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Biofuels are being promoted as a low-carbon
alternative to fossil fuels as they could help to
reduce greenhouse gas (GHG) emissions and the
related climate change impact from transport.
However, there are also concerns that their wider
deployment could lead to unintended environmental
consequences. Numerous life cycle assessment (LCA)
studies have considered the climate change and other
environmental impacts of biofuels. However, their
findings are often conflicting, with a wide variation
in the estimates. Thus, the aim of this paper is to
review and analyse the latest available evidence
to provide a greater clarity and understanding
of the environmental impacts of different liquid
biofuels. It is evident from the review that the
outcomes of LCA studies are highly situational and
dependent on many factors, including the type of
feedstock, production routes, data variations and
methodological choices. Despite this, the existing
evidence suggests that, if no land-use change (LUC) is
involved, first-generation biofuels can—on average—
have lower GHG emissions than fossil fuels, but the
reductions for most feedstocks are insufficient to meet
the GHG savings required by the EU Renewable
Energy Directive (RED). However, second-generation
biofuels have, in general, a greater potential to
reduce the emissions, provided there is no LUC.
Third-generation biofuels do not represent a feasible
option at present state of development as their GHG
emissions are higher than those from fossil fuels.
As also discussed in the paper, several studies show
that reductions in GHG emissions from biofuels are
achieved at the expense of other impacts, such as
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acidification, eutrophication, water footprint and biodiversity loss. The paper also investigates
the key methodological aspects and sources of uncertainty in the LCA of biofuels and provides
recommendations to address these issues.

1. Introduction
Greenhouse gas (GHG) emissions from transport have been increasing at a faster rate than
from any other sector [1]. The sector relies heavily on fossil fuels, which accounted for 96.3%
of all transportation fuels in 2018 [2]. Transport is also responsible for 15% of the world’s
GHG emissions and 23% of total energy-related CO2 emissions [1]. To reduce dependence on
petroleum-based fuels, as well as to mitigate climate change, biofuels are viewed widely as
promising alternative transportation fuels.

Biofuels have been used since the early days of the automotive industry. For instance, Rudolph
Diesel tested his first engine on peanut oil [3] after pulverized coal was found to be unsuitable.
Until the 1940s, biofuels were seen as viable transport fuels and bioethanol blends, such as Agrol,
Discol and Monopolin, were commonly used in the USA, Europe and other regions [3]. Further
development of bioethanol ceased after the Second World War as petroleum-derived fuel became
cheaper. During the oil crisis in the 1970s, many countries showed renewed interest in production
of commercial biofuels; however, only Brazil started to produce ethanol at a large scale as part of
the National Ethanol Programme ‘Proálcool’ [4]. During the late 1990s, with the rise in crude oil
prices and concerns over energy security, the USA and many nations in Europe developed policies
in support of domestic biofuel industries [5]. The interest in biofuels further increased in the past
decade with the development of policies on climate change mitigation and strategies to reduce
GHG emissions from the transport sector. More than 60 countries have since launched biofuel
programmes and set targets for blending biofuels into their fuel pools [6]. The most notable are
Renewable Fuel Standard (RFS) [7] in the USA and the Renewable Energy Directive (RED) in
Europe [8].

Owing to these policies, world bioethanol production has increased by 67%, from 67 to 110.4
billion litres, over the decade of 2008–2018 [2]. During the same period, biodiesel production
increased more than threefold, from 12 to 41 billion litres. Currently, biofuels account for about
3.4% of total transportation fuels worldwide [2]. The global production of biofuels is dominated
by the USA and Brazil—producing 69% of all biofuels in 2018—followed by Europe (EU-28) with
9% [9]. Production of bioethanol in the USA is almost exclusively from corn, whereas in Brazil, it
is from sugarcane. In Europe, the main feedstocks are corn, wheat and sugar beet for bioethanol,
while rapeseed and used cooking oil (UCO) are used for biodiesel production [10]. Argentina,
Brazil and the USA also produce significant quantities of biodiesel, predominantly from soya
bean, while Malaysia and Indonesia produce biodiesel from palm oil. Several international
and national organizations have made mid- and long-term projections for global production of
biofuels. These projections provide wide-ranging estimates of potential future increases in liquid
biofuels for transport globally. The International Energy Agency (IEA) estimates that as much as
one-third of all transportation fuel could come from biofuels by 2050 [11], while organizations,
such as the OECD and BP, project approximately a 7% share of biofuels by 2030 [12]. A recent
assessment [13] also suggests that the IEA projections could be impossible to achieve, estimating
the maximum potential of transport biofuels by 2050 to be at least 30% lower than those projected
by the IEA.

Biofuels can be differentiated according to a number of key characteristics, including feedstock
type, conversion process, technical specification of the fuel and its use. Owing to this multitude
of possible distinctions, various definitions are in use for biofuel types. Two commonly used
typologies are ‘first, second and third generation’ and ‘conventional and advanced’ biofuels.
Biofuels produced from food or animal feed crops are referred to as first-generation biofuels.
Since first-generation biofuels are produced through well-established technologies and processes,
such as fermentation, distillation and transesterification, they are also commonly referred to as
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3rd generation

• soya bean oil
• sunflower oil

feedstocks

energy crops
• Miscanthus
• switchgrass
• poplar
• willow 

• corn stover
• straw
• manure
• MSW
• food waste

food crops
• corn
• wheat
• sugar beet
• sugar cane
• palm oil
• rapeseed oil

1st generation 2nd generation preparation
• cultivation
• harvesting
• collection
• drying  
• milling/crushing

processing
• esterification 
• fermentation
• Ficher–Tropsch 
• gasification
• hydrolysis
• methanization
• pyrolysis
• distillation
• purification

production of biofuels

• biogas
• biodiesel

• butanol 
• dimethylether
• dimethylfurane

• bioethanol

• hydrogen 
• methanol
• mixed alcohols
• vegetable oil

by-products
• glycerine
• DDGS• microalgae

use

cradle to grave (well to wheel)

cradle to gate (well to tank)

• electricity/heat

• energy
• chemicals

• transport

waste

• Jatropha
• Camelina

• waste wood

Figure 1. An overview of feedstocks and production processes for different biofuels, also showing the life cycle of fuels from
cradle to gate (well to tank) and cradle to grave (well to wheel). Adapted from [14]. The figure has been simplified and other
feedstocks, production routes, products/by-products and uses are possible. The italic font denotes the focus of this review, i.e.
bioethanol and biodiesel used for transportation. DDGS, dark distillers grain with solids. (Online version in colour.)

‘conventional biofuels’. A key characteristic for second-generation biofuels is that they are derived
from non-food feedstocks, such as dedicated energy crops (e.g. Miscanthus, switchgrass, short
rotation coppice (SRC) and other lignocellulosic plants), agricultural residues, forest residues
and other waste materials (e.g. UCO and municipal solid waste). Biodiesel produced from
microalgae through conventional transesterification or hydro-treatment of algal oil is commonly
known as third-generation biofuel. Second- and third-generation biofuels are often referred to
as ‘advanced biofuels’ as their production techniques or pathways are still in the research and
development, pilot or demonstration phase. In this paper, the terminology ‘first, second and third
generation’ has been selected and followed throughout. An overview of different biofuel types,
their feedstocks and conversion routes can be seen in figure 1.

