLCA models for use in LCFS 

development and assessment 
o continued development of national, open-source ALCA models from new or existing models 
o evaluation of different approaches to creating, using, or combining ALCA, CLCA, and 

verification for evaluation of policy outcomes       
o quantification of variation between marginal and average GHG emissions for various 

feedstock-to-fuel pathways; and 
o quantification and characterization of the implications of approximations and proxies in LCA, 

such as comparisons of marginal and average emissions. 

KEY CONSIDERATIONS: DIRECT AND INDIRECT EFFECTS, UNCERTAINTY AND 
VARIABILITY, AND SCALE OF PRODUCTION 

Recommendation 4-1: Because the terms “direct” and “indirect” are used differently in different 
contexts, these terms should be carefully defined and transparently presented when used in LCA studies 
or policy. Another option is to avoid using the terms “direct” and “indirect” altogether, as they are not 
considered necessary elements of LCA and may lead to greater confusion. 

Recommendation 4-2: Current and future LCFS policies should strive to reduce model uncertainties and 
compare results across multiple economic modeling approaches and transparently communicate 
uncertainties. 

Recommendation 4-3: LCA studies used to inform policy should explicitly consider parameter 
uncertainty, scenario uncertainty, and model uncertainty.  

Recommendation 4-4: When LCA results are used in policy design or policy analysis, the implications 
of parameter uncertainty, scenario uncertainty, and model uncertainty for policy outcomes should be 
explicitly considered, including an assessment of the degree of confidence that a proposed policy will 
result in reduced GHG emissions and increased social welfare. 
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Recommendation 4-5: Regulatory agencies should formulate a strategy to keep LCAs up to date, which 
may involve periodic reviews of key inputs to assess whether sufficient changes have taken place to 
warrant a re-analysis, and agencies should be aware that substantial changes to LCAs on timescales of 
less than a decade can occur. 

Recommendation 4-6: LCA studies used to inform transportation fuel policy should be explicit about the 
feedstock and regions to which the study applies and to the extent possible should explicitly report the 
sensitivity of the results to variation in these assumptions. 

Recommendation 4-7: ALCA studies used to inform fuel policy should justify the approach used to 
handle co-products, and as necessary report sensitivity of results to variation in approaches to assigning 
emissions to co-products. 

Recommendation 4-8: LCA studies used to inform transportation policy regarding processes that do not 
yet exist at scale should explicitly report sensitivity of findings to uncertainty, in order to produce 
bounding estimates.  

Recommendation 4-9: Modelers should conduct sensitivity analysis to understand implications of 
variation. 

Recommendation 4-10: To effectively inform policymaking, LCA studies should document results for a 
range of input values. 

Recommendation 4-11: Researchers and regulatory agencies should identify additional information to 
assess impacts of large changes in fuel systems.  

Recommendation 4-12: Because LCA-based carbon intensities in current LCFS policy are often not 
structured to capture nonlinear and non-life cycle implications of large changes in fuel and fuel pathway 
production volume, policymakers should consider potential complementary policy mechanisms. 

VERIFICATION 

Recommendation 5-1: Estimates of historical land use changewhich may be used to inform economic 
models that evaluate market-mediated land use change based on survey or remote sensing data should 
rely on more than one data source and should include estimates of uncertainty. Higher resolution, higher 
accuracy, and more frequently collected data sources should be made accessible to the public. 

Recommendation 5-2: The research and policy communities should develop frameworks and 
methodologies for use of satellite data to characterize national and international land use change  that may 
be in part attributable to an LCFS. Examples of framing questions include: 

 Should an LCFS include measures to mitigate undesirable international land use change, or is it 
sufficient to monitor international land use change that may be due to the LCFS and these GHG 
emissions to the associated fuel? 

 What are the guardrails (e.g., amount and type of land converted to agriculture in a certain 
region) that a monitoring approach would put in place and, if approached or exceeded, what 
action would be undertaken as a result?  

 How can satellite data and economic modeling be most effectively used synergistically to limit 
GHG emissions from international land use change?  

