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Bio-based materials have been used traditionally for millennia. Their use was overtaken in recent times by the discovery and 

utilization of fossil-based resources for materials and energy. However, concerns about the non-renewability of fossil resources 

and greenhouse gas and other emissions associated with their use have brought forth a renewed interest in using bio-based 

materials in recent years. The environmental advantages of bio-based materials cannot be taken for granted without a rigorous 

scientific

 

assessment. Many tools based on energy, economics, and environmental impacts have been used. Life cycle assessment 

is one such tool developed and successfully utilized for the environmental assessment of biofuels and bioproducts. However, 

many methodological challenges, among other things related to system boundaries, functional units, allocation, and carbon 

accounting, still need further research and consideration. In this work, the related issues are summarized, and the directions for 

addressing them are

 

discussed. Despite the methodological challenges in their assessment, biofuels and bioproducts show 

promise in terms of their environmental advantages compared to their fossil-oriented counterparts. These advantages can be 

further enhanced by utilizing all parts of the feedstock biomass, especially for value-added materials and chemicals via

 

biorefineries. 
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➢Methodological challenges faced when applying 

life cycle assessment are critically discussed.

➢Life cycle assessment is essential to ensure the 

potential benefits of biofuels and bioproducts.

➢Biorefineries can enhance the environmental 

performance of biofuels and bioproducts.

➢Balancing carbon emissions from a life cycle 

perspective needs dynamic assessment.

©2023 BRTeam CC BY 4.0



Gheewala / Biofuel Research Journal 37 (2023) 1810-1815 

 

    

 

 

 

Contents 

 

 

 

 

 

 

 

 

 

 
1. Introduction 

 
Energy, along with food and shelter, is one of the necessities of life. 

Procuring food and shelter also requires energy for agriculture, infrastructure 

development, and comfort. Directly or indirectly, all energy on the planet is 

ultimately from the sun. Traditionally, energy has been provided by biomass 
but with inefficient transformation resulting in excessive use of natural 

resources and environmental pollution, particularly related to air quality. Fossil 

fuels, such as coal, oil, and natural gas, are high-quality energy carriers 

developed naturally over millennia in the Earth's crust from biomass (dead 

plants and animals). However, the increased use of fossil fuels following the 

industrial revolution has resulted in many environmental problems, the most 
prominent of which in recent times has been the accumulation of climate 

change-inducing greenhouse gases in the atmosphere to levels that, if 

unchecked, may lead to irreversibly disastrous consequences (IPCC, 2021).  
Fossil fuels have contributed more to anthropogenic carbon dioxide 

emissions than all other sources combined; a recent report shows that fossil 

fuels contributed more than half the global carbon dioxide emissions in 2020 
(UNDP, 2021). The small decrease in fossil fuel utilization in the last couple of 

years due to the pandemic has already been reversed. The unequal distribution 

of fossil energy resources has also been a cause of much concern in terms of 
national energy security, even at times leading to war. Conversely, wars have 

also disrupted the supply of energy resources leading to energy crises. The 

limits to growth report published in 1972 by the Club of Rome (Meadows et 
al., 1972) cautioned about the limited reserves of fossil fuels and the limits to 

the capacity of our planet to absorb the byproducts from burning them for 

energy. A revisit 30 years later confirmed the warnings with more updated data 
and modeling (Meadows et al., 2004). A more recent 50-year update has 

reconfirmed the main messages from the initial report (Bardi and Pereira, 

2022). 
Biomass has been used for energy since humans first learned to make fire. 

Using biomass for non-traditional uses beyond wood for cooking and heating 

is also not new. The early diesel engines in the late nineteenth and early 
twentieth centuries were tested with vegetable oils by the inventor of the diesel 

engines himself. However, the high production of low-cost petroleum-based 

fuels outcompeted the use of vegetable oils. Occasionally, there has been a 
comeback towards bio-based fuels in times such as the energy crisis of the 

1970s. However, these periods have not lasted long enough for bio-based fuels 

to gain traction at a more sustained level. Once the crisis is over and fossil fuel 
prices become attractive again, the enthusiasm for promoting bio-based fuels is 

lost. A notable exception has been the National Alcohol Program (Pró-Álcool) 
of Brazil. Initiated in 1975 as a response to the 1973 oil crisis, Brazil started to 

partially replace gasoline in automobiles with ethanol from sugarcane. 