Biofuels offer both advantages and disadvantages in terms of environmental, economic and
social sustainability [14]. On the one hand, reduction in GHG emissions, energy security and
rural development are the most important drivers for biofuels globally. On the other hand, there
are concerns related to increasing the production of biofuels, such as upward pressure on food
prices, the risk of increase in GHG emissions through direct and indirect land-use change (LUC)
from production of biofuel feedstocks, as well as the risks of degradation of land, forests, water
resources and ecosystems [15]. The use of first-generation feedstocks, such as corn, has become a
particularly contentious issue, largely owing to competition with food production and concerns
over diverting agricultural land into fuel production. A growing demand for agricultural produce
risks an increase in deforestation and use of land with a high biodiversity value to meet this
demand, as well as associated usage of freshwater, fertilizers and pesticides, with negative
consequences on the environment. Some of these issues could be addressed by using second-
generation feedstocks; however, the economic viability of some second generation of biofuels
remains doubtful in the current economic context, largely because of the low oil prices [16–
18]. Third-generation (algal) biofuels could also avoid the issue of food competition and land
use because microalgae can be grown on non-arable land and in wastewater, saline or brackish
water and they grow extremely rapidly. However, the production of biofuels from microalgae is
energy-intensive and at present economically unviable [19].

To encourage sustainable development of biofuels, regulatory policies, such as the RED and
RFS, stipulate various sustainability criteria for biofuels. One of the main criteria is related to life
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cycle GHG emissions. The RED stipulates that biofuels should have at least 50% lower emissions
than their fossil fuel alternatives for installations in operation before October 2015 and 60% for
installations starting after this date, rising to 65% lower for biofuel plants commencing operation
after 1 January 2021 [8]. RFS requires producers of advanced biofuels to reduce GHG emissions
by at least 50%, while standard biofuels have to achieve a 20% reduction in GHG emissions [7].
The climate change impact related to GHG emissions and other sustainability aspects of biofuels
should be evaluated on a life cycle basis via life cycle assessment (LCA) to avoid shifting burdens
from one part of the life cycle or supply chain to another.

Numerous LCA studies have considered the potential of biofuels to achieve reductions in life
cycle GHG emissions by estimating their potential impact on climate change. However, their
findings are often conflicting, with a wide variation in the estimates. A number of review papers
have also discussed LCA of biofuels, but these focused on a particular aspect, such as a region,
feedstock or type of biofuel. For example, Shonnard et al. [20] reviewed LCA studies of biofuels
in the Pan American region. Morales et al. [21] and Roy et al. [22] concentrated on LCA studies
of lignocellulosic bioethanol, while Menten et al. [23] focused on advanced biofuels. Sieverding
et al. [24] conducted a review of soya bean-based biodiesel and van Eijck et al. [25] reviewed issues
pertaining to biodiesel from Jatropha.

However, a comprehensive review of all types of biofuels is not available in the literature.
Besides, many more LCA studies on biofuels have been published since the publication of the
above-mentioned reviews. Thus, this review paper aims to close this gap by analysing and
synthesizing the latest information concerning LCA of biofuels. The main objective is to provide a
greater clarity and understanding of the environmental sustainability of different liquid biofuels
with the aim of informing future policy. A further objective is to examine the state-of-the-art
knowledge on environmental issues associated with the production and consumption of biofuels.
The next section provides an overview of the reviewed LCA studies in terms of their coverage
with regard to biofuel type, geographical location and their approaches to handling critical
methodological aspects in LCA. Section 3 presents results for the climate change impact, energy
and water use and other environmental issues associated with different types of biofuels. The
key methodological aspects and sources of uncertainty in assessing the environmental impacts
of biofuels are investigated and discussed in detail in §4. The paper ends with conclusions and
recommendations on addressing the key issues related to sustainability of biofuels.

2. Study methodology and coverage
A systematic literature search was performed in different databases (Science Direct, Web of
Science, Scopus and relevant academic journals) to identify academic, peer-reviewed studies on
the environmental sustainability of biofuels. To avoid outdated information, the review of the
literature predominantly focused on the articles published in the period from 2009 to 2020. Some
important earlier publications cited frequently in the literature were also taken into account. In
total, 179 articles were primary (original) LCA studies, combining between them 613 assessments
of different types of biofuels, all of which are included in this review. In addition, further
publications focusing on environmental issues not usually included in LCA studies, such as water
footprint, biodiversity and LUC, as well as discussing various methodological aspects were also
reviewed. These studies covered a wide spectrum of first-, second- and third-generation biofuels
produced from more than 20 types of feedstock. Table 1 provides an overview of the LCA studies
related to the types of fuel, feedstock and geographical coverage. Among them, 52% assessed first
generation, 38% considered second generation and the remaining 10% assessed third-generation
biofuels. Regarding the type of biofuel, 56% of studies were for bioethanol and the rest for
biodiesel. Geographically, 36% of studies were based in Europe, 26% in North America, 20% in
Asia, 12% in South America, 4% in Africa and 1% in Australia. An overview of how different
studies approached some critical LCA methodological aspects, including type of LCA, goal and
scope of the study, definition of the functional unit, allocation methods and estimation of the
impacts, is provided below.
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Table 1. An overview of the number of LCA studies by biofuel type, feedstock, location and land-use change.

location land-use change

fuel type/feedstock Europe
North
America

South
America Asia Africa Australia without with totala

bioethanol—1st gen.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

corn 6 23 0 1 0 0 16 14 30
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

molasses 4 12 0 25 3 4 30 18 48
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sugar beet 19 1 0 0 1 0 14 7 21
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sugarcane 0 4 32 1 1 0 28 10 38
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

wheat 39 0 0 0 0 0 28 11 39
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

bioethanol—2nd gen.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

bagasse 1 1 3 1 0 0 6 0 6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

forest residue 16 7 0 0 0 0 23 0 23
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Miscanthus 14 9 0 0 0 0 16 7 23
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

short rotation coppice 29 2 0 0 0 0 17 14 31
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

stover 12 18 0 0 0 0 27 3 30
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

straw/husk 27 1 0 9 0 0 32 5 37
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

switchgrass 2 17 1 0 0 0 18 2 20
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

biodiesel—1st gen.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

palm oil 0 0 3 56 0 0 32 27 59
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

rapeseed 19 13 2 0 4 0 24 14 38
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

soya bean 3 10 18 5 3 0 29 10 39
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sunflower 1 0 2 0 5 0 5 3 8
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

biodiesel—2nd gen.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Camelina 1 13 0 0 0 0 14 0 14
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Jatropha 0 0 7 8 7 0 18 4 22
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

used cooking oil/tallow 17 1 3 5 1 0 27 0 27
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

biodiesel—3rd gen.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

algae 13 28 4 13 0 2 60 0 60
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

total 223 160 75 124 25 6 464 149 613
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
aThe total number of studies or analyses, rather than the number of papers published, as some papers included several studies or analyses.

(a) Type of life cycle assessment: attributional versus consequential
Two general types of LCA studies are distinguished: attributional (ALCA) and consequential
(CLCA). They address different questions and follow different methodologies, and will normally
have very different results. ALCA accounts for impacts directly related to the system of interest,
attributing them to the activities within the system; hence, the term ‘attributional’. For biofuels, it
is used mainly as an ‘accounting’ tool for estimating environmental impacts of various activities in
the supply chain, comparisons of alternative systems and identification of environmental hotspots
that can be targeted for improvements. CLCA, in addition to direct, also examines potential
indirect consequences of the system under study by considering various ‘what if’ scenarios that
could arise owing to this system; examples include changes in demand for the product of interest
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or technological improvements. For instance, CLCA can consider potential impacts of biofuel
feedstock cultivation on other land-using sectors and the effect this might have on the food
production system and LUC elsewhere in the global economy [26,27]. As such, CLCA is more
suited for policy applications.

CLCA is still under development and, consequently, most of the LCA studies on biofuels found
in the literature are attributional. Nevertheless, both the ALCA and CLCA are considered in this
review.

(b) Goal and scope of studies
Goal and scope definition is an important initial step in LCA studies as the specific
methodological approaches depend strongly on the specific goal, scope and question being
addressed. The goal and scope of the study influence the definition of the system boundary and
determine what activities and life cycle stages will be considered [28]. LCA studies of biofuels
have addressed a wide range of goals and research questions, including:

— What are the environmental impacts of the biofuel system under examination?
— How do biofuels compare with fossil fuels?
— What are the environmental hotspots in the life cycle of particular biofuel systems under

study?
— What are the improvement options to optimize the supply chain under study?
— What are the environmental implications of biofuel policies?

