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Preface
This thesis comprises the research carried out for a PhD at DTU Environment,
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the projects PSO-7335 REnescience, CEESA (Coherent Energy and
Environmental System Analysis), EUDP 304701 and by Technical University of
Denmark (DTU). The study included collaborations with PhD candidate Lorie
Hamelin (University of Southern Denmark), PhD Gianluca Dorini (Technical
University of Denmark) and PhD candidate Cristina Montejo (Universidad de
Salamanca, Spain). The supervisor was Professor Thomas Astrup.
The PhD thesis comprises a synopsis of the work presented in three published
papers, two submitted papers and one manuscript to be submitted. In the synopsis
of the thesis the papers are referred to by the names of the authors and the Roman
numerals I-VI (e.g. Tonini et al., III). The papers included in the thesis are:
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energy systems: A case study for Denmark. Appl. Energy 99, 234-246.
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Tonini, D., Hamelin, L., Wenzel, H., Astrup, T., 2012. Bioenergy
Production from Perennial Energy Crops: a Consequential LCA of 12
Bioenergy Scenarios including Land Use Changes. Environ. Sci. Technol.
46(24), 13521-13530.

III.

Tonini, D., Astrup, T., 2012. Life-cycle assessment of a waste refinery
process for enzymatic treatment of municipal solid waste. Waste Manage.
32, 165-176.

IV.

Tonini, D., Dorini, G., Astrup, T. Advanced material, substance and
energy flow analysis of a waste refinery process. Submitted to
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Montejo, C., Tonini, D., Marquez, C.M., Astrup, T. Mechanical-biological
treatment: performance and potentials. A LCA of 8 MBT plants including
waste characterization. Submitted to J. Environ. Manage.

VI.

Tonini, D., Martinez, V., Astrup, T. Potential for waste refineries in
Europe. To be submitted to Environ. Sci. Technol.
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Abstract
Optimal utilization of biomass and waste for energy purposes offers great
potentials for reducing fossil fuel dependency and resource consumption. The
common understanding is that bioenergy decreases greenhouse gas (GHG)
emissions as the carbon released during energy conversion has previously been
captured during growth of the plants. This, however, neglects that using the land
for energy crops implies that the same land cannot be used for other purposes,
including food cropland, forestry, grassland, etc. This may induce cascading
effects converting natural biomes into arable land with associated impacts.
Waste, such as municipal solid waste, does not involve land use change impacts.
However, existing and emerging waste treatment technologies offer different
environmental benefits and drawbacks which should be evaluated in order to
recommend appropriate technologies in selected scenarios.
To evaluate the environmental and energy performance of bioenergy and wasteto-energy systems life cycle assessment was used in this thesis. This was
supported by other tools such as material, substance, energy flow analysis and
energy system analysis. The primary objective of this research was to provide a
consistent framework for the environmental assessment of innovative bioenergy
and waste-to-energy systems including the integration of LCA with other tools
(mentioned earlier). The focus was on the following aspects:
 Evaluation of potential future energy scenarios for Denmark. This was done
by integrating the results of energy system analysis into life cycle assessment
scenarios.
 Identification of the criticalities of bioenergy systems, particularly in relation
to land use changes.
 Identification of potentials and criticalities associated with innovative waste
refinery technologies. This was done by assessing a specific pilot-plant
operated in Copenhagen, Denmark. The waste refining treatment was
compared with a number of different state-of-the-art technologies such as
incineration, mechanical-biological treatment and landfilling in bioreactor.
The results highlighted that production of liquid and solid biofuels from energy
crops should be limited when inducing indirect land use changes (iLUC). Solid
biofuels for use in combined heat and power plants may perform better than
liquid biofuels due to higher energy conversion efficiencies. The iLUC impacts
stood out as the most important contributor to the induced GHG emissions within
v

