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Abstract. The article focuses on a specific environmental evaluation method — Life Cycle Assessment (LCA)
and it estimates biofuel greenhouse gas (GHG) emissions and compares to fossil fuels. It is mainly evaluated by
the mean Global Warming impact indicator, expressed in grams of CO, equivalent per MJ of energy
(gCO,eq-MI™"). Biofuels are highly relevant renewable energy options on a global scale. Comparing with fossil
fuels, biofuels in some cases can be carbon neutral or even carbon negative and play an important role in the
reduction of GHG emissions. A number of LCA have shown that first generation biofuels provide a little to no
benefit for GHG reductions compared to fossil fuels, particularly when indirect effects are considered. LCAs of
second and third generation biofuels exhibit great variability and uncertainty but are intended to achieve greater
GHG reductions. Highly possible Arctic Ocean ice meltdown in the late summer as soon as in September 2015
and accelerated methane hydrate destabilization in the Arctic Ocean seabed via ocean warming could cause
abrupt climate change in the following decade. Mitigation of climate change requires to use only biofuels with
the global warming impact indicator close to 0 gCO.eq-MJ"' (Carbon Neutral) or — gCO,eq-MJ™" (Carbon
Negative).
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Introduction

Scientific understanding of the cause of global climate change has been increasing. The fifth
assessment (ARS 2013) of the Intergovernmental Panel on Climate Change (IPCC) reported with 95 %
certainty that human activity is the dominant cause of the observed warming since the mid-20th
century. The report confirms that warming in the climate system is unequivocal, with many of the
observed changes unprecedented over decades to millennia: warming of the atmosphere and the ocean,
diminishing snow and ice, rising sea levels and increasing concentrations of greenhouse gases. Each of
the last three decades has been successively warmer at the Earth’s surface than any preceding decade
since 1850. The globally averaged combined land and ocean surface temperature data show a warming
of 0.85 °C, over the period 1880 to 2012, when multiple independently produced datasets exist [1].

Human activity since the Industrial Revolution (1750) has increased the amount of greenhouse
gases in the atmosphere, leading to increased radiative forcing, thereby the resulting changes in the
Earth’s energy balance [2]. The major contributor to increases in radiative forcing due to increased
concentrations of greenhouse gases since pre industrial times is carbon dioxide (CO,) (61 %) with
substantial contributions from methane (CH,) (17 %), nitrous oxide (N,O) (4 %) and
chlorofluorocarbons (CFCs) (12 %) [1]. The atmospheric concentrations of major greenhouse gases as
carbon dioxide (CO,) [3], methane (CH,), and nitrous oxide (N,O) have increased to levels
unprecedented. Carbon dioxide concentrations have increased by 43 % (from 280 ppm in 1750 [4] to
400 ppm in 2015 [5]), methane by 150 % (from 700 ppb in 1750 to 1803 ppb in 2011 [1], nitrous
oxide by 20 % (from 270 ppb in 1750 to 324 ppb in 2011 [1]). The Global Warming Potential (GWP)
provides a simple measure of the radiative effects of emissions of various greenhouse gases, integrated
over a specified time horizon (20, 100), relative to an equal mass of CO, emissions. GWP of major
greenhouse gases, lifetime (years) and increased radiative forcing are shown in Table 1.

The global carbon budget averaged over the last decade (2004-2013) is shown in Fig 1. For this
time period, 91 % of the total emissions were caused by fossil fuel combustion and cement production,
and 9 % by land-use change. The total emissions were partitioned among the atmosphere (44 %),
ocean (26 %) and land (29 %). Fossil fuel and cement emissions over the last decade (2004-2013) had
increased with an average of 2.7 %-year' and all projections show that this tendency will remain the
same or even increase in coming years [6].

Relative to the trends over the last few decades, warming in the Arctic Ocean has accelerated
during the past several years, as observed by satellites and in situ measurements [7; 8]. In addition to
the warming effect of current forcing and emissions, highly possible Artic Ocean ice meltdown in the
late summer as soon as in September 2015 [7; 9] and consequent accelerated methane hydrate
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destabilization in the Arctic Ocean seabed via ocean warming could exacerbate warming and even
lead to abrupt, catastrophic climate change in the following decade. Abrupt climate change describes
changes in climate that occur over the span of years to decades, compared to the human-caused
changes in climate that are occurring over the time span of decades to centuries. A release of 50 billion
tonnes of methane would bring forward by 15 to 35 years the date at which the global temperature rise
exceeds 2 °C above pre-industrial levels [10]. Recent studies show that significant quantities of
methane had already escaped from the East Siberian Arctic Shelf (ESAS) as a result of degradation of
submarine permafrost [11; 12].