Although the ISO 14040 LCA standard [28] requires clear definition of the goal and scope, a
lack of or unclear definition of goal and scope is a common problem in LCA studies of biofuels.
This can also mean that the study method and rationale can be unclear, making comparability of
results difficult [29].

Two types of system boundaries were used in the reviewed LCA studies of biofuels: ‘cradle
to gate’ (or ‘well to tank’) and ‘cradle to grave’ (or ‘well to wheel’); figure 1. However, the
latter system boundary is more appropriate as it is important to include the use of fuels to
enable comparisons of biofuels with their fossil substitutes, since the combustion performance
and associated emissions of biofuels can significantly differ from their fossil substitutes for the
same type of vehicle [30,31]. Around half (48%) of the LCA studies reviewed considered a cradle
to grave system boundary to compare environmental impacts of biofuels with fossil fuels, while
the rest were from cradle to gate. Other inconsistencies include the omission in some studies of
various inputs (such as enzymes, pesticides, fertilizers, etc.) and co-products. These differences
are often important enough to influence the results significantly.

(c) Functional unit
In LCA, the term ‘functional unit’ describes the function of the system under study and represents
the unit of analysis on which the study is based. The choice of the functional unit is driven by
the goal of the study and must be representative of the system(s) studied and their main purpose
(function). Biofuels regulations, such as the RED [8] and RFS [7], use the energy content of biofuels
(MJ) as the functional unit. While this functional unit was often used in the reviewed literature,
others include the distance travelled by a vehicle (vehicle.km) [21,32], volume (litre) [33,34]
and mass (kilogram or tonne) [17,35] of biofuels. Some studies also used the mass of biofuel
feedstock [36,37], agricultural land area [38,39] and annual operation of refinery [40]. The use of
such a wide array of functional units makes comparisons of LCA studies challenging.

(d) Allocation methods
Biofuel production processes often produce several co-products, such as animal feed, heat,
electricity and biochemicals. Therefore, to determine the impacts from the biofuel of interest, it
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is necessary to allocate the impacts between the biofuel and its co-products. The ISO 14040 and
14044 standards recommend that, if possible, allocation should be avoided through subdivision
of processes, or by system expansion. The latter involves expanding the system boundary to
include alternative ways of producing the co-products. The production system is then credited
for displacing production of the co-products in the alternative systems by subtracting their
impacts from the impacts of the biofuel production system. Hence, this method is also known
as ‘substitution’ or the ‘avoided burden’ approach. If allocation cannot be avoided, the impacts
can be apportioned between the biofuel and the co-products using allocation factors based on
physical or economic relationships. Mass and energy content of biofuels and co-products are
often used to derive allocation factors based on physical relationships. Economic allocation is
based on the assumptions that the market prices are the driver for the production process and
the impacts are apportioned in proportion to the economic value (cost or price) of the biofuel and
the co-products. In LCA of biofuels, the most common approaches used to allocate the impacts
are system expansion and allocation by the energy content. This perhaps reflects the regulatory
requirements in the USA and Europe: RFS [7] prefers system expansion, while the RED [8] favours
allocation based on the energy content of biofuels.

(e) Land-use change
LUC is an important source of GHG emissions that contributed 660 ± 290 Gt CO2 to the
atmospheric CO2 in the period from 1750 and 2011 [41]. The majority of LUC is driven by
demand for food, fibre and fuel [42]. Converting natural vegetation or forest to cultivate biofuel
feedstocks releases a significant amount of carbon from soil and plant biomass, creating a ‘carbon
debt’ that can take years to repay [43,44]. Furthermore, cultivation of biofuel feedstocks on
land that has high soil carbon content, such as peat land, leads to a considerable increase in
GHG emissions [45]. Besides increasing GHG emissions, changes in land use can have other
environmental consequences, such as soil erosion, nutrient depletion, water consumption and
loss of biodiversity [46]. LUC related to biofuels can occur in two ways: direct (DLUC) or
indirect (ILUC). DLUC refers to the direct transformation of previously uncultivated areas (such
as grasslands and forests) into croplands for biofuel feedstock production. ILUC occurs when
additional demand for biofuel feedstock induces displacement of food and feed crop production
to new land areas previously not used for cultivation. Only 25% of the reviewed LCA studies took
LUC into account.

(f) Environmental impacts
GHG emissions and savings in comparison to fossil fuels are the centre of attention in most
LCA studies on biofuels. Other environmental impact categories considered in biofuel LCA
studies include acidification, eutrophication, photochemical smog, human toxicity and eco-
toxicity. However, the number of studies that have assessed a wider set of impact categories is
still limited: of the 179 (primary) LCA studies reviewed, only 40% of such studies were found in
the literature. These are discussed in the next section, starting with the climate change impact, or
global warming potential (GWP) as often referred to in LCA, and following on to discuss energy
and water use, biodiversity and other impacts.

3. Environmental impacts of biofuels

(a) Global warming potential
For this impact, the LCA studies present contradictory results, ranging from favourable to
unfavourable, even for the same type of feedstock. This is a result of the differences in the
assumptions, data sources, allocation methods and LUC. The influence of these aspects is
discussed in detail in §4. The GWP of biofuels reported in the reviewed LCA studies is
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supplementary material, figure S2. ‘Fossil fuel (reference)’ is the average carbon intensity of petrol and diesel supplied in the
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in the literature and ‘n’ denotes the total number of analyses. (Online version in colour.)

summarized in figures 2–6 and discussed below for different types of biofuel. For further details,
see electronic supplementary material, figures S1–S7.

(i) First-generation biofuels

As first-generation biofuels may involve LUC, which in turn can affect significantly the total GWP,
the results reported in the literature are discussed first for the cases without and then with LUC.
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GWP without land-use change. As can be observed in figure 2, the GWP of first-generation
bioethanol from different food crops vary considerably, ranging from 3 to 162 g CO2 eq. MJ−1

(see electronic supplementary material, figure S2). Figure 2 also shows that the average GWP of
bioethanol is lower than that of petrol for all the feedstocks (23–59 versus 94 g CO2 eq. MJ−1).
However, only bioethanol from sugarcane can meet the RED requirement of 60% reduction
in GHG emissions relative to petrol. The average reductions in emissions from the other four
feedstocks—corn, wheat, molasses and sugar beet—are not sufficient to meet this requirement.
The main reasons that bioethanol from sugarcane can meet the 60% reduction requirement are
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the RED [8]. ‘A’ refers to the number of LCA articles found in the literature and ‘n’ denotes the total number of analyses. (Online
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relatively lower inputs of agro-chemicals and higher yields of sugarcane crops as well as the
credits for electricity produced as a co-product in a biorefinery.

The GHG emissions for first-generation biodiesel also show a large variation across the LCA
studies, with the GWP ranging between 3 and 111 g CO2 eq. MJ−1 (electronic supplementary
material, figure S2). However, as shown in figure 2, the average GWP of biodiesel from all the
feedstocks considered is lower than that of fossil diesel. Nevertheless, only biodiesel from palm
oil meets the RED requirement for 60% reduction of the GWP relative to diesel (average value).
Rapeseed and soya bean also come close to fulfilling this requirement, but sunflower biodiesel
cannot meet even the 35% reduction.