bioenergy systems. Although quantification of these impacts is associated with
high uncertainty, an increasing number of studies are documenting the
significance of the iLUC impacts in the bioenergy life cycle.
With respect to municipal solid waste, state of the art incineration, MBT and
waste refining (with associated energy and material recovery processes) may all
provide important and comparable GHG emission savings. The waste
composition (e.g. amount of organic and paper) and properties (e.g. LHV, water
content) play a crucial role in affecting the final ranking. When assessing the
environmental performance of the waste refinery, a detailed knowledge of the
waste composition is recommendable as this determines the energy outputs and
thereby the assessment results.
The benefits offered by the waste refinery compared with incinerators and MBT
plants are primarily related to the optimized electricity and phosphorous
recovery. However, recovery of nutrients and phosphorous might come at the
expenses of increased N-eutrophication and emissions of hazardous substances to
soil. The first could be significantly mitigated by post-treating the digestate left
from bioliquid digestion (e.g. composting). Compared with waste refining
treatment, efficient source-segregation of the organic waste with subsequent
biological processing may decrease digestate/compost contamination and recover
phosphorous similarly to the waste refinery process. However, recent studies
highlighted how this strategy often fails leading to high mass/energy/nutrients
losses as well as to contamination of the segregated organic waste with unwanted
impurities.
All in all, more insight should be gained into the magnitude of iLUC impacts
associated with energy crops. Their quantification is the key factor determining a
beneficial or detrimental GHG performance of bioenergy systems based on
energy crops. If energy crops are introduced, combined heat and power
production should be prioritized based on the results of this research. Production
of liquid biofuels for transport should be limited as the overall energy conversion
efficiency is significantly lower thereby leading to decreased GHG performances.
On this basis, recovery of energy, materials and resources from waste such as
residual agricultural/forestry biomass and municipal/commercial/industrial waste
should be seen as the way ahead. Highly-efficient combustion and incineration
offer robust energy and environmental performances. Innovative waste refineries
may achieve similar performances from a GHG perspective and, in addition, may
recover nutrients.
vi

In the perspective of future energy systems with increased shares of fluctuating
energy sources (e.g. wind energy) the flexibility of the energy conversion process
should also be considered in the environmental assessment. The storability of the
produced energy carrier along with the regulation ability and the capacity of
switching among outputs may offer substantial benefits to the surrounding
energy system. In this perspective, waste refineries producing storable biogas and
solid fuel may offer increased flexibility compared with base load incinerators.
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viii

Dansk sammenfatning
Optimal udnyttelse af biomasse og affald til energiformål, giver stort potentiale
for en reduktion i afhængigheden af fossile brændstoffer og ressourceforbrug.
Ideen er at bioenergi nedsætter udledningen af drivhusgasser, da kulstof
frigivet/udledt gennem energikonverteringen stammer fra biogent kulstof
tidligere optaget gennem planters vækst. Dette forsømmer, ikke desto mindre, at
brugen af land/jord til energiafgrøder indebærer at den samme jord ikke kan
bruges til andre formål som f.eks. landbrugsafgrøder, skovbrug, græsarealer, ect..
Det kan skabe en akkumulerende effekt og medfølgende miljøpåvirkninger at
omdanne naturlige biomer til agerjord. Affald, som f.eks. kommunalt brandbart
affald, indebærer ikke konsekvenser for ændringen af brug af landbrugs jord.
Dog
tilbyder
eksisterende
og
fremspirende/kommende
affaldsbehandlingsteknologier forskellige energi og miljømæssige fordele og
ulemper, som bør evalueres for at kunne anbefale den bedst mulige/optimale
teknologi for det enkelte scenarie.
For at evaluere miljø- og energimæssig ydeevne/præstation af bioenergi og
affald-til-energi systemer, er der i denne afhandling gjort brug af
livscyklusvurdering (LCA). Dette er understøttet af andre metoder/værktøjer, så
som materiale, stof og energi flow analyse samt energisystem analyse. Det
primære formål med denne analyse var at skabe en sammenhængende ramme for
miljøvurderingen af innovative bioenergi og affald-til-energi-systemer, herunder
integrationen af LCA sammen med andre, tidligere nævnte, metoder/ værktøjer.
Fokus er på følgende aspekter:
 Evaluering af potentielle fremtidige energiscenarier for Danmark. Dette blev
udført, ved at integrere resultaterne fra energisystemanalysen i
livscyklusvurderings scenarier.
 Identificering af svaghederne ved bioenergi systemerne, specifikt i forhold til
ændringer i jordbrug.
 Identifikation af potentialer samt svagheder forbundet med innovative
affaldsraffineringsteknologier. Dette blev gjort ved at vurdere et specifikt
pilot
anlæg,
der
drives
i
København,
Danmark.
Affaldsraffineringsbehandlingen blev sammenlignet med en række forskellige
”state of the art” teknologier, så som forbrænding, mekanisk-biologisk
behandling samt deponering i bioreaktor.
ix

