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1.1 Sustainability of bioenergy 

Bioenergy is expected to play an increasingly significant role in the development of 
sustainable energy supplies. This, consequently, incites concerns regarding the sustainability 
of biomass supply for bioenergy feedstock, choices of conversion technologies, and policies 
on the future energy mix. In that context, the impacts of bioenergy systems must be 
meticulously assessed before a decision can be made to develop them on a more extensive 
scale. In order to make a determination, a reliable sustainability assessment framework is 
required to evaluate the environmental, social, and economic performances of a bioenergy 
system. Potential unfavorable impacts of a bioenergy system include land use changes, 
biodiversity loss, water availability, and threats to food security. These risks must be weighed 
against the potential benefits such as a reduction in global warming, increased energy 
security, income generation, and rural development. This thesis focuses on specific elements 
of the sustainability criteria for a bioenergy system, i.e., environmental sustainability. 
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Figure 1.1. Global energy mix (based on IPCC, 2011; RE = renewable energy; the 
largest contribution is from fossil fuels, 85%). 

 
As indicated in Figure 1.1., the recent global energy mix continuous to be dominated 

by fossil fuels consisting of oil, coal, and gas. Bioenergy places second, followed by other 
renewable energy, and nuclear energy. It is clear that bioenergy plays a role as the greatest 
contributor to renewable energy. In the future, production and exploitation of bioenergy is 
also predicted to sharply increase. For example, in 2008, the total primary energy supply 
from biomass in the forms of electricity, heat, combined-heat and power, and transport fuels 
amounted to 11.3 EJ; meanwhile, future deployment of bioenergy of any forms could reach 
100 EJ to 300 EJ by 2050 (IPCC, 2011), noting that there is large uncertainty associated with 
these estimated potential figures. The numerous increases in the future estimate for bioenergy 
production express substantial current concerns for the continuing depletion of fossil oil. 

There have been ongoing debates concerning the environmental status of bioenergy 
systems. On the one hand, bioenergy is believed to possess significant greenhouse gas (GHG) 
mitigation potential. For example, IPCC (2011) stated that bioenergy has the ability to reduce 
emissions by 80% to 90% compared to the fossil energy baseline, provided that the biomass 
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is sustainably prepared and efficient bioenergy systems are employed. On the other hand, 
bioenergy has also been suspected of increasing GHG emissions due to the substantial loss of 
carbon stocks as a consequence of land use changes (Searchinger et al., 2008). Furthermore, 
intensive agriculture practices within bioenergy systems could potentially affect soil fertility 
which subsequently influences future biomass productivity. This cause-and-effect interaction 
is still insufficiently understood and is likely to exhibit strong regional differences. With such 
contradicting statements, it is difficult for policy makers to make beneficial decisions on the 
future development of bioenergy. 

Scientific analysis aided by analytical tools such as life cycle assessment (LCA) can 
be employed to assist in solving the problem. LCA is a tool to evaluate the inputs, outputs, 
and the potential environmental impacts of a product system throughout its life cycle (ISO, 
2006). The tool has been applied quite extensively to bioenergy systems but, again, with 
ambiguous or even contradicting answers (van der Voet et al., 2010; Cherubini and 
Strømman, 2011). The issue is that LCA has not been mature enough to be able to answer 
questions in an emerging field such as bioenergy and even more so for those bioenergy based 
on biomass residues. A significant amount of efforts is essential in order to harmonize these 
diverging results (van der Voet et al., 2010; Cherubini and Strømman, 2011). This thesis 
discusses the development of LCA as an assessment tool for residue-based bioenergy. 
 

1.2 Residue-based bioenergy 
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Figure 1.2. World production of bioethanol (based on Sorda et al., 2010; Gupta and 
Verma, 2015). 