The large variability in the GWP of first-generation biofuels shown in figure 2 is due to several
reasons. For example, the LCA study on corn ethanol and soya bean biodiesel production in China
found that the GWP of corn ethanol and soya bean biodiesel were 40 and 20% higher than petrol
and diesel, respectively, owing to the relatively higher use of fertilizers, higher process energy
consumption and the coal-dominated energy mix of China [47]. Low or no GHG savings (0–20%)
compared to the fossil fuels were reported for South African sugar beet bioethanol as well as
rapeseed, soya bean and sunflower biodiesel due to water scarcity affecting crop yields [48,49].
On the other hand, owing to higher yield and lower farming inputs, soya bean biodiesel produced
in Brazil, the USA and Argentina achieve more than 60% GHG savings relative to the fossil
fuels [50]. Studies on palm [51,52], rapeseed [53,54] and sunflower [55] biodiesel have also found
the significant effect on GHG emissions of different locations, farming practices and usage of
fertilizers. In the case of palm oil, the emissions vary with the options for handling of methane
emissions from the treatment of palm oil milling effluent [56]. The influence of the fuel used in
the biorefinery was noted in the case of wheat ethanol, with the GHG savings varying from 4
to 85% depending on whether straw or distillers’ dried grains are used as a fuel [57]. Similarly,
another study on molasses-based ethanol found that the use of bagasse instead of fuel oil would
reduce GHG emissions of bioethanol from 112 to 51 g CO2 eq. MJ−1 [58]. A number of studies on
biofuels from different feedstocks have also found that the emissions are highly influenced by the
utilization of by-products and the allocation method [52,59–62]. The effects of allocation methods
and other factors are discussed in more detail in §4.
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GWP with land-use change. As shown in figure 3, if LUC is involved and considering the
average GWP values, bioethanol cannot meet the 60% GHG reduction requirement regardless
of the type of feedstock [62,63,119,120]. The increasing demand for bioethanol from sugarcane in
Brazil has led to a continuous expansion of land used for sugarcane cultivation [44,210]. If this
involves deforestation of tropical rainforest, the GWP of bioethanol from sugarcane can be up to
60% higher than that of petrol [58]. Similarly, expansion of soya bean cultivation in Central and
South America is driving both direct and indirect LUC [121,211]. Furthermore, palm cultivation
in Malaysia and Indonesia is associated with deforestation and drainage of peat lands. As a
consequence, biodiesel from palm oil on peat and forest lands can have 3–40 times higher GHG
emissions than diesel [64]. A recent study assessing the LUC impact of biofuels consumed in
Europe [212] also found that the GWP of palm oil and soya bean diesel are almost two times
higher than that of diesel. The same study also estimated the GWP of biodiesel from rapeseed
and sunflower to be 20 to 40% higher than from conventional diesel (figure 3).

The significant variability shown in figure 3 for the GWP related to LUC is due to several
reasons. For instance, some studies considered only ILUC [62,63,119,120] or DLUC [58,65–67],
while others included both [68,122]. Furthermore, some studies applied partial equilibrium
models and counterfactual (what if) scenarios to estimate ILUC emissions [62,119], whereas others
used ILUC factors recommended by the US EPA [120]. The former tended to obtain higher ILUC
emissions (34–155 g CO2 eq. MJ−1) [62,119,123] than the latter (5–16 g CO2 eq. MJ−1) [63,68,122].
For DLUC, several studies focused only on soil organic carbon (SOC) changes [65,122],
but others also considered changes in the carbon stock related to the removal of biomass,
both above and below the ground [58,67,68]. DLUC emissions also depend on the type of
converted land and its previous use. For example, studies assuming palm oil cultivation on
tropical forest and/or peat land in Malaysia and Indonesia estimated DLUC emissions in the
range of 150–530 g CO2 eq. MJ−1 [64,69,70,124]. On the other hand, studies on palm oil in
Colombia and Thailand considered increase in the carbon stock due to LUC, assuming that
the expansion of oil palm cultivation would occur in shrublands, savannahs, paddy fields and
other agricultural lands [52,56,71]. In the case of sugarcane, molasses and soy, LUC emission
reported in the literature varied from 30 to 200 g CO2 eq. MJ−1 depending on the previous land
use [35,58,69,72,121].

(ii) Second-generation biofuels

Figures 4 and 5 indicate that in most of the studies, the GWP of second-generation biofuels
is considerably lower than that of fossil fuels. However, there is a large variation among
different studies and feedstocks, with the values ranging from −115 to 173 g CO2 eq. MJ−1

for bioethanol and −88 to 150 g CO2 eq. MJ−1 for biodiesel (see electronic supplementary
material, figures S4 and S5). These variations reflect the diversity of feedstocks and production
routes, technology assumptions and methodological differences. Furthermore, some studies
also considered emissions from ILUC [119] and SOC sequestration [68,128] associated with the
production of SRC and perennial grasses as well as the reductions in SOC with removal of
agricultural residues used as biofuel feedstocks [68,129]; for further discussion on SOC, see
§4f. It should also be noted that the uncertainties related to technologies plays a particularly
important role in the assessment of advanced biofuels as these are yet to be fully commercialized.
Therefore, the quality of the available data is not as robust as in the case of the well-established
first-generation biofuels.

In general, lignocellulosic bioethanol from agricultural and forest residues has a lower GWP
than bioethanol from energy crops ( figure 4). This is largely due to N2O emitted during the
cultivation of energy crops, related to the use of fertilizers. The latter are avoided in the case
of residues as they are assumed to have no environmental burdens, which are all allocated
to the original crop from which the waste is derived. In lignocellulosic bioethanol studies, the
residual lignin is assumed to co-generate heat and power to meet the energy needs of the process,
with surplus electricity exported to the grid. The biofuel production system is thus credited for
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avoiding the GHG emissions from the equivalent amount of grid electricity. For some feedstocks
(SRC, forest residue, straw and corn stover), the credits for electricity generation and other co-
products are higher than the total emissions from the biofuel production. Consequently, these
studies report negative GWP, indicating the avoidance (saving) of GHG emissions. Some studies
on energy crops also considered the increase in the carbon stock on the land that was converted
to produce these crops, which led to the total net-negative GHG emissions [68,119]. On the other
hand, harvesting of agricultural and forest residues can result in reduction of the land carbon
stock [213–215], thus increasing GHG emissions [214,215]; however, most of the studies did not
account for these changes. In the case of bioethanol from agricultural residues, other factors, such
as the consideration of agricultural emissions [115], pre-treatment methods [130] and source of
energy for the biorefinery [33,131], have a significant influence on GHG emissions.

While the LCA literature on second-generation bioethanol covers a wide range of feedstocks,
the studies of biodiesel are more limited, focusing largely on three feedstocks: Jatropha, Camelina
and UCO/tallow. As can be seen in figure 5, the GWP of Jatropha and Camelina varies
widely because of variations in the yield in different regions and differences in processes and
assumptions, especially with respect to co-product allocation. For example, the yield of Jatropha
oil seeds varies in different studies by a factor of 30, from 0.4 to 12 t ha−1 yr−1 [25]. The influence
of allocation is also significant: using system expansion according to the US EPA methodology
results in the GWP of Jatropha biodiesel of −88 g CO2 eq. MJ−1, while energy allocation as per the
RED approach leads to GHG emissions of 15–20 g CO2 eq. MJ−1 [20].

Although a majority of the studies of biodiesel from UCO report that GHG savings are greater
than the RED reduction target of 60%, some studies also estimate that the GHG savings from
this type of biodiesel are not sufficient to meet the target (figure 5). This is due to some specific
assumptions. For example, Intarapong et al. [90] considered pyrolysis for conversion of UCO to
biodiesel, which is more energy-intensive than transesterification. Similarly, another study [47]
assumed only a 5% biodiesel production yield, which is very low compared to more than 90%
considered in other studies. Furthermore, Escobar et al. [171], who used consequential LCA
methodology, considered indirect impacts, such as changes in the production of palm oil, soya
bean and animal feed, found that the GWP of UCO biodiesel would be only 25% lower than that
of diesel if ILUC and other indirect market impacts are considered.