De udvalgte resultater understregede at dyrkningen og produktionen af fast og
flydende biobrændsel fra energiafgrøder (selv flerårige afgrøder) leder til
indirekte ændringer i jordbrug/areal anvendelse (iLUC).
Solide biobrændstoffer til brug på kombinationerede varme og
elektricitetsværker, har muligvis en større effekt end flydende, takket være en
større energikonverteringseffekt. Disse gjorde sig klart bemærket som de
vigtigste faktorer til de inducerede drivhusgasudledninger indenfor
bioenergisystemer. Selvom deres kvantificering er forbundet med stor
usikkerhed, viser et stigende antal undersøgelser betydningen af iLUC
belastninger på bioenergilivscyklussen..
Med hensyn til kommunalt brandbart affald, kan (state of the art) forbrænding,
MBT og affaldsraffinering (med supplerende energi og nyttiggørelsesprocesser)
være vigtige og bidrage til sammenlignelige besparelse for drivhusgasudledning.
Affaldets sammensætning, f.eks. mængden af organisk stof og papir samt
egenskaber, som LHV eller vandindhold spiller en afgørende rolle i den endelige
ranking. Ved vurderingen af den miljømæssige præstation af
affaldsraffineringen, er det anbefalelsesværdigt at have detaljeret kendskab til
affaldets sammensætning, da dette er bestemmende for energiproduktionen og
dermed resultaterne af evalueringen.
Fordelene der tilbydes ved affaldsraffinering sammenlignet med forbrændings
anlæg og MBT anlæg ligger primært på den optimerede elektricitet og
forforgenvinding. Genvinding af næringsstoffer og fosfor kan imidlertid ske på
bekostning af øget N-eutrofiering og metal belastning af jorden. Dette kan
væsentlig afbødes ved en efterbehandlingsproces af biomassen produceret af
biobrændselsspaltning (f.eks. kompostering).
Sammenlignet med affaldsraffineringsbehandling, kan effektiv kildesortering af
det organiske affald med efterfølgende biologisk behandling nedsætte metal
kontaminering samt sikre fosforgenvindingen lig en affaldsraffineringsprocess.
Nye studier viser dog hvordan denne strategi ofte fejler og leder til stort
masse/energi/næringsstof tab, såvel som kontaminering af det organiske affald
med uønskede urenheder.
Alt I alt, større indsigt i betydningen af iLUC påvirkninger i forbindelse med
energiafgrøder, bør efterstræbes. Deres kvantificering er nøglefaktorer i
bestemmelsen af positiv og skadelig GHG virkning af bioenergisystemer. Hvis
der skal gøres brug af disse, baseret på resultaterne af denne forskning, bør
x

kombineret varme og kraft/elektricitet prioriteres. Produktion af flydende
biobrændstoffer til transport bør begrænses da den overordnede
energikonvertering er betydelig lavere og indvirkende til en nedsat GHG
præstation. I dette lys, skal genindvinding af energi, materialer og ressourcer fra
affald fra, bolig, landbrug, og skovbrug, og kommunalt, kommercielt, og
industrielt affald ses som vejen frem. Høj effektiv forbrænding tilbyder en robust
energi og miljøsikker præstation. Innovative affaldsraffinaderier kan opnå
sammenlignelige præstationer fra et GHG perspektiv og ydermere kan der
udvindes næringsstoffer.
Med henblik på fremtidige energisystemer, med øget behov for varierende
energikilder
f.eks.
vind
energi,
bør
fleksibiliteten
af
energikonverteringsprocessen også tages i betragtning i forhold til
miljøvurderinger. Opbevaringsmulighederne af den producerede energi bærer
sammen med reguleringsmulighederne, evnen og kapaciteten til at skifte mellem
outputs og kan dermed tilbyde forskellige fordele for energisystemet. Set fra
dette perspektiv, kan affaldsraffinering der producerer biogas og fast brændstof
med muligheder for opbevaring, tilbyde en større fleksibilitet sammenlignet med
(base-load) forbrændingsanlæg.
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1. Introduction
Recovery of energy, materials and resources from different waste and biomass
types offers great potentials to reduce resources depletion, fossil fuels
consumption and related environmental burdens. However, determining the
optimal environmental strategy for waste and biomass use for energy purposes is
not straightforward. A number of factors may induce environmental impacts, e.g.
shifting the burden from one environmental compartment to another. The
integration of life cycle assessment with material, substance and energy flow
analysis provides a comprehensive and holistic basis to evaluate the
environmental performance. The focus of this thesis is on the environmental
assessment of bioenergy and waste-to-energy systems. Special attention is
devoted to emerging solid and liquid biofuels and innovative waste treatment
technologies, e.g. waste refineries.