 
The term biomass in general is often used in a broad meaning to include plant 

materials, animal product and manure, food processing and forestry by-products, and urban 
wastes (Lal, 2005). In this thesis, bioenergy feedstocks are categorized into biomass products 
(food products, energy crops) and biomass residues. More specifically, biomass residues are 
referred to as non-edible portions of plants that are generated in fields or post-harvest 
processing plants. They are called residues because not intentionally produced for certain 
purposes, instead, as co-products of other product systems (for example, food, feed, or 
fibers). From an environmental perspective, biomass residues could be exploited as an 



1 

Chapter 1 

4 

alternative feedstock with less risk than biomass products. The International Energy Agency 
categorized biomass residues as one of the potential candidates for sustainable bioenergy 
feedstocks (IEA, 2009). Such preference for a more sustainable bioenergy could become a 
major driver for an increase in demand for biomass residues in the future. 

This thesis generally refers to bioenergy as being in the forms of solid (wood chips or 
pellets), liquid (ethanol or biodiesel), and gas (biogas). In addition to discussing bioenergy in 
general, special emphasis is given to second-generation bioethanol, a major potential driver 
for the future increase in demand for biomass residues as bioenergy feedstock. It refers to 
bioethanol derived from non-edible lignocellulosic biomass (Bright and Strømman, 2009; 
Garcia et al., 2009; Slade et al., 2009). 

As indicated in Figure 1.2., over the last decade, there has been a dramatic increase in 
global bioethanol production with a total amount of 87 billion liters in 2013. This 
contribution is dominated by the USA and Brazil producing bioethanol based on corn grain 
and sugarcane syrup, respectively. The bioethanol is primarily employed as an alternative 
transportation biofuel to substitute for gasoline. This development, however, has been 
hindered by the burgeoning concerns regarding the competition for raw materials with food 
sectors and the consequences related to land-use change (de Oliveira et al., 2005). The 
competition with food sectors, for example, has been partially blamed for the increase of food 
prices in the USA between 2003 and 2008 (Sorda et al., 2010). 
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3%

Agricultural
by-products 4%

Wood industry 
residues 5%

Recovered 
wood 6%

Others 14%Fuelwood 67%

 
 

Figure 1.3. Shares of global non-edible biomass for bioenergy (based on IPCC, 2011; 
Others = charcoal, animal by-products, municipal solid wastes and landfill gas, black 

liquor; shaded = the largest utilization is for traditional cooking). 
 
The competition with food sectors has encouraged the exploitation of non-food 

resources for use as bioenergy feedstocks. This non-edible biomass is often exceedingly 
available in many regions of the world which shares for global bioenergy are depicted in 
Figure 1.3. It illustrates the different types of biomass used for bioenergy. The figure also 
indicates that wood biomass has been primarily used for traditional cooking. This fact shows 
that there continuous to be significant opportunities for improved utilization for bioenergy 
that is more efficient and environmentally friendly. 
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Although there is extensive potential for the feedstocks of second-generation 
bioethanol, the production levels in many countries has been, thus far, discouraging. 
Expensive production costs prohibit employing bioethanol as a transportation biofuel 
(Schnoor, 2011). In addition, extensive removal of biomass residues from agricultural fields 
is not without dilemmas. 

Biomass residues fulfill an important role for agricultural lands. Their stock of 
nutrients provides a basic recycling mechanism that maintains soil fertility, and they can 
improve the structure of soil for enhanced aeration and water management. This is the 
primary issue related to the removal of biomass residues from plantation fields. Excessive 
removal of biomass residues may degrade soil quality and further potentially influence future 
crop yields (Wilhelm et al., 2004; Lal, 2005; Cherubini et al., 2009). This can be a serious 
detriment to the long-term sustainability of residue-based bioenergy and should, therefore, be 
considered as a component of the sustainability assessment. One of the challenges is to 
compensate the substantial nutrient export with additional fertilizers. However, this will 
eventually bring further environmental and financial cost that needs careful evaluation. 