(iii) Third-generation biofuels

In total, 27 LCA studies have estimated the GWP of third-generation algal biodiesel. However,
they have all used very different approaches, process designs, system boundaries, methodologies
and assumptions for feedstocks, nutrients and co-product management. As a result of the
variation in these choices, the GWP differs widely between the studies, ranging from −2400 to
2880 g CO2 eq. MJ−1 (figure 6; electronic supplementary material, figure S6). These results would
suggest that microalgae diesel can either reduce or increase GHG emissions significantly, relative
to diesel, depending on the assumptions. However, a majority of the studies conclude that, at
present state of development, algal biodiesel has higher life cycle GHG emissions than that of
fossil diesel. The main reasons for higher emissions include lower algal yield [19,190] and high
energy use in the cultivation, harvesting and drying stages [191–193].

Some studies which reported the high savings of GHG in comparison to diesel are based on
the best-case assumptions that may not be feasible for large-scale implementation. These include
the use of CO2 from cement plants as a feedstock [216], cane sugar as a nutrient/feedstock [217]
and recycling of nutrients from anaerobic digestion plants [194] or wastewater [190].

(b) Energy use
Various indicators have been used in LCA studies to quantify energy use in the life cycle of
biofuels, including fossil energy consumption, primary, secondary or cumulative energy demand
and net energy ratio [218]. However, many focused on fossil energy consumption, given that
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energy security and reducing dependence on fossil fuels are key objectives of national policies on
biofuels, in addition to climate change mitigation.

As indicated in figure 7, most of the studies estimate that the fossil energy consumption for
first- and second-generation biofuels is below 0.5 MJ MJ−1. However, there is a wide variation
across different types of biofuel, ranging from 0.04 to 0.86 MJ MJ−1 for first generation and from
−0.57 to 0.87 MJ MJ−1 for second-generation biofuels (see electronic supplementary material,
figure S7), where negative values are due to energy credits for co-products, such as electricity and
heat. These variations are due to several factors, including differences in feedstock productivity,
agricultural practices, conversion technologies and allocation methods. The results are also
affected by the assumption on the type of energy (biomass or fossil) used in the conversion
process.

The range of estimates for fossil fuel demand in the life cycle of algal biodiesel is even wider,
ranging from 0.15 to 40.5 MJ MJ−1 (figure 7; electronic supplementary material, figure S7). Like
the GWP, the reasons for these variations are technological uncertainties and the diversity of
potential feedstocks and production systems. However, most studies agree that algal biofuels
are not energetically viable because of high energy requirements for pumping, dewatering, lipid
extraction and thermal drying [141,191,224–226]. In general, algae cultivation in raceway ponds
has lower energy demand than photo-bioreactors, with some studies suggesting that the former
can have energy demand below 1 MJ MJ−1 [225].

(c) Water use
Water use in the production of feedstocks can be high, particularly for first-generation
biofuels [5,227,228]. This is of concern where requirements for irrigation water for certain
feedstocks might compete with water used for other purposes, such as food production. With
increased agricultural biomass production for biofuels, the total global water consumption could
increase significantly by 2050 [229] and, in areas that are already water stressed, additional water
demand has a potential to substantially increase the overall environmental impacts of biofuels.
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Water use is usually not included in LCA studies of biofuels, but there are numerous studies
that have specifically focused on this aspect of biofuels production. Most of these provide a
volumetric usage of water, such as the amount of green (soil moisture) and blue (surface)
water. This is not sufficient to assess local environmental impacts of water consumption as
these are highly dependent on the level of water availability in the local area and the specific
characteristics of the hydrological cycle, even if the quantity used is the same for a particular
product [230]. Furthermore, consideration of green water results in very large total water use for
most agricultural crops. Since the local hydrological cycle may in reality be affected little by the
use of green water in agriculture, inclusion of green water could overestimate the actual impact
of water use for biofuels [231].

A more recent study [232] that assessed the water footprint of first-generation biofuels
consumed in Europe suggests that blue water consumption of biofuels is very diverse, depending
on the underlying crop and country (figure 8). Bioethanol from sugar beet and wheat has
lower water consumption because many countries produce crops using little or no irrigation. By
contrast, the production of bioethanol from corn in Portugal consumes 86 m3 GJ−1. Furthermore,
while no irrigation is needed to cultivate crops for biodiesel in the UK, Poland and Germany,
in Spain, on average 90 m3 of irrigation water is consumed to produce 1 GJ of crop-based
biodiesel [232].

As indicated in figure 8, the average blue water consumption of bioethanol and biodiesel
consumed in Europe is 3.3 m3 GJ−1 and 1.9 m3 GJ−1, respectively—this is 40 and 60 times higher
compared to their respective fossil alternatives. If regional water stress is taken into account,
as opposed to just the volume of water consumed, biofuels have water footprints a factor of
55–246 higher than fossil fuels [232]. This is a result of a large share of water consumption in
the production of biofuels occurring in relatively water-stressed countries.

The blue water consumption of algae-based biofuels depends on the geographical location,
production systems and conversion routes [233]. For example, the blue water consumption for
biofuels produced in a closed photo-reactor in the Netherlands is estimated at 8 m3 GJ−1, while it
can be as high as 193 m3 GJ−1 if algae are cultivated in open pond systems in Hawaii [233]. There
is also a difference between dry and wet conversion, with the blue water consumption being
higher for the latter.
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(d) Biodiversity
Biofuels have the potential to contribute to loss of biodiversity through habitat loss and
degradation, excessive nutrient load and other forms of pollution, over-exploitation and
unsustainable use of land, as well as the cultivation of invasive alien species used as
feedstocks [234]. The impact of biofuel production on biodiversity depends on the feedstock used
and scale of production, management practices and LUC [235].

Intensive cultivation and use of agro-chemicals in the feedstock production for first-generation
biofuels can create direct threats for local biodiversity [236,237]. LUC resulting from increased
biofuel production exacerbates the risk of losing biodiversity through the direct loss of wildlife
habitats, such as tropical rainforests [5,15].

Compared to first generation, second-generation biofuels are considered to have fewer
negative impacts on biodiversity and could even have a positive effect [238]. For plant-based
lignocellulosic feedstocks, this is because of their long growth cycle, low requirement for
fertilizers and pesticides and less human intervention needed during the growth period. For
example, large-scale SRC willow can provide benefits for some bird species, butterflies and
flowering plants [239]. Furthermore, if degraded land is used for cultivation of feedstocks,
the diversity of species might be enhanced. Similarly, perennial grasslands used for biomass
production may enhance avian diversity, including migratory species. However, large energy
crop monocultures can be detrimental to local biodiversity, particularly through habitat loss
and the expansion of invasive species [5]. Eucalyptus, switchgrass and some Miscanthus species
exhibit some traits of invasiveness [240].

The use of forest and agricultural residues as biofuel feedstock is expected to have a lower
negative impact on biodiversity than dedicated energy crops [238]. Some of the impact on
biodiversity associated with the use of forestry residues includes reduction in the amount
of decaying wood—a niche habitat—and disturbance of wildlife caused by increased forest
access. Excessive removal of agricultural residue from fields would also be a concern as it may
increase weed growth, which could lead to the increased use of herbicides and thus affect local
biodiversity.

For algal biofuels, the impact on biodiversity is uncertain. The large-scale cultivation of
algae can bring significant risk to coastal biodiversity through invasion by algal species of
coastal shallow ecosystems, such as mud flats, salt marshes, mangroves, sea grass bed and coral
reefs [236].

Although the biodiversity loss is identified as one of the current key environmental concerns,
it is only seldom included as an impact category in LCA studies of bioenergy systems [241].
Preserving biodiversity or avoiding biodiversity loss from biofuels is one of the criteria in
sustainability certification schemes. However, biodiversity loss is difficult to measure and there
are no standard ways of identifying and measuring systems that promote biodiversity.