1.1 Definitions
Below follows a list of the relevant terminology used within this thesis. The
relative definition as intended within this thesis is given.
Biomass: the biodegradable fraction of products, waste and residues from
agriculture (including vegetal and animal substances), forestry and related
industries, as well as the biodegradable fraction of industrial and municipal waste
(The European Parliament and The Council, 2008). Within this thesis it is used to
indicate both residual agricultural biomasses and energy crops when a distinction
is not needed.
Bioenergy: energy produced from biomass.
MSW: municipal solid waste, i.e. waste from household, as well as other waste,
which, because of its nature or composition, is similar to waste from households
(CEC, 1999).
Process (or unit process): a step in manufacturing where a transformation
(chemical, physical) takes place (Austen, 1984). For example, cultivation,
transportation, pre-treatment, refining, incineration is a process. Each individual
process could also comprise a number of sub-processes. The use of the term in
this thesis depends on the context: for example the waste refinery is a process
within the waste management chain. The enzymatic treatment is a process within
the waste refinery.

1

Residual (agricultural) biomass: biomass that is not specifically produced for
the market (i.e. not prime product of an activity). For example straw left-over
from harvests, grass from uncultivated fields or low lying areas, animal manure,
wood residues, forest residues, etc. Note that the term residual does not imply
that the biomass has not a current function in the ecosystem or in the society.
Residual MSW: within this thesis it is used to indicate the residual share of MSW
(rMSW) left-over after household source-segregation.
Resource: available source of wealth; a new or reserve supply that can be drawn
upon when needed (Oxford Dictionaries, 2012). Within this thesis it is often used
in relation to biomass and phosphorous.
Scenario: projection of a system within the life cycle assessment (LCA). Any
specific system assessed within the LCA is defined as scenario. For instance the
projection of the Danish energy system in 2050 is a scenario.
System: an assemblage or combination of parts forming a complex unitary whole
(Oxford Dictionaries, 2012). While scenario refers to a specific LCA projection
of a system, system is used in general terms to indicate any combination of waste
and biomass processes forming a chain.
Technology: the application of scientific knowledge for practical purposes,
especially in industry. Within this thesis it is often used as synonymous for
process to generally indicate engineering applications. For example a waste
refinery, an incineration, a flue-gas cleaning, a mechanical-biological treatment is
a technology.
Waste: materials that are not prime products (i.e. products produced for the
market) for which the generator has no further use for own purpose of
production, transformation or consumption, and which he discards, or intends or
is required to discard. Wastes may be generated during the extraction of raw
materials during the processing of raw materials to intermediate and final
products, during the consumption of final products, and during any other human
activity. The following are excluded: i) residuals directly recycled or reused at
the place of generation (i.e. establishment); ii) waste materials that are directly
discharged into ambient water or air (OECD, 2012). Within this thesis it is used
to indicate both MSW and residual MSW when a distinguee is not needed.

