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Abstract At the core of the debate over life-cycle assess-
ment (LCA) modeling of the environmental impacts of
biofuels is doubt that biofuels can mitigate climate change.
Two types of LCA, attributional and consequential, have
been applied to answer this question with competing re-
sults. These results turn on system boundary design, in-
cluding feedstock considerations and assumptions of indi-
rect land-use impacts. The broadening of the system
boundary to include large scale land-use change of biofuel
production has challenged the viability of biofuels to meet
climate change goals. This paper reviews some of the latest
literature in biofuels LCA exemplary of this debate and
discusses the distinctions between attributional and conse-
quential models in biofuels. We also present a generalized
boundary map that can be used to convey LCA system
boundaries clearly and succinctly within both attributional
and consequential LCA.
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Introduction

Assessing the environmental consequences of biofuels (using
life-cycle assessment [LCA]) has been motivated by the search
for viable alternatives to petroleum that yield lower greenhouse
gas (GHG) emissions from transportation. LCA is among the
leading frameworks for evaluating the system-wide impacts of
biofuel production and informing related policy decisions. In
short, LCA requires the consideration of environmental indica-
tors and impacts occurring from cradle to grave. For a biofuel,
this includes not only the CO2 released when the fuel is burned
but also the emissions from, for example, the diesel tractor in
the feedstock field. Since the early 2000s, biofuels have re-
ceived considerable attention by LCA practitioners. LCA has
been used to evaluate numerous biomass-to-energy pathways
based on a variety of feedstocks. Much of the work leading up
to the present decade has focused on feedstocks from existing
agrarian crops such as corn [10, 15, 20, 24, 34, 40, 41], herba-
ceous plants [30, 31, 36], and waste-based feedstocks such as
municipal solid waste (MSW) [4, 17, 39]. More recently, LCA
practitioners and biofuel researchers have assessed the use of
less traditional feedstocks such as algae, seaweed, and waste
residuals from agave, among others [24, 33, 37].

Expanding the scope of what is now called attributional
LCA (ALCA) to include feedback effects of increasing pro-
duction and use of a given fuel that are induced or caused by
economic responses leads to consequential LCA (CLCA).
One of the most salient effects of this expansion has been
the discovery of indirect land use change (ILUC) discharges
when wild land is cleared to increase agricultural production
[32]. CLCA methods and system boundaries have also
evolved to capture the broader implications of production
and consumption decisions including carbon footprints, water
use, and land use. With this growth in research has come
debate about the applicability of LCA approaches to biofuels.
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Some have recently argued that biofuel CLCA may be mis-
leading to policy makers by presenting results in the absence
of disclosing large uncertainties [26•]. Others have suggested
that biofuels LCA has accumulated inconsistencies across ac-
counting methodologies and thus is subject to conflicting re-
sults [19]. The inconsistencies are especially pronounced with
the use of different system boundaries, assumptions, and ac-
counting practices for similar fuel pathways [10] and subse-
quently interfere with our understanding of biofuels. These
inconsistencies raise questions about how LCA should inform
production as well as policy maker decisions [21].

System boundaries vary by the type of LCA per-
formed: attributional, which describes the environmental-
ly relevant physical flows to and from subsystems within
the overall system analyzed, and consequential, an evalu-
ation of consequences of system actions [9]. In other
words, ALCA evaluates a system that produces a product
and assumes that the outside world is not influenced by
decisions made within the system, so-called Bproduct
systems^ [16•].

A product system would consist of all inputs and com-
ponents necessary to produce a given output, such as the
farm-to-refinery process required to produce ethanol. The
additional inclusion of considerations such as the substi-
tution of gasoline, indirect land-use change, or changes in
emissions resulting from a fall in gasoline prices would
broaden the ALCA to be a CLCA. When decision-makers
outside the product system are modeled to react to the
presence of the system outputs, the analysis is a CLCA.
This distinction of concept began to emerge in the early
1990s, but continues to be debated in LCA research today
[7, 26•, 41, 45]. The debate has sought to distinguish
ALCA from CLCA in their accuracy, uncertainty, and
how they inform policy decisions. These distinctions have
been explored through analyses of dedicated fuel feed-
stocks as well as MSW.