(e) Other environmental impacts
The LCA studies on biofuels have used different impact assessment methods to estimate
the other environmental impacts. Therefore, it is difficult to compare them and provide a
meaningful range of impacts for different biofuels. Furthermore, the studies differ in scope,
with some considering the cradle-to-gate and others cradle-to-grave system boundary. Results
of the latter studies also depend on assumptions regarding the type of vehicle in which biofuels
are used. Nonetheless, several studies suggest that reduction in GHG emissions from biofuels
compared to fossil fuels is carried out at the expense of other impacts, such as acidification and
eutrophication [32,54,76,81,83,88,121,129,139,148,216,242–244].

These two impacts are compared in table 2 for different feedstocks relative to fossil fuels. As
can be seen, first-generation bioethanol has up to three times higher acidification and 3–20 times
higher eutrophication. Similarly, first-generation biodiesel has 30–70% higher acidification and
3–14 times greater eutrophication than the fossil alternative. These impacts are largely due to the
use of fertilizers and associated emissions of acid gases and nutrients to air and water.
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Table 2. Acidification and eutrophication of biofuels relative to fossil fuels.

biofuel type feedstock acidificationa eutrophicationa source

first generation
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

bioethanol corn 1.4–3 4.4–20 [242]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

wheat 3 5 [76]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sugar beet 1.4–1.8 6–15 [83]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sugarcane 2 2.8 [81]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

biodiesel rape seed 1.3–1.7 3.1–5 [32,54]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

soya bean 1.3–1.7 4–5 [121]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

palm oil 1.3 14 [88]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

second generation
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

bioethanol short rotation coppice 0.45 1.2 [139]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

switchgrass 1.1 3.2 [148]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

straw 1.6–3 2–3.6 [129]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

biodiesel used cooking oil 0.2 0.63 [243]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Jatropha 1 1 [244]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

third generation
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

biodiesel algae 2.6–3 2.1–3.2 [216]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
aThe values represent the ratio of impacts from biofuels over fossil fuels and are dimensionless.

Lignocellulosic bioethanol from SCR performs better for acidification, but bioethanol from
switchgrass and straw is worse than petrol for both impact categories. However, biodiesel from
UCO has lower acidification and eutrophication than fossil diesel. These two impacts are also
higher for algal biodiesel than for the fossil equivalent [216]. However, as mentioned earlier,
the absence of full-scale plant data, large variability in production parameters and various
assumptions lead to high uncertainty in the LCA estimates for algal biofuels [197].

4. Discussion
While many studies on biofuels have examined multiple scenarios and conducted sensitivity
analyses, only a few have conducted comprehensive uncertainty analyses [63,197,245],
demonstrating that the variability in results can be large. It is also clear from the findings
discussed above that the outcomes of LCA studies are highly situational and dependent on many
factors, including assumptions, data variation and gaps, models, methodology and software tools
used. The outcomes of the study are also affected by the choice of allocation method, system
boundaries and the cut-off criteria for auxiliary inputs. Especially in relation to GWP, there are
significant uncertainties in models for estimating soil N2O emissions, direct and indirect LUC
and the extent and duration of changes in soil and vegetation carbon stocks. The effects of these
aspects on LCA results are discussed below.

(a) Data
The problems related to data availability and quality are inherent to LCA. It is always preferable to
use site-specific inventory data for developing LCA models of biofuels. However, data availability
is often limited, particularly for second- and third-generation biofuels that, along with the
associated process technologies, are still under development. As such, the use of unrepresentative
data or assumptions to fill data gaps becomes a source of uncertainty [29]. There is also a great
deal of technical, spatial and temporal variability associated with agronomic practices, such as
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fertilizer inputs, cultivation intensities and yields, as well as with biofuel conversion processes.
LCA results are highly sensitive to variations in crop yields, use of nitrogen fertilizer and energy
sources for biofuel conversion processes. Original and measured field data are still scarce and
many studies rely on secondary data. There is also a room for improvement in existing LCA
databases and a need to develop better, open access databases with common assumptions. Many
data in common usage are reportedly out-of-date and finding new data is often difficult and
time-consuming.

(b) Methodological approaches
As mentioned earlier, ALCA and CLCA are different techniques that follow different
methodologies and will normally have very different results that must be interpreted carefully
based on the goal and scope of the study. For example, Searchinger et al. [246] found that using
ALCA resulted in a 20% saving in GHG emissions from US corn ethanol compared to petrol.
However, following a CLCA approach and considering the increase in output required by the US
Energy Independence and Security Act lead to a 47% increase in emissions relative to petrol. This
increase was related to LUC induced by higher prices of corn, soya bean and other grains as a
consequence of the additional demand for corn for ethanol production.

As also mentioned earlier, CLCA is more suited for policy applications. However, the use of
CLCA for policy is still in infancy and its application to biofuels is controversial and subject to
criticism [29,247]. One of the main reasons is that consequential analysis is highly complex, being
dependent on future projections, formulation of possible ‘what if’ scenarios and counterfactual
circumstances, economic models of relationships between demand for inputs, price elasticities,
supply and market effects of co-products, all of which can be highly uncertain [26,248,249]. There
is also a real challenge in defining meaningful scenarios for how the world would develop with
a biofuels policy or production in place. This is true for individual feedstocks all the way up
to the economic and energy system models incorporated into CLCA studies. Therefore, caution
should be exercised with the interpretation of CLCA results [249]. Furthermore, unlike ALCA,
there is still no internationally agreed methodology for CLCA, making it difficult to carry out and
compare different studies.

(c) Allocation methods
Allocation is one of the most controversial issues in LCA. Both system expansion and allocation
are subject to shortcomings: for system expansion, the difficulty is to estimate various substitution
effects (similar to the related consequential issues in CLCA), while different allocation methods
produce very different results. For instance, allocation by mass could result in the majority
of impacts being allocated to the co-products rather than the biofuel which is the main
(economic) product, while allocation by product cost/price leads to changes in the estimates
of environmental impacts over time with variations in costs/prices without any other changes
in the system. Several studies considered more than one allocation approach and found that
the results were highly affected. For instance, some authors [17,132] showed that biofuels had
significantly lower environmental impacts when using system expansion instead of allocation.
In some cases, system expansion can lead to the negative values, suggesting net savings in
environmental impacts, including in GHG emissions. However, studies assessing uncertainty in
LCA of biofuels showed that system expansion also results in higher uncertainties [63,65]. Other
authors found that environmental impacts were higher if economic allocation was used instead
of mass and energy allocation [250]. For some biofuels, the co-products are sufficiently substantial
that choice of allocation procedure can tip the balance between net benefit and net impact.

(d) Emissions of soil nitrous oxide
Emissions of N2O arise from application of nitrogen fertilizer and decomposition of organic
matter in soil. N2O is a potent GHG with a GWP 265 times higher than CO2 [41]; hence, its
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emission can have a significant effect on the GHG balance of biofuels. The N2O emissions are
particularly significant for first-generation biofuel crops since fertilization rates are larger for
these than for second-generation biofuels from perennial energy crops, which are usually grown
without fertilizers, except during the initial establishment of the crop [251,252].

LCA studies often use the ‘Tier 1’ methodology developed by the Intergovernmental Panel
for Climate Change (IPPC) to estimate N2O emissions from fertilizers [253]. According to this
method, 1–1.5% of nitrogen in synthetic fertilizer applied to crops is emitted as N2O [253]. Since
in reality, the occurrence and level of N2O emissions depend on many factors, including soil
characteristics and local weather following fertilizer application on the soil, the default IPCC
emission factors represent an uncertain estimate [23]. For example, a study by Crutzen et al. [254]
suggested that N2O emissions in feedstock production can be three to five times higher than
those estimated based on the IPCC methodology. Inclusion of these variable N2O rates leads to
dramatically different estimates of GHG emissions in the life cycles of biofuels. For instance, for
corn ethanol, the nitrogen conversion of 5% instead of 1.5% could change its GHG savings relative
to petrol from around 40% to zero [255].