Subsidiaries of some carmakers in Brazil also developed the so-called flexible-

fuel vehicles, which could run on high blends of ethanol with gasoline or even 

on 100% ethanol. Brazil has consistently supported the sugar and ethanol 

industry over the last 50 years and is currently the world's second-largest 
producer and largest exporter of ethanol. At a global level, there has been a 

resurgence in the use of biofuels since the early twenty-first century. This has 

been even more so for developing countries with agro-based economies. The 
current war in Ukraine brings to the forefront the dependence on oil and the 

need for energy independence (Shams Esfandabadi et al., 2022). 

 
2. Why biofuels? 

 
Biofuels, liquid transportation fuels made from biomass sources, have been 

attractive for various reasons. One is the use of locally-produced, renewable 
resources that can reduce dependence on oil which needs to be imported by 
most  countries  in  the  world. This  helps  both   increase  energy  security  by 

 

 

 

 

 
 

 

 
 

 
 

reducing dependence on imports and energy diversity, leading to improved 

resilience (Kruyt et al., 2009). There is also the idea of carbon neutrality 

since the carbon stored in the biomass, which is released as carbon dioxide 
when the biofuels are combusted, is balanced by the carbon dioxide taken 

up by the biomass from the atmosphere by photosynthesis during its 

growth. Promoting fuels based on biomass is also hoped to stabilize 
farmers' income, who are often the weakest players in the entire supply 

chain of agriculture and agro-based products. The perceived sustainability 

benefits of biofuels have made them attractive to policymakers in many 

countries, especially agriculture-based developing countries (Gheewala et 

al., 2013 and 2018). 

The sustainability advantages of biofuels have also been challenged due 
to various conditions and constraints in practice, which may negate the 

desired benefits. The apparent carbon neutrality mentioned above is 
certainly not maintained when considering the entire life cycle of biofuel 

production and use (Gheewala, 2021). Nevertheless, that does not 

automatically mean there can be no advantage vis-à-vis greenhouse gas 
emissions reduction compared to fossil fuels. Many studies have shown that 

the greenhouse gas emissions from biofuels can be lower than their fossil 

fuel counterparts provided that there are not too many fossil fuels 
(especially coal) being used in the biofuel supply chain and high carbon 

stock land such as forests are not converted to agriculture for planting the 

biofuels feedstock (Silalertruksa and Gheewala, 2012). However, the issues 
of land use change (LUC) can get very complicated (Prapaspongsa and 

Gheewala, 2017), particularly when including indirect LUC in the 

accounting (Brandão et al., 2022).  

 

3. Assessment tools for biofuels and bioproducts 

 
Many tools have been used to assess the sustainability of biofuels and 

bioproducts. The most preliminary one is energy analysis based on the first 

law of thermodynamics; two commonly used indicators are net energy 
balance and net energy ratio (Gheewala, 2013). These can be used as a first 

check for biofuels; if the total energy obtained from them is lower than the 

input energy throughout their life cycle, producing them makes little sense. 
A more refined indicator is 'renewability', which considers only the life 

cycle input of fossil energy; in this case, if the energy output from the 

biofuels is lower than the fossil energy input, it indicates producing more 
renewable energy via the biofuel by investing a lower amount of fossil 

energy in the production chain. A more sophisticated tool is exergy 

analysis, which includes the second law of thermodynamics that considers 
energy quality and quantity. Exergy analysis has been successfully used to 

identify the thermodynamic inefficiencies of energy systems (Sciubba, 

2001; Soltanian et al., 2020). It has also been combined with life cycle 

assessment (LCA) to provide exergoenvironmental and exergoeconomic 

assessment (Aghbashlo and Rosen, 2018a; Aghbashlo et al., 2021).  