Feedstock crops are grown with the intention of being con-
verted to a fuel, whereas waste feedstock is produced regard-
less of its future fate. LCA frameworks for crop-based
biofuels are more mature than for waste-based fuels, but stud-
ies in each field utilize a variety of assumptions and system
boundaries that make their comparison challenging. Analysis
of waste feedstocks require their own set of rules for
system boundary construction that can be applied to the
comparative analysis of dedicated feedstock alternatives.
This paper provides an overview of the previous and
recent work in biofuels LCA, with comparative exam-
ples of ALCA and CLCA methodologies. Building on
this review, we present generalized examples of system
boundary diagrams that aim to convey simple ACLA
and CLCA systems and discuss how such diagrams
can efficiently and separately define the attributional
and consequential components of each analysis.

Recent ALCA and CLCA Biofuels Research

Recent research in biofuels LCA has advanced understanding
of the environmental consequences of new pathways and
feedstocks for biofuel production. The field of biofuel LCA
research has delved deeper into the indirect effects of biofuels
and their overall influence on policy conclusions. Searchinger
et al. [32] showed that biofuel production indirectly affects
land use, and since then, several other studies [15], have
modeled worldwide changes in land-use that would result in
a shift from crop production to biofuels. These studies found
that emissions from land-use change induced through world
food markets may overwhelm the other benefits of displacing
gasoline with ethanol derived from switchgrass or corn. The
studies subsequently dampened the momentum behind
climate-mitigating justifications for biofuels.

Tonini et al. [35•], a recent CLCA conducted in biofuels
production analyzed 12 bioenergy scenarios with indirect
land-use implications. They evaluated the perennial crops rye-
grass, willow, and miscanthus as biofuel feedstocks, which
have a number of advantages over traditional feedstocks in-
cluding lower fertilizer requirements, higher yields, and in-
creased soil carbon deposits. They found that when including
energy production, substitution, and indirect land-use change
that only one of their four conversion technologies were net
negative in terms of GHG emissions over a 20 year horizon.
Through a sensitivity analysis, they identified indirect land-
use change as the primary source of uncertainty governing
their results. Vázquez-Rowe et al. [38] also directly addressed
the land-use impacts of biofuel policy by evaluating ten dif-
ferent CLCA scenarios surrounding land-use change as relat-
ed to biogas production from corn in Luxembourg. Noting
that uncertainties in CLCA can exceed those of ALCA, they
use a partial equilibrium model to evaluate consequential
land-use within Luxembourg and reported findings in line
with the previous research. In the case of Luxembourg, they
found impacts to be less negative since the shift of land-use
within the country did not involve forest-clearing, as most of it
has already been cleared.

The variance in conclusions as a result of the uncertainty
of impacts is a common problem in CLCA of biofuels.
While ALCA analyses tend to parse details and uncer-
tainties about the Bsystem process,^ CLCA in biofuels in-
cludes uncertainties that can be an order of magnitude big-
ger. In such cases, the potential and assumed consequences
of indirect land-use change or some other process external
to the product system can become large under modest as-
sumptions of deterministic impact. Even with a sensitivity
analysis, as executed by Tonini et al. [35•], for example,
uncertainties can remain considerable and challenge biofuel
CLCA in drawing policy conclusions.

Kumar andMurthy [18], performed anACLA of tall fescue
grass to ethanol production and found a range of 57 to 113%
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reduction in fossil energy use depending on which of four pre-
treatment technologies was applied in the absence of indirect
consequential considerations. Kumar and Murthy [18] was
notable because they applied a predefined process of system
boundaries selection using the relative mass, energy, and eco-
nomic (RMEE) value method as presented in Raynolds et al.
[28]. Raynolds et al. [27] addressed the impending issue of
inconsistent system boundary selection, as back then it was
becoming an increasingly evident problem. The method is
rigorous and numerical, which provides some needed struc-
ture to the selection process. It requires the researcher to define
a functional unit for the LCA and to calculate the total mass,
energy, and economic value of the unit, and further to define a
cutoff ratio, which is some fraction (say 20 %) of the func-
tional unit along these dimensions. Systems to be compared
should share the same functional unit, e.g., a fixed mass of
biofuel produced from a process. The masses, energy, and
economic values of the inputs to each process upstream of
the functional unit are compared to the analogous measures
of the functional unit. If the ratio of inputs is larger than the
cutoff, the process with those inputs is included, if not, it is
excluded. The process is repeated until no additional systems
are included. The method shown in Raynolds et al. [28] works
well for an ALCA system boundary definition, but not as well
for CLCA boundaries that include indirect land-use changes.
These outside systems are not inputs to the core system, but
are affected by it.