 What public data sources will be used to track land use change? 
 How should uncertainty in land use change estimates be reported? 

Recommendation 5-3: If applied, verification requirements should be used consistently and comparably 
across pathways to encourage technology development and deployment. 
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Recommendation 5-4: Baselines, if used, should consider (1) the state of technology, (2) inputs from 
multiple stakeholders, (3) implications for cost of implementation, and (4) incentives that the baselines 
create for innovation to reduce emissions and for data collection to demonstrate emissions reductions. 

Recommendation 5-5: Combinations of newly developed sensor (including satellite) and supply chain 
technologies (e.g., database systems, blockchain) could be considered to improve land use change 
assessments. Policies need to be consistent with verification technology and set realistic expectations for 
verified LCA values. Data should be made publicly available for external verification. The GHG footprint 
of verification technologies should be included in the LCA as well. 

Recommendation 5-6: An LCFS should consider inclusion of a certification protocol with verification. 
The protocol and its implementation should be overseen by an agency or group of agencies with the 
complementary expertise sets needed for success. These expertise sets include insights into multiple 
energy systems and new technologies, economics, environmental effects of fuels and their production 
routes, agriculture, fossil fuel production, and electricity generation. 

Recommendation 5-7: Certification protocols should be revisited periodically to adapt to the emergence 
of new verification technology, national and global trends in the energy, transportation, and agriculture 
sectors, and to update baselines as needed based on evolving common practice.  

Recommendation 5-8: Economic modeling and verification processes are complementary to each other 
and should both be used. Verification processes to assess international- and national-level land use 
change should use state-of-the art remote sensing technologies, when appropriate, which are evolving 
toward increased frequency and spatial resolution.   

SPECIFIC METHODOLOGICAL ISSUES RELEVANT TO A LOW CARBON FUEL 
STANDARD 

Recommendation 6-1: LCA for LCFS policies should provide as much transparency as possible on the 
different carbon removal elements of fuel life cycles allowed under the policy, as well as insight into how 
these may change over time, to inform policymakers and stakeholders. Specifically, LCA pathway 
analyses used to determine carbon intensity scores should separately indicate the contributions from 
negative elements (if any) and the counterfactual scenarios, such as avoided CO2 emissions, avoided 
methane emissions, carbon capture and sequestration in geologic reservoirs or soil, and use in enhanced 
oil recovery.  

Recommendation 6-2: All biogenic carbon emissions and carbon sequestration generated during the 
lifecycle of a low-carbon fuel should be accounted for in LCA estimates. 

Recommendation 6-3: Research should be conducted to improve the methods for accounting and 
reporting biogenic carbon emissions.  

Recommendation 6-4: Research should be conducted to collect existing soil organic carbon data from 
public and private partners in an open source database, standardize methods of data reporting, and 
identify highest priority areas for soil organic carbon monitoring. These efforts could align with the 
recommendations made in the 2019 National Academies report on negative emissions technologies t to 
study soil carbon dynamics at depth, to develop a national on-farm monitoring system, to develop a 
model-data platform for soil organic carbon modeling, and to develop an agricultural systems field 
experiment network. These efforts should also be extended internationally. 

Recommendation 6-5: Research should be conducted to explore remote-sensing and in situ sensor-based 
methods of measuring soil carbon that can generate more data quickly. 

Recommendation 6-6: Use of more than one climate change metric should be considered in the analysis 
of low-carbon fuel policies. 
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Recommendation 6-7: Further research should be conducted to better understand the suitability of 
different GHG metrics for LCA.  

Recommendation 6-8: Further research should be conducted to develop a framework to include albedo 
effects from land cover change, and near-term climate forcers, in LCA of low-carbon fuels. 

Recommendation 6-9: Further research should be conducted to better understand the climate 
implications of increased GHG emissions on the short-term (carbon debt) to support the selection of an 
appropriate approach to account for the timing of GHG emissions and uptakes in LCA. 

Recommendation 6-10: LCA of transportation fuels may include analysis using functional units based 
on the transportation service provided, such as passenger-mile or ton-mile, or otherwise be based on 
comparison of comparable transportation services. This may be reported in addition to an energy-based 
functional unit. LCAs should clearly describe their assumptions for the energy- and service-based 
functional units, such as through vehicle efficiency, market share, or other factors.      