Another feature associated with biomass residues is concerning the treatment of 
biogenic carbon in life cycle inventory (LCI). In this thesis, biogenic carbon is defined as 
carbon contained in the biomass that is accumulated during plant growth involving 
photosynthetic processes. Currently, Divergence in ways to develop biogenic carbon 
inventories is extensively found in the scientific literature of bioenergy LCA (Johnson, 2009; 
Haberl et al., 2012; Levasseur et al., 2013; Downie et al., 2014). In addition, it is speculated 
that different system boundaries, forms of carbon emissions, and valuation of biogenic 
carbon will pose certain consequences on the LCI of bioenergy systems (Heijungs and 
Wiloso, 2014). This thesis elaborates the inventory aspect of the above parameters. 
 

1.3 LCA of residue-based bioenergy 

In addition to the general problems in conducting an LCA of product-based bioenergy, 
those generated from biomass residues add another layer of complexity requiring specific 
approaches. Generic bioenergy systems consist of typically three main stages, i.e., 
agricultural processes to produce biomass, conversion into bioenergy, and use of bioenergy. 
The agricultural processes will in general coproduce biomass products (which are harvested) 
and biomass residues (which are typically left in fields) which respectively have different 
economic values. If these two biomasses are to be utilized as bioenergy feedtocks, they would 
in general undergo the same evaluation schemes, i.e., an LCA procedure involving stages in 
the generic bioenergy system mentioned above. Feedstocks from biomass residues however 
require additional considerations. For example, in addition to the bioenergy option, they 
could also decompose in fields, emitting GHG into the atmosphere and adding organic 
carbon into soil. These latter options are unique to biomass residues which bring specific 
consequences. Such consequences will be elaborated further in this thesis. 

The majority of LCA studies on bioenergy have initially focused on systems based on 
food products or energy crops (Cherubini and Ulgiati, 2010; Cherubini and Strømman, 2011). 
Recent development indicates that more LCA studies have also been expanded toward the 
utilization of biomass residues conventionally left on fields (Cherubini and Ulgiati, 2010; 
Cherubini and Strømman, 2011). These studies are often assumed to employ only the surplus 
biomass or to utilize a greater fraction of residues, but with fertilizer compensation to 
maintain soil fertility. In certain forest and crop management practices, biomass residues are 
burned following harvest. In this later case, it can be assumed that the burned biomass 
residues will not significantly alter carbon flow entering the soil carbon pool (Cowie et al., 
2006). 



1 

Chapter 1 

6 

The effect of removing biomass residues from soil has been increasingly recognized 
as an important component in LCA studies (Mckechnie et al., 2011; Repo et al., 2011 and 
2012; Liska et al., 2014). However, at the same time, they are often disregarded because 
methods to quantify their effects are inadequate, or, if methods are available, they are not 
easy to implement (Cherubini and Strømman, 2011). These various practices in handling 
biomass residues in LCA may lead to different results, thus, they must be harmonized for 
improved characterization of residue-based bioenergy. 

As previously indicated, biomass residues are differentiated from biomass products as 
the former is not intentionally produced for certain purposes. The common criteria in the 
valuation of biomass residues are that coproducts provide relatively similar proceeds as the 
primary product, by-products have less value than coproducts, while waste has a negative 
value (Singh et al., 2010). However, in the LCA community, by-products are not typically 
differentiated from coproducts. Rather, all economic outputs other than the main product are 
considered coproducts, but with different values. This valuation scheme can be employed as a 
criterion to distinguish the impacts of bioenergy based on product- and residue-based 
bioenergy. This criterion in LCA is referred to as partitioning or allocation methods, which 
application in bioenergy systems has been discussed thoroughly by Guinée et al. (2009). 