Rehl et al. [29] conducted a comparative ALCA and CLCA
analysis of a biogas system. The CLCA approached involved
modeling the substitution of co-products for an agrarian oper-
ation. In their analysis, they found benefits to both approaches
under different circumstances and concluded that ALCA
should be used when (1) the goal is to understand the contri-
bution of individual components to system performance, or
(2) the goal is to determine the optimal feedstock or produc-
tion processes to produce the functional output with the
highest efficiency. They noted that CLCA is primarily needed
for policy making, when benefits of a process need to be
proven under certain substitution scenarios. Both approaches
need to be regularly subjected to rigorous sensitivity and un-
certainty analysis.

Plevin et al. [26•] critique ACLA studies as character-
izing impacts of a system as a deterministic change in
some metric, usually GHGs, from a baseline business-as-
usual case, ignoring market effects. Further, they describe
ALCA results as assuming away all indirect and scale
effects on emissions resulting from a modeled system.
They contend that ALCA results are misleading to policy
makers, because they lend the appearance of precision in
the face of broad uncertainty, while CLCA provides flex-
ibility to evaluate scenarios outside of the core system of
interest. Dale and Kim [6•] counter that the economic
models which drive impact assessments such as indirect

land use change are subject to great uncertainty and im-
precision as well. In another response piece, Hertwich
[15•] disputes the claim that ALCA is misleading, stating
that LCA has traditionally been about product systems,
which Bcomprises the activities required to deliver, utilize,
and dispose of a product.^ He contends that the analytical
models to conduct broad scale CLCA already exist as
integrated assessment models, and that the LCA commu-
nity should consider reinforcing these models as opposed
to reinventing the wheel.

Dale and Kim [6•] also point out that though a great
number of papers address indirect land use change from
biofuels, far fewer studies address similar effects of pe-
troleum resources. One that does is Yeh et al. [44], a
comparative study of biofuel and petroleum derived
land-use change. They found a comparable level of dis-
turbances between the land use impacts of biofuels and
petroleum in aggregate, but otherwise found that
biofuels were inferior on a per energy basis relative to
those land use impacts. Burnham et al. [3] conducted an
ALCA of GHG emissions of shale gas as compared
other petroleum sources as part of Argonne’s GREET
model development. However, studies otherwise evalu-
ating the indirect impacts of petroleum are fewer rela-
tive to mass of literature that has explored the issue for
biofuels during the current decade. Further work in this
area is needed, particularly in consideration of the sub-
terranean effects of enhanced oil recovery that has re-
cently become widespread in North America.

Waste LCA in Biofuels Research

Use of waste feedstocks for biofuels has been less inten-
sively studied. Because waste is not a cultivated crop for
conversion to fuel, it requires different treatment within
the context of LCA frameworks. Most waste LCA analy-
ses focus on making the best waste management decision,
not on choosing the best biofuel feedstock. Assessment of
the environmental impacts of waste management systems
has improved from the early modeling that considered
individual components of the system separately to LCAs
with more comprehensive scopes [5, 23, 25]. However,
differences in system boundaries and allocation methods
(especially for Bavoided burdens^) among models have
led to considerable variation in results, even when the
same system is being analyzed [4, 14, 17, 43].

Many waste LCA studies use a system boundary that
includes the management system, but not the product man-
ufacture and use systems, tracking waste from the moment
of disposal until its conversion to an emission or a reusable
product [22]. However, studies within the field of waste
LCA use a variety of system boundaries that include
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different combinations of the energy and forestry sectors,
land use changes, and displacement of virgin materials,
and these differences in boundary can greatly impact re-
sults [39].

The accounting of environmental Bgains^ from waste man-
agement thus varies across studies.

Waste management facilities are generally sources of
GHG emissions, which can be mitigated. But those reduc-
tions—from the displacement of fossil-based electricity or
reduced virgin material based-manufacture—are usually
credited outside the waste management system [13]. The
variation in system boundaries is partially due to different
GHG reporting methodologies. Gentil et al. [12] show
that who is doing the accounting—whether a national or-
ganization, an LCA modeling group, a carbon trading
mechanism or other organization—drives the system
boundary used. Though LCA is supposed to be compre-
hensive and account for burden and benefit shifting,
shifting still occurs due to the variation in system bound-
aries applied to analyses [11]. It is the benefit (not the
burden) that most commonly shifts [12]. These differ-
ences in system boundaries, and the resulting inclusion
and exclusion of environmental benefits and burdens,
confound the comparison of different waste LCA studies.