Conversely, a recent study in the UK concluded that N2O emissions averaged across arable
land in the UK are below those determined by following the IPCC guidelines [256]. Compared to
the default IPCC emissions factor of 1% (of the amount of nitrogen applied), direct N2O emissions
from soil related to the use of fertilizers on crops for first-generation biofuels were estimated to
be, on average, 0.46% of the nitrogen applied. However, the study noted that any one instance of
fertilizer application is subject to interacting effects of rainfall and soil type, such that fertilizer-
induced emissions could also be larger than the default IPCC emission factors in the wetter
regions of the UK. Thus, in summary, the estimates of N2O emissions are highly variable and
uncertain and should be treated with caution when interpreting the results.

(e) Land-use change
An increasing global demand for biofuels highlighted the potential for the competition for land
between cropland and natural ecosystems. Early LCA studies on biofuels, which excluded LUC,
concluded that first-generation biofuels, such as corn ethanol, had lower GWP than petrol [257].
However, when attempts were made to account for the LUC effects of the expansion of first-
generation biofuels, these findings came under question [43,246]. Since then, several other studies
have cast doubt on the ability of first-generation biofuels to meet mandatory GHG savings targets
if LUC is involved [119,258].

From an LCA perspective, DLUC is relatively straightforward and easy to include in the
assessment, although the uncertainty remains high. However, estimating ILUC related to biofuels
remains difficult, complex and highly uncertain [259,260]. The latter is exemplified by that fact
that estimates of GHG emissions from ILUC range widely, from very small to very large [261].
For instance, a study on the ILUC associated with US corn ethanol found that the ILUC emissions
varied from 10 to 340 g CO2 eq. MJ−1 [262]. For these reasons, the effects of ILUC and how
to account for them in assessing the sustainability of biofuels are key areas requiring further
research and consensus building [42,260]. Part of the challenge is constructing and analysing
credible counterfactual scenarios. Another challenge is the economic (equilibrium) models used
for consequential modelling [247,263] and the assumed yield-price elasticities for crops [26]. ILUC
models make various assumption to estimate how much indirect change might be induced up to
20 years into the future under prescribed scenarios. Therefore, such estimates would only apply
for the assumed conditions and must be interpreted with caution [264]. The lack of transparency
in ILUC models, many of which are proprietary, is also problematic.

There is an ongoing question about how policymakers should respond to the growing evidence
on ILUC from biofuel production. The blanket application of ‘ILUC factors’ according to feedstock
type is unpopular as it offers producers no opportunity to improve the performance of their
individual supply chains [265]. Moreover, there are many other drivers of LUC besides biofuels,
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such as demand for food and timber, urban development and infrastructure, leading some to
argue that it is unfair to consider ILUC only for biofuels [247,266].

(f) Soil organic carbon
SOC is one of the largest carbon pools in the terrestrial ecosystem [267]. Its balance is affected
because of agricultural activities and LUC. Depending on various soil characteristics and
agricultural practices, soil can act as either a sink or a source of carbon emissions. Soils may
lose SOC by mineralization through cultivation, emitting CO2 to the atmosphere. Alternatively,
SOC may increase through cropping or from repeated addition of crop residues or organic
manures [268].

When biomass is left to decay in the soil, a part of the carbon in the biomass is sequestered into
soil. Therefore, assuming biomass would have otherwise been left to decay in the soil, harvesting
it decreases SOC and this may affect significantly the GHG balance of a biofuel [269,270]. For
example, a study that included the effects of the removal of corn residue across the US corn belt
concluded that the GWP of corn stover ethanol may exceed that of conventional petrol [271].
Another study on wheat-straw ethanol suggested that there is only a 30% probability that its GHG
emissions will be 35% lower than that of petrol if SOC changes are included in the analysis [272].
A study on sugarcane ethanol claimed that the GHG balance of sugarcane ethanol could be
significantly higher if the impacts on SOC from pre-harvest burning were considered [210]. The
burning of biomass in the field, which is often carried out prior to a sugarcane harvest to help
manual harvest, means that far less crop residues are left on the land to be incorporated into the
soil.

Changes in SOC can also have a major influence on GHG emissions from LUC associated
with biofuel feedstock production [267,273]. For example, reversal of grassland, woodland and
perennial crops back to arable lands could reduce soil carbon by 0.6–1.7 t C ha−1 yr−1, which
would be emitted to the atmosphere as CO2 (2.2–6.2 t ha−1 yr−1). On the other hand, cultivation
of perennial energy crops, such as SRC and Miscanthus, could sequester CO2 from the atmosphere
into the soil at the rate of 2.2 t CO2 ha−1 yr−1 [267]. However, the sequestration potential is very
site-specific and highly dependent on former and current agronomic practices, previous land use,
as well as climate and soil characteristics [17,40,267,274–276]. Therefore, quantifying changes in
SOC storage is an important factor in estimating GHG emissions of biofuels [277]. However, most
LCA studies do not account for potential SOC changes from biomass cropping systems. This
is probably due to inherent complexity of soil science, the high degree of intra- and inter-site
variability, substantial data uncertainties and the challenges of linking biomass feedstock supply
to specific soils [46]. Furthermore, there is no consensus in LCA on how to account for SOC change
of agricultural activities and delayed GHG emissions [278]. However, the work on developing
models to estimate SOC emissions related to biofuels is ongoing [273–275].

(g) Biogenic carbon
In the context of biofuels, the term biogenic carbon refers to CO2 that is sequestered from the
atmosphere during the growth of feedstocks and subsequently released during the combustion of
the biofuel. ‘Carbon neutrality’ is achieved when CO2 sequestered and subsequently released are
in balance. However, carbon neutrality cannot be claimed if there is a potential imbalance or a time
delay between the amount of CO2 taken up during feedstock growth and the amount released
through biofuel production and use. Since many bioenergy products—including annual crops
and perennial grasses—have relatively short lifespans, carbon neutrality is commonly assumed
in LCA standards and regulations. Hence, most LCA studies of biofuels assume that biogenic
CO2 emissions, both from end-use combustion and the burning biomass to produce energy for
conversion processes, are fully balanced by CO2 uptake during feedstock growth. While this
assumption is reasonable for fuels from annual crops and perennial grass feedstocks, it is open to
challenge in relation to biofuel production from feedstocks with harvest cycles of more than a few
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years—such as longer-lived lignocellulosic feedstocks from forestry [26,279]. For such feedstocks,
it is important to consider the balance of carbon sequestered during feedstock growth versus that
which is emitted during biofuel production and use, together with the overall time profile of
biogenic carbon storage, emission and re-sequestration [279].

Different approaches to account for the temporal impact of carbon emissions are suggested
in the literature; for example, carbon payback period, carbon discounting and time-integrated
accounting of biogenic carbon [279,280]. Where accounting for the carbon storage in other,
more long-lived bio-based products is required, there are various standards and methods [46]
and these contain significant procedural differences. For example, GHG Protocol [281], PAS
2050 [282] and ISO 14067 [283] require reporting of emissions and removal of GHG emissions from
biogenic carbon sources, while regulations the RED [8] and RFS [7] do not require such reporting.
Furthermore, the time between the production of the product (storage of biogenic carbon) and
its end of life (release of biogenic carbon), referred to as ‘delayed emissions’, varies among the
standards. For instance, in PAS 2050 [282], all emissions that occur within a 100-year period are
quantified and treated as if they occurred at the beginning of the time period. By contrast, ISO
14067 [283] makes a distinction between emissions released within and after the first 10 years.