Potential supplies of biomass as indicated in Figure 1.3 may not all be entirely 
available for only bioenergy purposes. There are other potential, competing uses. The 
feasibilities of the preferred options depend on many factors including new development in 
emerging technologies such as second-generation bioethanol. In a palm oil system, empty 
fruit bunches which were initially desired only as mulch are now increasingly explored as a 
potential feedstock for compost, bioenergy, biochar, biooil, and syngas (Hansen et al., 2012). 
Considering enormous variations in possible technological options and in the valuation of 
biomass residues, significant divergence in LCA results are often encountered in practice. In 
this regard, the development of a specific method to accurately compare and interpret the 
LCA results is warranted. 
 

1.4 Objective and structure of the thesis 

This thesis aims at identifying the key issues in conducting an LCA of residue-based 
bioenergy. More specifically, the thesis focuses on four primary characteristics associated 
with the raw materials (biomass residues), i.e., excessive removal from plantation fields 
which can affect soil fertility; valuation (relative to biomass products); competing uses 
(bioenergy, feed, fiber, fertilizers); and treatment of biogenic carbon (assumptions of carbon 
neutrality vs. complete inventory). These unique features require specific LCA approaches 
which vary from those of conventional product-based bioenergy. 

This thesis also proposes improvement in LCA procedures, specifically in the areas of 
LCI, life cycle impact assessment (LCIA), and methodological choices in the comparative 
LCA. In that regard, the specific goals of the thesis are to propose the following approaches: 
[1] solutions to the existing dissimilar practices in the LCI of biogenic carbon; [2] an LCIA 
method of removing biomass residues from soil on biomass productivity; and [3] 
methodological choices in comparative LCA of biomass residues utilization. To accomplish 
the above objectives, the following research questions are addressed: 
1. What are the key issues in conducting an LCA of bioenergy systems? 
2. What is the environmental sustainability status of second generation bioethanol? 
3. How much would the final results of biogenic carbon neutrality assumptions deviate 

from the true values based on a complete inventory? 
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Figure 1.4. Structure of the thesis. 
 
4. How to assess the impact of removing biomass residues from soil on biomass 

productivity? 
5. How to compare the impact of various treatment options on biomass residues in a palm 

oil system? 
 

These research questions are discussed in seven chapters whereby the structure is 
exhibited in Figure 1.4. The thesis initially incorporates background information in terms of 
statistics on the global energy mix, bioenergy in general, and residue-based bioenergy in 
order to justify the importance of the subject (Chapter 1). Further, it identifies the state-of-
the-art of the LCA of bioenergy in general (Chapter 2). Subsequently, it is followed by a 
review on the environmental sustainability status of second generation bioethanol, a major 
potential driver for an increase in demand for biomass residues (Chapter 3). 
 

1.5 Outline of the thesis 

Chapter 1 describes the background information on the statistics of bioenergy, the 
LCA of residue-based bioenergy, the research questions, and the structure of the thesis. The 
primary issues are emphasized and methods to address the associated problems are discussed. 

Chapter 2 identifies key issues in conducting an LCA of bioenergy systems. There is 
an ISO-standardized method for conducting an LCA, but its application to bioenergy is not 
free from ambiguity. Tremendous numbers of LCA studies on bioenergy have been 
conducted, however, it continuous to create difficulty when drawing general conclusions on 
its environmental sustainability due to large variations in the outcomes. Sources of these 
variations include differences in product systems, data uncertainties, and methodological 
choices. In particular, bioenergy poses more methodological challenges than other renewable 
energy because the feedstocks are derived from agricultural chains. In this sub-system, the 
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methodology has not been unambiguous in terms of system boundary, direct and indirect 
land-use change, treatment for biogenic carbon, and regional variability. Therefore, it is 
important to define the key issues in conducting an LCA of bioenergy systems, and employ 
this information as a framework for future studies. Such a framework is beneficial, for 
example, when analyzing a specific technology like second-generation bioethanol in terms of 
net-energy output, greenhouse gas emissions, and hotspots along the supply chains. 