Two key assumptions are near-universal in waste-
sourced fuel LCA, where the decision Bon the table^ is
whether to use a quantity of waste for fuel or to do some-
thing else with it, such as placing it in a particular landfill.
One assumption is that the release of biogenic CO2 is
climate neutral [2, 13, 27] and the other assumption is
that waste carries with it no upstream environmental bur-
dens from its production (the Bzero burden assumption^)
[8]. Accepting the former assumption requires a relatively
long time horizon, so that any carbon released from bio-
genic waste can be said to have been recently sequestered
atmospheric carbon. The latter assumption holds that the
emissions associated with the creation of a product would
be the same no matter how it is managed as a waste
product. This then implies that a waste-to-fuel LCA need
not consider the upstream emissions associated with the
production of that product (unlike corn ethanol). These
upstream emissions are of course real and Bcounted^
somewhere else, but they independent of the decision to
convert waste to biofuel. The basis of the zero burden
assumption is sound when comparing the environmental
impacts of alternative fates for a quantity of waste. In this
case, what happened to the material before it became
waste does not matter with respect to decision-making
(except in the special case where it can be shown that
anticipating waste management somehow influences pro-
duction decisions). The origin of the carbon in that waste
is also inconsequential from the waste future decision-
making perspective.

Graphical Displays of System Boundaries in Biofuel
LCA

One of the challenges that have consistently hindered cross-
comparisons of biofuel LCA studies is the clear, efficient, and
consistent communication of system boundaries. Conveying
system boundaries of analyses simply and clearly in graphical
form is challenging but useful, as it provides the reader with a
picture of system components, and the material flows among
them. It also facilitates the comparison of systems efficiently, to
better understand which components are included and excluded
across conflicting studies. Results informing the performance of
competing systems can turn on system boundary selection, thus
identifying distinctions across studies is critical for synthesizing
collective knowledge from the research community. We show
general examples of two such diagrams for hypothetical ALCA
and CLCA waste-to-biofuel systems. Figure 1 shows material
flows for an ALCA of a product system that takes biogenic
waste to be landfilled and instead converts it to a biofuel.

Figure 1 is a typical process flow diagram, but also illustrates
the movement of carbon across three boundaries which divide
(1) the atmosphere, (2) the product system, and (3) the Earth,
where carbon is stored indefinitely. The arrows show all carbon
flows accounted for in the analysis, complete from the feed-
stock carbon uptake to fuel combustion, and in the case of a real
analysis, would convey values in units of mass (or energy).
Flows that are prevented within the system are shown as dotted
lines, and in the case of an ALCA, the substitution that causes
avoided emissions must be deterministic. Although this is a
substitution, in the case of waste LCA, the analysis is attribu-
tional because it is deterministic to the system; that is, waste
diverted from the landfill to biofuel production has to result in
avoided emissions and is not a market decision [2].

The system modeled within an ALCA is sometimes called
a Bforeground system^, a system in which all components are
critical to production of the output and generally under control
of a single decision maker [42]. In practice, there are many
decision makers in a system, but in the case of ALCA, the
entire process could be controlled by a single firm with the
enough resources to acquire or produce the feedstock and
usher it through the modeled process. An ALCA becomes a
CLCAwhen decision-makers receiving market signals in oth-
er, background systems are modeled within the overall LCA.
They comprise impacts that are not deterministic as a result of
the output of the foreground system.

Consumption substitution is one of the most common
background systems included in LCA. Many studies assume
that the production of a biofuel implies complete substitution
of an energy equivalent amount of gasoline or diesel. In the
US ethanol market, this is a reasonable assumption, since
ethanol is blended with gasoline up to 10 % and consumers
rarely have a choice to consume unblended gasoline. Despite
circumstances in favor of assuming complete substitution,
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researchers should acknowledge that the substitution is a mar-
ket decision that is outside the powers of the producer operat-
ing the foreground system. Whenever such a substitution of
consumption is considered, where decision-makers executing
the substitution are not the same as those in the foreground
system, the ALCA becomes a CLCA. With CLCA, there is
an uncertainty that the modeled effects in the background sys-
tem(s) will take place to the full extent. For example, the com-
plete 1:1 substitution of the energy-equivalent amount of a fos-
sil fuel for a biofuel may not occur. The actual substitution may
only be partial (e.g., 1.05:1), where some of the fuel results in
no substitution of consumption. One way this could occur is
through a rebound effect, where a greater abundance of a bio-
fuel leads to more driving than would otherwise occur.