Recommendation 6-11: When comparing life-cycle emissions of different transportation fuels, LCA 
studies that assess or inform policy should consider the range of vehicle efficiencies within each fuel type 
to ensure that the comparisons are made on comparable transportation services, such as passenger 
capacity, payload capacity, and performance. 

Recommendation 6-12: When comparing life-cycle emissions of different transportation fuels, LCA 
studies should avoid relying on a single point estimate for efficiency of each vehicle fuel type and instead 
consider the range of vehicle efficiencies within each fuel type across vehicles and common or likely 
operating conditions. 

Recommendation 6-13: LCAs of high-octane fuels should consider the impact of fuel octane on vehicle 
efficiency, but for the purpose of broad policy assessment LCA should be based on the actual and 
anticipated vehicle fleet, and following common practice for fuel vehicle assessments include only 
combinations that reflect reality. 

Recommendation 6-14: For regulatory impact assessment, LCA of transportation fuels and 
transportation fuel policy should consider a range of estimates for possible changes in the emissions of 
vehicle production required to convert transportation fuels into transportation services, and the resulting 
changes in vehicle fleet composition.  

Recommendation 6-15: LCA comparing transportation fuels for weight-constrained applications should 
present a per-ton-mile functional unit and/or explicitly model the logistical implications of payload 
effects by fuel type. 

FOSSIL AND GASEOUS FUELS FOR ROAD TRANSPORTATION 

Recommendation 7-1: Policymakers may consider recognizing the variation in GHG emissions across 
different petroleum fuel pathways, and include mechanisms to reduce these emissions in fuel policies.  

Recommendation 7-2: Further research should be done on the key parameters used to assess the climate 
impacts of natural gas production, such as methane leakage rates. These parameters will evolve as 
technology advances, data availability increases, and statistical methods may be used to translate the 
additional data into improved emissions estimates. 

Recommendation 7-3: Further research on the climate impacts of natural gas production should draw 
upon real world activity data in part supplied by the natural gas industry  and in part from independent 
studies using satellite and remote sensing technology to improve methane emissions rate estimates; these 
should be revisited frequently— at least every five years. 
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Recommendation 7-4: To ensure renewable electricity is supplied via the grid to produce green 
hydrogen in the context of an LCFS, certification is necessary to ensure that the source of the electricity 
and its additionality.   

Recommendation 7-5: In the context of an LCFS, LCAs of hydrogen should be well documented with 
choices of key parameters supported with facility-measured data or well-supported citations from the 
literature. These key parameters include the choice of energy source for steam-methane reforming or 
authothermal reforming, the carbon capture level from the waste gaseous stream, source of upstream 
electricity, and the rate of methane or CO2 leakage. Where relevant, the approach to quantifying 
emissions of upstream natural gas production should align with those used elsewhere in an LCFS for 
other fuels produced from natural gas.  

AVIATION AND MARITIME FUELS 

Recommendation 8-1: Because the non-CO2 effects from aviation fuels remain uncertain, research 
should be done to clarify the magnitude and direction of these effects.  

Recommendation 8-2: Alternative fuels and airframe combinations, particularly those with large density 
differences such as battery electric technology and hydrogen, may impact airplane efficiency and thus 
influence overall emissions. The comparative LCA of these technologies should use functional units 
based on the transportation service provided or otherwise be based on comparison of consistent 
transportation services. 

Recommendation 8-3: Alternative aviation fuel LCA estimates developed for fuel policy should reflect 
existing practices at facilities or the expected behavior in response to future policies. 

Recommendation 8-4: LCA of oil-derived marine fuels should use new data as available for the 
feedstock conversion life-cycle stage.  A body such as the International Maritime Organization should 
strive to collect data that will enable reliable marine fuel LCAs. 