Another concept somewhat similar to the idea of exergy but also taking 
into account Earth's processes, such as wind, river flow, waves, etc., is 

emergy (Hau and Bakshi, 2004). This is an ecocentric valuation method 

based on thermodynamics that can account for non-market inputs in an 
objective manner. It includes the contribution of natural capital to the 

economy. However, calculating the emergy of stored natural resources such 

as minerals and fossil fuels is fraught with conceptual challenges; knowing 
all solar energy inputs over geological time scales is very difficult. Even 

the meaning of doing so is difficult to grasp in physical terms. Also, it does 

not directly include impacts due to environmental emissions. Recent 
attempts have combined this with LCA to perform exergoeconomic and 

exergoenvironmental analyses (Aghbashlo and Rosen, 2018b). An 

excellent summary of all these tools is provided by Aghbashlo et al. (2022). 
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The present paper focuses on LCA, which is an internationally standardized 

method for the assessment of environmental impacts throughout the life cycle 

of a product or service. 

 

4. LCA of biofuels and bioproducts 

 

LCA has often been used to assess the environmental implications of 

transportation fuels, particularly for comparing biofuels with their fossil 
counterparts. As it considers the entire life cycle of fuels, the tool avoids the 

issues of problem shifting between life cycle stages (Gheewala, 2021). Also, as 

it considers multiple impact categories, problem shifting between different 
impacts is resolved. As mentioned in Section 2, the apparent carbon neutrality 

based on the balance between the carbon dioxide uptake during photosynthesis 

and carbon dioxide released during biofuel combustion is questionable when 
the greenhouse gas emissions during agriculture, processing, and transportation 

of the fuels are considered. However, even the LCA application has challenges 

(Hosseinzadeh-Bandbafha et al., 2021). The setting of an appropriate 
framework, attributional or consequential, depending on the objective of the 

study is one of them (Zamagni et al., 2012; Prapaspongsa and Gheewala, 2017). 

Attributional LCA is used for quantifying the current environmental burdens 

of biofuels and bioproducts across the entire life cycle with an aim to identify 

the hotspots and strategies to minimize the burdens. The results can be used for 

comparison with their fossil counterparts as well as to support decision-making 
for producers, consumers, and policymakers. Consequential LCA, on the other 

hand, evaluates the changes in environmental burdens occurring as a result of 

policies and decisions related to biofuels and bioproducts promotion. This often 
entails the inclusion of economic models to calculate the economy-wide effects 

of policy decisions (Panichelli and Gnansounou, 2017).  

LUC, particularly indirect LUC, presents special challenges (Brandão et al., 
2022). However, this is a very important issue with serious consequences on 

the sustainability of biofuels and bioproducts. Another challenge is the setting 

up of system boundaries, viz., cradle-to-grave, cradle-to-gate, and gate-to-gate, 
which is, of course, dependent on the goal of the study. Cradle-to-grave studies 

include the entire life cycle starting from the cultivation of the biomass 

feedstock for biofuels or bioproducts, transformation of the biomass to the 
product, use, and final disposal in case of bioproducts. Cradle-to-gate studies 

are often used, for example, when comparing biofuels or bioproducts from 

different feedstocks. Gate-to-gate studies may be used when focusing on a 
particular novel transformation process.  

The choice of a functional unit for comparing systems can also influence 

results, for example, leading to differences in results when bioenergy is 
compared based on the energy of outputs or a per-hectare basis (Choudhary et 

al., 2014). Functional units based on energy content or driving distance are used 

for cradle-to-grave studies, whereas cradle-to-gate studies are generally based 
on mass or volume. Where feedstock utilization is of primary concern, a land 

area-based functional unit may be used. As biomass systems are most often 

associated with co-products both at the cultivation and processing stages, 
allocation of environmental burdens also poses a challenge. ISO 14044 

recommends avoiding allocation through sub-division of the unit process or 

system expansion; both can present difficulties in practice. Sub-division of the 
unit process is often not possible, and system expansion to include alternative 