Table 1
GWP of major greenhouse gases, lifetime (years) and increased radiative forcing [1]
Lifeti GWP time horizon | Increased radiative
ifetime, .
Gas years 20 years | 100 years forcing from 1750
to 2013, W-m™

Carbon dioxide, CO, 100 to 300 1 1 1.88
Methane, CH,4 12.4 86 34 0.49
Nitrous oxide, N,O 121 268 298 0.17
Tropospheric ozone, O3 hours-days n.a. n.a. 0.40
CFC-12, CCL,F, 100 n.a. 10200 0.169

Over the past two decades, skeptics of the reality and significance of anthropogenic climate
change have frequently accused climate scientists of “alarmism”: of over-interpreting or overreacting
to evidence of human impacts on the climate system. However, the available evidence suggests that
scientists have in fact been conservative in their projections of the impacts of climate change. Calling
this tendency “erring on the side of least drama” [13].
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Fig. 1. Schematic representation of the overall perturbation of the global carbon cycle
caused by anthropogenic activities, averaged globally for the decade 2004-2013:
all fluxes are in units of GtC- yr' [6].

Due to high risk of abrupt climate change there is a necessity to evaluate closely all renewable
biofuels by the Life Cycle Assessment (LCA) method to get the results for most appropriate biofuels
for mitigation of climate change. Biofuels are highly relevant renewable energy options on a global
scale [14]. Comparing with fossil fuels, biofuels in some cases can be carbon neutral or negative and
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play an important role in the reduction of greenhouse gas emissions. This article focuses on
assessment of major greenhouse gas (CO,) emissions of various generation biofuels in comparison to
the emissions of fossil fuels.

Materials and methods

There is a broad agreement in the scientific community that Life Cycle Assessment (LCA) is one
of the best methodologies for the evaluation of the environmental burdens associated with biofuel
production, by identifying energy and materials used as well as waste and emissions released to the
environment [15; 16]. LCA is a method based on the ISO standards 14040/14044. The objective of
LCA is to describe and evaluate the overall environmental impacts of a certain action by analyzing all
stages of the entire process from raw material supply, production, transportation and energy generation
to recycling and disposal stages following actual use, in other words, “from the cradle to the grave”.
Moreover, it also allows an identification of opportunities for environmental improvement.

The methodological framework for LCA is divided into 4 steps:

1. Goals and scope of the study: This step deals with the definition of questions that the author
wants to answer in the study. All methodological assumptions, i.e. the scope of the study (system
boundaries, functional unit, method to account for co-products, environmental impact indicators,
type of data, etc.) are described according to the goals of the study.

2. Life cycle inventory: Input and output flows of matter and energy as well as emissions to the
environment (air, water, soil emissions and solid wastes) included in the system are listed.

3. Life cycle impact assessment: Inventory flows are converted into potential environmental impact
categories using a characterization method. Impact categories and associated characterization
methods are chosen in accordance with the goals and scope of the study.

4. Interpretation of results: The results are analyzed regarding the defined goal and scope of the
study.

Results and discussion

This study shows the variations of LCA results for GHG emissions of different biofuel
generations comparing with the reference fossil fuels. As CO, gas is major GHG that contribute to
global warming, then only LCA reports and articles with included global warming impact indicator or
carbon intensity (expressed in grams of CO, equivalent per MJ of energy) were selected.

First generation (G1) liquid biofuels are economically viable and produced in industrial scale
nowadays mainly from crops such as wheat, sugarcane, sugarbeet, soybeans, corn, rapeseed, palm oil,
sunflower, etc. The most representative categories of these biofuels are ethanol and biodiesel. These
G1 biofuels have come up against sustainability issues mostly related to the use of agricultural
commodities in their production processes. G1 biofuel global warming impact comparison is shown in
Fig. 2. Bioethanol from sugarcane (37 gCO,eq-MIJ™") has the best CO, emissions savings (56 %)
comparing to the fossil reference (83,8 gC0O.eq-MJ"') summing direct and indirect land use change
emissions. Bioethanol from corn (55 gCO,eq-MJ") and sugarbeet (53 gCO,eq-MJ") emissions
savings are about 36 % comparing to the fossil reference. Bioethanol from wheat has almost the same
global warming impact (82 gCO,eq-MJ™") as the fossil reference and has only 2 % CO, emission
savings. Biodiesel from soybeans (113 gCO,eq-MI™"), rapeseeds(107 gCO,eq-MJ™"), sunflower
(96 gCO,eq-MJ™) and palm oil (123 gCO,eq-MI™") global warming impact has increased comparing
with the fossil reference respectively, additionally 35 %, 28 %, 15 % and 47 % CO, emissions. Only
biodiesel from waste vegetables (14 gCO,eq-MJ™") shows significant decrease of CO, emissions
(83 %).