Recommendation 8-5: The baseline life-cycle GHG emissions for marine fuels should reflect current 
industry trends stemming from MARPOL Annex VI and potentially be updated after several years’ time 
once the industry adjusts more fully to the new regulations through, for example, deployment of more 
liquefied natural gas-fueled vessels. 

Recommendation 8-6: Marine fuel pathways should be evaluated with methods that are consistent with 
on-road and aviation fuels while considering unique factors in the oil refining and use phase aspects of a 
marine fuel’s life cycle. 

BIOFUELS 

Recommendation 9-1: Additional research should be done to assess key parameters and assumptions in 
forest management practices induced by increased woody biomass demand, including: changes in residue 
removal rates, stand management and forest productivity, and changes in tree species selection during 
replanting.  

Recommendation 9-2: Research and data collection efforts should be carried out for improved data and 
modeling related to forest feedstock production and storage, including energy use, yield, inputs, fugitive 
emissions, and changes in forest carbon stock should be supported. 

Recommendation 9-3: Policymakers should exercise caution in crediting biorefineries for GHG 
emissions sequestration as a result of exporting co-products such as biochar, digestate, and compost, as it 
risks over-crediting producers for downstream behavior that is not necessarily occurring. The committee 
recommends that any credits generated from these activities must be contingent on verification that these 
activities are being practiced.  
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Recommendation 9-4: Applying credits for carbon sequestration to soil or reduced use of fertilizer 
should require robust measurement and verification to prove the co-products are applied in a manner that 
yields net climate benefits. 

Recommendation 9-5: Additional review and research is recommended on the key factors affecting 
induced land use change.  

Recommendation 9-6: Beyond research on induced land use change and rebound effects, research 
should be done to identify and quantify the impacts of other indirect effects of biofuel production, 
including but not limited to market-mediated effects on livestock markets, land management practices, 
and dietary change of food type, quantity, and nutritional content.  

Recommendation 9-7: Though the study of induced land use changes from biofuels has been the topic of 
intense study over the last decade, substantial uncertainties remain on many key components of economic 
models used to assess these impacts. Further work is warranted to update these estimates of market-
mediated land use change and the models so as to inform the development and implementation of an 
LCFS. 

Recommendation 9-8: Assessment of the consequential effects from a future proposed policy, such as 
induced land use change, should be further developed in order to assess the risk of market-mediated 
effects and emissions attributable to the policy. Consequential assessment can inform the implementation 
of safeguards within policies such as limits on high-risk feedstocks, can inform the development of 
supplementary policies, identify hotspots, and reduce the likelihood of unintended consequences. 

Recommendation 9-9: To improve understanding of market-mediated effects of biofuels, research 
should be supported on different modeling approaches, including their treatment of baselines and 
opportunity costs, and to investigate key parameters used in national and international modeling based on 
measured data, including various elasticity parameters, soil carbon sequestration, land cover, and 
emission factors and others. 

Recommendation 9-10: Because other market-mediated effects of biofuel production, such as livestock 
market impacts, land management practices, and changes in diets and food availability may be linked to 
land use and biofuel demand assessed using induced land use change models, additional research should 
be done and model improvements undertaken to include these effects.  

Recommendation 9-11: Current and future low-carbon fuel policies should strive for transparency in 
their modeling efforts.  

ELECTRICITY AS A VEHICLE FUEL 

Recommendation 10-1: Regulatory impact assessment or other analyses estimating the emissions 
implications of a change in PEV charging load should use a CLCA approach to estimate the implications 
of power grid emissions and clearly characterize uncertainty of estimates due to assumptions, especially 
for future scenarios. 

Recommendation 10-2: Research should be conducted to estimate how upstream emissions in the power 
sector change in response to changes in generation.  

Recommendation 10-3: Analyses that estimate the emissions implications of changing PEV adoption or 
PEV policy should provide a transparent assessment of how sensitive or robust the results of the analyses 
are to reasonable variations in modeling assumptions and future scenarios. 

Recommendation 10-4: Analyses estimating the emissions implications of PEV adoption in future power 
grid scenarios should consider changes in power grid emissions caused by PEV charging in each power 
grid scenario. 
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Recommendation 10-5:  LCA to estimate the change in GHG emissions induced by a policy or a change 
in technology adoption should consider how interaction with existing policies may affect outcomes. For 
cars and trucks, national fleet standards are key to understanding the net GHG outcomes of technology or 
policy actions. 