products requires the identification of the alternative products for substituting 
the co-products, which is not always practically possible. Partitioning via mass, 

energy, and/or economic allocation can lead to many variations in results, 

making comparing systems or different studies difficult (Bezergianni and 

Chrysikou, 2020; Hosseinzadeh-Bandbafha et al., 2021). The issues related to 

the LCA of biofuels and bioproducts are summarized in Figure 1. Collecting 

accurate and representative data is a challenge in LCA in general, leading to 
uncertainties; in particular for bio-based energy and materials, the issue of 

including carbon storage and accounting for the time lag between carbon 

dioxide update and emissions must be addressed (Levasseur et al., 2010; 
Martin-Gamboa et al., 2020). Temporal representativeness and uncertainty can 

significantly affect the results, with the amortization period of LUC being a 

case in point (Maciel et al., 2022). 
Apart from the issue of greenhouse gas emissions, which is currently at the 

forefront of any discussion, especially for biofuels, is the issue of water, which 

is quite critical. Although we have enough freshwater resources in the world to 
fulfill all our current needs, the distribution of these resources, both spatially 

and temporally, is a major concern for agriculture (Gheewala et al., 2011). 

Climate change is anticipated to further exacerbate this issue (OECD, 2014). 

Not including this in the consideration can lead to unintended negative 

effects. Food-energy-water nexus studies are proposed, including land use 

and biodiversity considerations for accounting for the interactions among 

related issues, which should be looked at together rather than in isolation 

(FAO, 2014; Jaroenkietkajorn and Gheewala, 2021; Gazal et al., 2022). 
Although positive impacts have been reported for the employment 

generation in the agriculture sector and rural livelihoods (Silalertruksa et 

al., 2012; Chaya and Gheewala, 2022), there have also been several issues 
associated with negative impacts on the land tenure of farmers (Cotula et 

al., 2008; Cudlínová et al., 2020).  

The sustainability assessment of biofuels has thus yielded mixed results. 
The important lesson, though, is to be aware of the potential pitfalls so that 

the intended sustainability benefits of biofuels can be maintained. First is 

the use of life cycle-based tools for assessing the sustainability of biofuels 
(Sala, 2020; Stamford, 2020; Gheewala, 2021). The generic options for 

improvement at every stage of the biofuel lifecycle include using green 

chemistry at the research and development stage, good agricultural 
practices at the cultivation stage, and efficient production and logistics 

(Sala, 2020). Proper and coherent policy frameworks need to be developed, 

which will give confidence to the stakeholders, particularly the industry, in 

pursuing long-term commitments towards biofuel production. If policies 

frequently change with changes in government or world markets, then the 

industry is not confident in making investments. The example of Brazil 
mentioned earlier is a good case to follow. Vulnerable groups need to be 

protected both in terms of food and energy security. Agricultural 

productivity needs to be focused on to avoid food vs. fuel conflicts and for 
the efficient and sustainable utilization of natural resources such as land and 

water. This will also reduce feedstock costs, the major contributor to biofuel 

prices. Good practices in agriculture to avoid deterioration of soil quality 
and protect biodiversity are also important. Forest and other high carbon 

stock lands should not be converted directly or indirectly for biofuel 

feedstock production. Innovation in biofuel production (for example, 
advanced biofuels) need to be continually promoted. The optimal utilization 

of biomass residues via the so-called biorefineries is also important for 

resource and energy-efficient biofuel and bioproducts production 
(Gheewala, 2019). Thailand, for example, has been promoting the so-called 

Bio-Circular-Green Economy (BCG) model, which emphasizes the 

utilization of biomass for energy and materials, particularly value-added 
products, to help transition to a circular economy and address some of the 

United Nations' Sustainable Development Goals (SDGs). 