2

1.2 Available biomass resource potential
In the perspective of decreasing fossil fuel consumption the available biomass
resource potential for energy acquires increasing importance. Estimates for EU27
by Panoutsou et al. (2009) suggest that the available biomass resource potential
corresponded to about 6.7 EJ y-1 in 2010 and could increase up to 7.8 EJ y-1 by
2020. In 2010 agricultural residues had the largest share (2.3 EJ y-1, i.e. 34% of
the total) followed by forestry residues (1.9 EJ y-1, i.e. 29%) and biodegradable
waste (1.3 EJ y-1, i.e. 19%). Animal manure represented about 11% of the total
(corresponding to 33% of agricultural residues). For the specific case of
Denmark, Jørgensen et al. (2008) reported a potential of about 142 PJ y-1 in 2008.
This excluded biodegradable waste which might represent additional 20 PJ y-1 as
estimated by Panoutsou et al. (2009). Similarly to EU27, the largest contribution
came from forestry products and residues (wood pellets, wood chips and wood
residues, 60 PJ) and agricultural residues, primarily straw and animal manure,
which potential was estimated to ca. 34 and 23 PJ y-1, respectively. As mentioned
earlier, the potential of biodegradable waste (ca. 20 PJ) is also remarkable.
Additionally, if waste materials containing fossil carbon are accounted for, the
potential associated with waste might raise to ca. 30 PJ y-1. It should be noted as,
for the case of EU27 the available biomass potential only corresponded to ca.
10% of the total primary energy supply in 2009. This was ca. 69 EJ excluding
international aviation and marine bunkers, based on IEA (2011). For the case of
Denmark the potential was ca. 20% of the primary energy supply that equalled
804 PJ excluding international aviation and marine bunkers, based on IEA,
(2011); if those additional consumptions were included, the primary energy
supply would raise to ca. 864 PJ (DEA, 2009). These data highlight the
constraints of the available biomass potential in relation to the current Countries
needs. With respect to waste-to-energy (WtE) in Denmark, in 2009 the energy
recovery accounted for about 4% and 20% of the total Danish electricity and heat
production, respectively (DEA, 2010a). The vast majority of the recovered
energy (98%) was produced by incineration.

1.3 Assessment of bioenergy and WtE systems
For the assessment of bioenergy systems, life cycle assessment (LCA)
inescapably appears the most appropriate tool for its holistic perspective (among
the others: Edwards et al., 2008, Cherubini et al., 2009, Cherubini and Strømman,
2011). However, LCA of bioenergy systems presents a number of challenges and
uncertainties primarily related to the quantification of land use changes (LUC), in
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particular indirect land use changes (iLUC), induced by crops cultivation. The
research on iLUC is still at an early stage and within the LCA community there is
no agreement about the accounting methods. However, a number of recent
studies have highlighted how accounting of iLUC might lead to a net greenhouse
gas impact of the bioenergy compared with the fossil fuel reference system,
therefore changing the perception on biofuels (Searchinger et al., 2008,
Searchinger, 2010). It should also be noted that, though reflecting the principles
of life cycle thinking, the GHG accounting method suggested by the EU directive
on bioenergy (European Union, 2009) does not completely represent an LCAbased approach (e.g. the term LCA is not even mentioned).
A number of tools exist for the assessment of WtE systems. As thoroughly
reviewed in Pires et al. (2011) and Finnveden et al. (2007), these include: life
cycle assessment (LCA), material, substance and energy flow analysis (MFA,
SFA and EFA), environmental risk assessment (ERA), environmental impact
assessment (EIA), strategic environmental assessment, energy system analysis
(ESA), exergy analysis, entropy analysis, cost-benefit analysis (CBA), life cycle
costing (LCC) and multi-criteria analysis (MCA). The latter integrates a number
of different analyses (e.g. LCA, MFA, ERA, etc.). CBA and LCC focus on socioeconomical aspects whereas the remaining on the environmental and energy
performance. Finnveden et al. (2007) recommended LCA as most suitable for
comparing environmental performances of alternative waste management
systems. A life cycle thinking approach is also recommended by The European
Parliament and The Council (2008). Further integration of LCA with MFA, SFA
and EFA to increase the robustness of the assessment is also an option (Pires et
al., 2011, Chen et al., 2012). A number of studies combined LCA and MFA to
individuate optimal management strategies (e.g. Chen et al., 2012, Andersen et
al., 2010, Arena et al., 2009).