Figure 2 shows an example of how a system boundary
diagram could convey the divisions of foreground and
background systems under the same generalized structure
as Fig. 1.

Figure 2 contains the entire ALCA portion of Fig. 1, but
also includes two background systems. One represents the
substitution of consumption due to the product system and
the other represents the substitution of production to the
product system. A description of the decision made in the
foreground system to produce the biofuel and the choices
made by different decision-makers within the background
systems are shown at the bottom of the figure. Generally,
the output from a foreground system should in some way

serve as an input to a background system for it to be in-
cluded within a CLCA.

Different impacts within background systems will have
different degrees of uncertainty for manifesting them-
selves. Consumption substitution is among the more cer-
tain impacts. Once a fuel is produced, it will likely be
consumed at some price (even if below cost) and in place
of some amount of another fuel. But changes in production
decisions are a function of a market’s producer prices, and
the impact of these prices on producer decisions can be far
less certain. Production scale from the foreground system and
other exogenous market dynamics serve as critical inputs to
production decisions elsewhere. For example, production of a
biofuel at a small scale may not move producer prices or may
not cause substantive land-use change in distant countries.
Changes in production occur as a result of a broad set of
market inputs, of which the scaled output of the foreground
system may only be one. Uncertainties in the measurement
of indirect land-use impacts and shifting production
decisions are not discussed as often or as completely as they
should be. Some models will convey the indirect effects from
background systems as a guaranteed outcome based on the
output of the foreground system. This yields one critique of
biofuels LCA literature: that the divisions between foreground
and background systems are not often delineated clearly and
the uncertainty associated with impacts within background
systems is not always fully quantified or disclosed.

Fig. 1 Generalized system boundary diagram of an ALCA model of municipal waste-to-ethanol production system
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Conclusion

Biofuels LCA research has evolved over the last 20 years,
exploring the impacts of unique feedstocks and production
systems designed to produce a fossil fuel substitute that could
mitigate climate change. The results of these efforts have been
mixed, competing, and in some cases, contradictory based on
different assumptions and system boundaries. For a while, it
appeared that analyses akin to CLCA of biofuels with gasoline
substitution showed modest benefits from fuels such as etha-
nol. But research quantifying the potentially large impacts of
indirect land use change [32] changed this consensus rather
rapidly and drastically. Subsequently, the inclusion of indirect
impacts of land use change that could result from broader
production-allocation decisions on a global scale changed
the balance of impacts unfavorably for biofuels. Widespread
production of biofuels, specifically ethanol, was reported to
cause massive changes in global agricultural production with
environmental impacts that would outweigh the modest ben-
efits delivered from biofuels. The application of CLCA to

these problems has vastly increased our understanding of the
scope of lifecycle impacts as they relate to biofuels, and the
exploration of indirect land-use impacts is an important exam-
ple. But Dale and Kim [6•] point out that the direct and indi-
rect land-use impacts of petroleum consumption have re-
ceived far less attention. Outside of the comparative study
by Yeh et al. [44•], and a few others, these indirect impacts
of petroleum use have received limited attention relative to
biofuels. Since that study, however, there has been rapid
growth of hydraulic fracturing activity in the USA over a very
short period of time that may have long-term impacts on land-
use and the viability of subterranean assets, most notably wa-
ter supplies. It is clear that advanced integrated CLCAmodels
would be among the right tools to tackle these questions, and
also clear that more work in this area is needed. Continued
research in CLCA should also aim to better assess the uncer-
tainties associated with predicted impacts derived from back-
ground systems. Transparency in conveying these uncer-
tainties and system boundaries is important for clarity of re-
search and for comparability across studies. Life cycle

Fig. 2 Generalized system boundary diagram of a CLCA model of a municipal waste-to-ethanol production system
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assessment in biofuels has undergone a considerable evolution
since its early applications. As models become more ad-
vanced, and their scope become more global, applications of
ALCA and CLCA should continue to enhance our under-
standing of impacts so as to inform the right policy decisions
with respect to climate and biofuel alternatives.
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