Chapter 3 identifies the sustainability status of second generation bioethanol, a major 
stimulator for an increased demand for biomass residues. It reviews the LCA literature on 
second generation bioethanol and identifies the issues to be resolved to improve LCA 
practices. The reviews focus on discrepancies in methodological and practical approaches. 
Emphasis has been placed on system definitions in relation to feedstock specifications 
(energy crops, biomass residues, and biomass wastes), levels of bioethanol conversion 
technology (current and future scenarios), bioethanol use as transportation fuel, functional 
units, allocation methods, and impact categories. The outcome aims at providing decision 
makers with an increased understanding of the status of second generation bioethanol based 
on the most studied sustainability aspects, net-energy output and global warming. It may also 
aid researchers in developing a framework for the bioethanol LCA with correct parameters 
considering typical problems encountered in the agricultural and bioethanol production 
chains. 

Chapter 4 proposes a solution to the existing dissimilar practices of the LCI of 
biogenic carbon in bioenergy systems. Biogenic carbon is defined as carbon contained in 
biomass that is accumulated during plant growth. In spite of considerable progress towards 
the inventory of biogenic carbon in the life cycle assessment (LCA) of bioenergy in policy 
guidelines, many scientific articles tend to give no consideration to biogenic carbon, due to 
the neutrality assumption, rather than employing a complete inventory according to the LCA 
principles. Meanwhile, the assumption of biogenic carbon neutrality has been previously 
challenged on the basis of changes in soil carbon stock due to land use change and carbon 
storage capacities of long-rotation trees or wood products. Supporting this argument, we 
investigate three other inventory aspects, namely, differences in framing system boundaries 
(cradle to grave vs. cradle to gate), forms of carbon emissions (carbon dioxide vs. methane), 
and valuation of biogenic carbon (biomass products vs. biomass residues). Referring to a 
generic bioenergy system, our analysis is focused on eight scenarios of various carbon flows 
encompassing biomass decomposition in fields and its alternative utilization as bioenergy 
feedstocks. These scenarios are applicable to both biomass products and biomass residues, 
which impacts proportionally depend on the chosen allocation criteria between the two. 

Chapter 5 proposes a novel life cycle assessment method for biomass residue 
harvesting in bioenergy systems. Bioenergy plays a role as the largest global contributor to 
renewable energy as alternative sources for heat, electricity, and biofuel. In addition to 
reducing dependence on fossil fuels, it is believed that bioenergy can reduce GHG emissions 
as targeted by many countries around the world. Concerns regarding global competition with 
food sectors have encouraged the exploitation of non-food resources as feedstocks, for 
example, for developing second generation bioethanol. One promising source of feedstocks, 
from an environmental perspective, is biomass residues which are defined as the non-edible 
parts of plants that are left on the fields following a harvest. However, excessive removal of 
these residues may negatively affect soil quality and hamper future harvests. In order to 
estimate this specific impact, it is essential to develop a new characterization model within 
the LCA framework based on the assumption that the residues also serves as nutrient stock to 
improve soil quality. The proposed model must also consider organic carbon flows into the 
soil matrix which will affect future biomass productivity. 
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Chapter 6 proposes methodological choices in comparative LCA and demonstrates 
their implementation on a specific agro-based industrial system. Palm oil systems generate 
substantial amounts of biomass residues which are from an agronomy perspective preferably 
returned to plantation in order to maintain soil fertility. However, there are often variations in 
this practice. Diverse treatment options and differences in economic status determine the 
preferences of performing an LCA, leading to a divergence in results. Consequently, 
difficulties encountered when comparing LCA results based on literature are not unusual due 
to dissimilar approaches. The objectives of this chapter are to provide guidelines for 
methodological choices. The guidelines enable a systematic comparison of diverse scenarios 
for the treatment and valuation of empty fruit bunches and to explore the effects of, for 
example, different scenarios on the environmental performances of a palm oil system. 

Chapter 7 summarizes the answers to the research questions that are discussed in 
Chapters 2 through 6. This chapter further discusses the potential application of the 
developed approaches as well as areas of future research and is finally ended with concluding 
remarks. 
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