As a consequence, second generation (G2) and third generation (G3) liquid biofuels from biomass
residues, non-alimentary crops and wastes have been developed in the recent years. G2 and G3
biofuels are currently either in research and development or demonstration phase and still need further
improvements to be commercially viable. These biofuels seem to be more efficient than G1 biofuels in
terms of land use, food security, GHG emission reductions and other environmental aspects [17; 18].
G2 bioethanol is obtained from the biochemical conversion of lingocellulosic biomass. Synthetic
biodiesel from biomass, also known as Biomass to Liquids (BtL), biomass FT-biodiesel (Fischer-
Tropsch) or pyrolysis biodiesel is produced by thermochemical conversion of lignocellulosic biomass.
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G2 biofuel global warming impact comparison is shown in Fig. 2. G2 bioethanol from corn stover
(12 gCOLeq-MI™), wheat straw (25 gCO,eq-MJ™), rapeseed straw (23 gCO,eq-MI™"), waste wood
(22 gCO,eq-MIJ™") and farmed wood (37 gCOseq-MJ™") shows significant decrease in global warming
impact comparing with the fossil fuel reference, respectively 86 %, 70 %, 73 %, 74 % and 56 % CO,
emission reduction. G2 biodiesel from FT waste wood (4 gCOzeq-MJ'l), FT farmed food
(6 gCOseq-MJI™"), pyrolysis wheat straw (12 gCO,eq-MJ™") and pyrolysis rapeseed straw
(17 gCO,eq-MI™") also shows significant decrease in global warming impact comparing with the fossil
fuel reference, respectively 95 %, 93 %, 86 % and 80 % CO, emission savings. G2 biogas biofuels
from dry mature (15 gCO,eq-MJ™") and wet mature (16 gCO,eq-MJ™") are good energy sources with
low carbon emission impact comparing with the fossil fuel reference, respectively 82 % and 81 % CO,
emission savings.
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Fig. 2. G1, G2 and G3 generation biofuel global warming impact indicator comparison by LCA
method: Almost all direct emission data of biofuels are taken from the EU Renewable Energy
Directive [14] excepting Bioethanol: Corn stover(G2) [19], Bioethanol: Rapeseed straw(G2) [19],
Biodiesel Pyr.: Wheat straw(G2) [19], Biodiesel Pyr.: Rapeseed straw(G2) [19], Biodiesel: Algae
Open Pond(G3) [20] and Biodiesel: Algae Mean(G3) [21]. Indirect land use change (ILUC) emission
data for G1 biofuels are taken from the EU Renewable Energy Directive ILUC proposal [22]

Microalgae offer great potential as a sustainable feedstock for the production of third generation
(G3) biofuels, such as biodiesel and bioethanol. Microalgae are able to produce 15-300 times more oil
for biodiesel production than traditional crops on an area basis. Furthermore, compared with
conventional crop plants which are usually harvested once or twice a year, microalgae have a very
short harvesting cycle (=1-10 days depending on the process), allowing multiple or continuous
harvests with significantly increased yields. Biodiesel production by microalgae will not compromise
production of food, fodder and other products derived from crops [23]. G3 biodiesel biofuel global
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warming impact comparison is shown in Fig. 2. G3 biodiesel from algae in Open Pond by the LCA
method shows excellent results (-41.7 gCO,eq-MJ™) and good potential in its application in climate
change mitigation. A variety of researchers have constructed and presented LCAs of the microalgae
biofuel process, however, inconsistencies in system boundaries and high-level process modeling with
large uncertainties in sub-process modeling have led to a wide range of results[21; 24]. G3 biodiesel
from algae mean value [21] (76.27 gCO,eq-MJ™") is similar to the fossil reference and leads only to
9 % CO, emission saving.

Conclusions

1.

Due to high risk of abrupt climate change there is a necessity to evaluate closely all renewable
biofuels by the Life Cycle Assessment (LCA) method to get the results for most appropriate
biofuels for mitigation of climate change. Climate change mitigation requires to use globally only
biofuels with the global warming impact indicator close to 0 gCO,eq-MJ"' (Carbon Neutral) or —
gC0,eq-MJ"' (Carbon Negative).

Comparison of the LCAs data has shown that G1 biofuels provide a little to no benefit for GHG
reductions compared to fossil fuels (diesel and gasoline comparator), particularly when indirect
land use change effects are considered. Less global warming impact is from bioethanol from
sugarcane (37 gC0O,eq-MJ™") and biodiesel from waste vegetable (14 gCO,eq-MJ") with CO,
emission saving 56 % and 83 % comparing to the fossil reference (83.8 gCO,eq-MIJ™).

Almost all G2 biofuels achieved 70 % or better CO, emission savings comparing to the fossil
reference excepting bioethanol from farmed food (56 %).

G3 biodiesel from Algae Open Pond (-41.7 gCO,eq-MJ™") achieved carbon negative result,
however, the mean value of different G3 biofuels LCAs was similar to the fossil reference with
only 9 % CO, saving.
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