Recommendation 10-6: Methods for LCAs of low-carbon transportation fuels can evaluate co-benefits 
and tradeoffs of transportation policies in terms of climate impact, human health, and other factors. 

Recommendation 10-7: Continuing and improved data are needed to support evaluation of the GHG 
emissions of electricity used as a transportation fuel. 
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Appendix C 
Open Session Agendas 

 
MEETING #1, PART II  

June 1, 2021 
 
OPEN SESSION—Public welcome 
 
11:00 Welcome and introductions; Purpose of the open session; disclaimer—Valerie Thomas, 

Committee Chair 
 
11:05 Context and expectations from the study—Maria Martinez, Breakthrough Energy 

The sponsor will address the following questions: 
• Why did your organization commission this study?   
• Can you explain how you plan to use the results from this study?   
• What types of recommendations would be most/least helpful?   
• What do you consider to be outside the statement of task?   
• What parts of the statement of task are most important, and why?   
• What kinds of information do you have/could provide that would help the committee do its 

work? 
 
11:20 Speakers from federal/state agencies (max. 10 minutes per agency rep.) 

Environmental Protection Agency—Aaron Levy & Sharyn Lie  
Department of Energy—Valerie Reed 
California Air Resources Board —Anil Prabhu  
Oregon Department of Environmental Quality Clean Fuels Program—Kiara Winans 
• Brief presentation on agency’s work on assessment of greenhouse gas emissions from 

transportation fuels 
• Comment on Statement of Task/how the study/report could be useful to them 

 
12:00 Q&A speakers and committee 
 
12:15 Stakeholder and public comments— Stakeholders and members of the public can send written 

comments; staff will read the comments aloud until the adjournment of the session. 
 
12:30 Adjourn open session 
 

Committee Meeting #3 (Virtual with open and closed sessions) 
July 20, 2021 at 12:00 to 3:00 PM Eastern 

 
OPEN SESSION—Public welcome 
 
12:00 Welcome/open session goals and agenda—Valerie Thomas, Committee Chair 
 
12:05 Q&A with Dr. Bo Weidema 
 
12:30 Comments from the public  
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12:40 Adjourn open session 
 

Committee Meeting # 4, Part II (Virtual open and closed sessions) 
August 31, 2021 at 1:00 PM to 4:00 PM Eastern Time 

 
OPEN SESSION—Public welcome 
 
1:00 Welcome/open session goals and agenda—Valerie Thomas, Committee Chair 
 
1:05 Q&A with Richard Plevin, Tyler Lark and Seth Spawn, and John Field 

Comments from the public  
 
2:30 Adjourn open session 
 

Committee Meeting #5, Part II (Virtual Open and Closed Sessions) 
September 28, 2021 at 11:00 AM to 2:00 PM Eastern Time 

 
OPEN SESSION—Public welcome 
 
11:00 Welcome/open session goals and agenda—Valerie Thomas, Committee Chair 
 
11:05 Q&A with Amgad Elgowainy and Michael Wang  
 
11:50 Comments from the public  
 
12:00 Adjourn open session 
 

Committee Meeting #6, Part I (Virtual) 
October 20, 2021 at 2:00 PM to 2:30 PM Eastern Time  

 
OPEN SESSION—Public welcome 
 
2:00 Welcome/open session goals and agenda—Valerie Thomas, Committee Chair 
 
2:05 Q&A with Joule Bergerson  
 
2:30 Adjourn open session 
 

Committee Meeting #6, Part II (Virtual) 
October 26, 2021 at 11:00 AM to 12:00 PM Eastern Time  

 
OPEN SESSION—Public welcome 
 
11:00 Welcome/open session goals and agenda—Valerie Thomas, Committee Chair 
 
11:05 James Hileman presentation 

Q&A (committee and speaker) 
 
11:50 Public comment period 
 
12:00 Adjourn open session 
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