 
5. Quo vadis? 

 

Promoting a bio-based economy is being pursued as a way forward to 
address many of the societal challenges, such as food security, natural 

resource scarcity, fossil resource dependence, and climate change while 

achieving sustainable economic growth. The United Nations' SDGs also 
target all these issues. The directly concerned SDG is Goal 7, which 

concerns affordable and clean energy for all; however, each of the 17 SDGs 

is also linked (Sala, 2020). Biofuels will also play a key role in the transition 
to net zero carbon dioxide emissions by 2050, as energy contributes almost 

three-fourths of the total greenhouse gas emissions (IEA, 2021). The 
production of biofuels could be quadrupled in the next decade and, 

combined with carbon capture and storage (BECCS), would substantially 

contribute to the efforts towards next zero carbon dioxide emissions. The 

Conference of the Parties (COP) set up by the United Nations Framework 

Convention on Climate Change (UNFCCC) has been grappling with this 

issue. The COP26 in Glasgow last year finalized the Paris Agreement from 
the year before to accelerate action on climate change through mitigation 

of greenhouse gas emissions to keep alive the goal of limiting the global 

temperature increase within 1.5°C. Phasing down coal power was one of 
the major thrusts. The recently concluded COP27 in Sharm El-Sheikh 

highlighted climate finance and adaptation as key strategies moving 

forward. Recent regional assessments, for example, in Southeast Asia, have 
also underlined the contribution of biofuels in the energy transition 

(IRENA, 2022; ACE, 2020; ACE, 2022). All this will require sustained 

effort and political will to transform aspirations into action. We should not 
wait for wars or energy crises to seek what is clearly within reach and 

sensible action toward a sustainable future. Handled properly, biofuels, 

though not a silver bullet or the major energy carriers, can still play an  
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important role in a sustainable energy transition towards net zero. Also, 

combining value-added biomaterials with biofuels in biorefineries would make 

the production profitable and more environmentally friendly and stabilize the 
security of both bio-based energy and materials (Gheewala, 2019; Gheewala et 

al., 2022). 

In assessing biofuels and bioproducts, LCA has been seen to be very useful 
though some methodological issues need to be resolved. Proper accounting of 

carbon/greenhouse gas emissions using a standardized framework and product 

category rules could at least help to harmonize the results, ensuring consistency 
in comparison. A more accurate representation of the actual situation could be 

obtained using regionalized data and assessment methods (O'Keeffe et al., 

2016). Including uncertainty analysis would make the assessment results more 
meaningful, as uncertainties are inherent in all real systems (Mahmood et al., 

2022). The temporal considerations in dealing with the carbon calculations for 

biofuels and bioproducts could be addressed via dynamic LCA (Levasseur et 
al., 2013; Beloin-Saint-Pierre et al., 2020). Tools for doing so have also been 

recently developed (Pigné et al., 2020). 

 
6. Concluding remarks and future perspectives 

 
Biofuels and bioproducts, especially via biorefineries, can offer many 

environmental advantages compared to their fossil counterparts, provided 

certain conditions are maintained. These favorable conditions can be identified 

by using assessment tools based on energy, exergy, emergy, LCA, or a 

combination of these, which also help improve the systems in the future. LCAs 

are particularly useful as they highlight and thus help avoid problem-shifting 
between the various production stages and environmental impact categories. 

However, as with all real-world systems, assessing bio-based systems is also 

complicated, with many methodological challenges. In LCAs of biofuels and 
bioproducts, there are challenges with system boundary definition, functional 

units, allocation methods, carbon accounting and storage, inventory data 

collection, and impact assessment methods. Despite these challenges, LCA 
provides a useful tool for the environmental assessment of biofuels and 

bioproducts. Its wide use for various products allows for comparison between 

product systems within a study and also from the literature, though care must 
be taken to ensure methodological consistency when making comparisons with 

studies from the literature, which may have been done with a different goal and 

scope. There have continually been  methodological developments  to  address 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
the issues, such as dynamic carbon accounting and life cycle impact 

assessment, with methods getting increasingly sophisticated and accurate. 

As more environmental impacts are identified, methods for the assessment 
are also being developed and updated. Tools such as sensitivity analysis 

and uncertainty analysis add to the robustness of the assessment so that 

decisions can be better supported. 
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