(h) Other environmental impacts
Production and use of biofuel generate emissions of various air pollutants, including particulate
matter (PM), carbon monoxide (CO), nitrogen oxides (NOx), hydrocarbons and volatile organic
compounds (VOCs). Unburned hydrocarbons, VOCs and NOx are precursors for the formation of
summer smog and ground-level ozone. These pollutants are associated with increased morbidity
and mortality from cardiovascular and respiratory diseases and certain cancers [284,285]. Air
quality modelling studies show that life cycle emissions of some pollutants may be higher for
biofuels when compared with fossil fuels, largely resulting from the emissions associated with
feedstock production and biofuel processing [284,286]. For example, in the case of sugarcane
ethanol in Brazil, burning of straw in fields is the common practice in certain areas and is the
predominant source of PM [284,286]. Studies on health impacts of sugarcane ethanol in Brazil
suggest that there is strong evidence that burning straw in sugarcane fields causes substantial
respiratory diseases, such as asthma and pneumonia, in sugarcane fieldworkers and local
populations [284,286–289]. These effects are often ignored in LCA studies.

In cradle-to-grave LCA studies, assessing impacts of vehicular exhaust emissions is another
challenge as they are affected by many different parameters, including the type of engine and
how it is run (the operational drive cycle), vehicle age and maintenance, the quality of the
base fuel and exhaust after treatment [290]. Vehicular exhaust emissions of bioethanol blends
vary with blend strength. However, in general, lower bioethanol blends (E5–E15) have lower
CO and PM emissions compared to petrol [290,291]. Beer et al. [291] suggest that lower PM
emissions from low-ethanol blends used in spark-ignition vehicles have slight health benefits
over petrol. However, they lead to significantly higher emissions of acetaldehyde, which is one of
the precursor VOCs involved in ground-level ozone formation. Similarly, higher ethanol blends
(E85) lead to comparable, or slightly lower, levels of PM, NOx and CO emissions than petrol, but
5–10 times higher acetaldehyde emissions [290,292,293].

Compared to fossil diesel, biodiesel has generally lower exhaust emissions of PM, CO,
hydrocarbons and VOCs, but higher NOx emissions [294,295]. These differences are small for 5–
20% biodiesel blends and would lead to negligible or non-measurable impacts on air quality [294],
but increase with higher blends [290]. On the other hand, Larcombe et al. [296] argue that, despite
having lower PM emissions, biodiesel exhaust emissions could potentially be more harmful to
human health because of higher proportion of ultra-fine particles (less than 100 nm diameter)
compared to diesel exhaust. This is due to the fact that smaller particles remain suspended in
the air for longer, are more easily inhaled and are able to penetrate more deeply into the lungs.
However, other assessments on the potential human health implications of biodiesel suggest that
the use of biodiesel fuel blends compared to fossil diesel results in minimal changes in health
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impacts [294,295]. Thus, the topic of human health impacts from biofuels remains open to debate,
requiring further research and evidence.

Besides air pollution, production of liquid biofuels could affect human health directly through
water and soil pollution and occupational hazards [284]. However, these effects are scarcely
discussed in the literature and should be explored further to understand whether there are risks
that need to be addressed.

5. Conclusion and recommendations
LCA is widely used as a tool to estimate GWP and other environmental impacts of biofuels.
However, as evident from this review, the estimates vary widely among the studies owing to a
wide range of methodological choices in LCA and various uncertainties. Despite this, the existing
evidence base is instructive. Firstly, it shows that, if no LUC is involved, first-generation biofuels
can—on average—have lower GHG emissions than fossil fuels, but GHG savings for most of the
feedstocks are not sufficient to meet those required by the RED. Secondly, in general, second-
generation biofuels have a greater potential than first generation to reduce GHG emissions, again
provided there is no LUC. However, the development of second-generation biofuels will take time
and is likely to depend on the continued support of first-generation fuels to give the industry the
confidence to invest. Thirdly, it is also clear that, at present state of development, third-generation
biofuels from algae are unlikely to make a contribution to the transport sector as their GHG
emissions are higher than those from fossil fuels. Moreover, they are unproven and expensive
to produce and, as such, the algal feedstock will continue to be restricted to high-value markets,
such as cosmetics and dietary supplements.

LCA is a complex tool that lies at the interface between science, engineering and policy. Despite
this complexity, it is often perceived as a tool that can give a definitive answer to multifaceted
questions. As the findings in this review demonstrate clearly, there are no definitive answers.
Even focusing only on the GWP of biofuels—one of the main drivers for their development—
brings with it a host of uncertainties. Moreover, almost every aspect related to biofuels is
dynamic in nature across different scales, which adds to the complexity. Examples include
changes in soil carbon content over time (micro-scale); time needed to replace vegetation used
as feedstock for biofuels (meso-scale); and development of global biofuel supply chains (macro-
scale). Considering these dynamic aspects and their interconnections presents a considerable
challenge. There are also significant uncertainties in the models for estimating direct and indirect
LUC, changes in SOC stocks and N2O emissions. It is important to recognize these limitations
and interpret the results accordingly.

In addition to the environmental impacts, there are many other sustainability issues that must
be considered when assessing the sustainability of biofuels. These include: costs of production
and competitiveness with fossil fuels; food, energy and water security; employment provision;
rural development; and human health impacts. It is essential that the sustainability aspects of
biofuels be evaluated on a life cycle basis across full supply chains to avoid shifting the burdens
from one part of the life cycle or supply chain to another. It is also important to note that LCA
and wider sustainability assessments are of little use if the results cannot be trusted. Therefore,
strong auditing of biofuel supply chains is vital to prevent negative socio-economic effects as
well as to ensure traceability of the fuels and to mitigate the risk of fraud. Moreover, improving
transparency, data availability and sharing are key if LCA is to be trusted and useful for policy.
This could be achieved through development of open national and global databases, in a similar
way that national inventories have been developed for GHG reporting under the Kyoto Protocol.
It is also important to ensure that the data and models from different disciplines that are used
in LCA preserve reasonable levels of transparency, rigour and robustness to avoid misuse and
misinterpretation.

ALCA studies, which account for the direct impacts, should follow the ISO 14040 and
14044 standards more rigorously. For CLCA, both methodological and practical aspects need
improvements. For the former, further work is required towards the standardization of CLCA
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methodology. As part of that, there is a need to improve development of counterfactual (what if)
scenarios and ILUC models. Involvement of multiple stakeholders can help to build consensus on
the definition of the scenarios and to improve the transparency of ILUC models, their assumptions
and the associated uncertainty. In addition to improving the CLCA methodology, much work
is required in its application in practice. Specifically, there is a need to validate ILUC models
with empirical evidence; empirical methods to test alternative hypotheses also require attention.
Further work is also needed on the development of models and empirical evidence of changes
in soil and plant carbon stocks as well as emissions of nitrous oxide related to the application of
fertilizers. Research is also needed on estimations of biogenic carbon, particularly changes in the
forest carbon stock that may be affected by an increase in biofuels demand.

It is also important to take into account that biofuels do not exist in isolation but are part of
much wider systems, including energy, agriculture and forestry. Like other production systems
with which they interact, biofuels impact on various ecosystem services, such as land, water and
food. It is, therefore, essential to take an integrated, systems view to developing future policy to
ensure that biofuels are not disadvantaged relative to other sectors or that progress made in this
sector is not undone by unsustainable practices in others. Analysis and, ultimately, policies based
on ecosystem services and natural capital at a landscape level are needed to make the best overall
use of land. This would, in turn, optimize ecosystem services, such as carbon storage, biodiversity,
reductions of agricultural run-off and increases in water quality and flood risk management.
Complete value chains rather than single bioenergy products should be analysed together to
understand the interactions across sectors and land uses with the goal of identifying opportunities
where collective benefits can be realized.
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