1.4 Objectives of the thesis
The overall aim of the thesis is to provide a systematic framework for the
environmental assessment of WtE and bioenergy systems with particular focus
on emerging WtE technologies (e.g. waste refineries) and biofuels. This is
finalized at providing scientifically sound recommendations for facilitating
decision-making processes that involve management of waste and biomass for
energy. The objectives can be summarised as follows:
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 Provide a framework for environmental assessment of bioenergy and WtE
systems including integration of LCA with MFA, SFA, EFA and ESA.
 Evaluate potential future energy scenarios for Denmark.
 Identify the criticalities of bioenergy systems.
 Identify potentials and criticalities associated with innovative waste refinery
technologies.
 Recommend best practices for bioenergy and WtE based on the above
elements.
The bioenergy research mainly focused on Danish conditions and related case
studies. The focus was placed on the criticalities of future Danish energy
scenarios based on a high share of biomass. Further investigations dealt with the
environmental performance of bioenergy systems based on perennial energy
crops. A number of tools were used for the investigations; these included MFA
(for mass balances), SFA (for carbon and nitrogen flows), EFA (for energy
balances), ESA (for designing scenarios) and LCA.
With respect to WtE special attention was devoted to the waste refinery as an
example of emerging technology optimizing energy recovery. A number of
assessment tools were used to evaluate its environmental and energy
performance. These included LCA, MFA, SFA, EFA as well as experimental
work involving waste sampling and characterization. The waste refinery was
compared with a range of waste treatment processes such as state-of-the-art
incineration, mechanical-biological treatment (MBT) and landfilling. Further,
specific assessments were performed on a number of existing MBT plants. The
reason for this is that these technologies have undergone a significant
proliferation in the last two decades and they, as the waste refinery, represent an
alternative pre-treatment for residual municipal solid waste (rMSW) prior to
energy recovery and final disposal.
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1.5 Content of the thesis
The structure of the thesis is as follows:
 Chapter 2: Describes the methodological approach used to assess WtE and
bioenergy systems. The tools (e.g. LCA, MFA, SFA, EFA, waste sampling
and characterization) used to this purpose are also described.
 Chapter 3: Discusses key factors in LCA of bioenergy and WtE systems.
 Chapter 4: Describes relevant processes and technologies associated with
bioenergy and WtE systems.
 Chapter 5: Identifies potentials and criticalities associated with bioenergy and
WtE systems. Special attention is devoted to the assessment of future energy
scenarios, bioenergy systems based on perennials and strategies for the
treatment of MSW based on waste refinery, MBT and incineration.
 Chapter 6: Highlights and discusses the most important findings of the
research based on Chapters 2-5. The chapter elaborates on the findings of the
enclosed papers.
 Chapter 7: Concludes on the outcomes of the thesis.
 Chapter 8: Identifies and discusses issues and topics that could be subject of
further scientific investigations.
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2. Method
The approach used to perform environmental assessment of bioenergy and WtE
systems was based on a combination and integration of a number of methods: i)
LCA, ii) MFA, iii) SFA, iv) EFA (including a variety of energy balances) and v)
ESA. Additionally, waste sampling and characterization (vi) was also performed
for a specific case study. The ESA was not actively performed during this
research. However, in Tonini and Astrup (I) the output of ESA was used as basis
to design the future Danish energy scenarios. In Tonini et al. (II) MFA, SFA and
EFA were extensively used to support the LCA. In Tonini and Astrup (III) and
Tonini et al. (VI) the LCA was performed along with a number of different
energy balances. In Tonini et al. (IV) waste sampling and characterization was
combined with MFA, SFA and EFA to illustrate the performance of a waste
refinery process. An overview of the methods utilized in the individual papers is
presented in Table 1.
Table 1. Methods used in the papers that constitute the basis for this thesis.
Paper
I
II
III
IV
V
VI

Study subject matter

Methods

Assessment of future energy scenarios for Denmark with
high share of biomass
Assessment of bioenergy production from perennial
energy crops in Denmark
Assessment of a waste refinery process and comparison
with a Danish incinerator
Material, substance and energy analysis of a waste
refinery process
Assessment of MBT-based management strategies in
Castilla y Leon (Spain)
Evaluation of the potential benefits associated with waste
refineries in a EU context
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LCA, ESA, EFA
LCA, MFA, SFA, EFA
LCA, EFA
Waste characterization,
MFA, SFA, EFA
LCA, MFA
LCA, EFA

2.1 Life cycle assessment
Life cycle assessment is a standardized methodology commonly used for
evaluating WtE and bioenergy systems. LCA allows for a holistic and systematic
assessment of both direct and indirect impacts as well as resources consumption.
The LCAs presented in this study were performed using consequential life cycle
assessment (ISO, 2006a and ISO, 2006b). The term consequential refers to the
aim of the LCA: this should highlight the environmental consequences of a
decision (for example deciding between alternative A, B, C, etc.). LCA consists
of four phases: 1) goal and scope definition, 2) inventory analysis, 3) impact
assessment and 4) interpretation. The first phase includes specification of the aim
of the LCA and definition of system boundaries and functional unit (the unit
which qualitatively and quantitatively describes the service provided by the
system under assessment). This phase also includes the specification of the
temporal, geographical and technological scope considered. In the second phase,
all relevant direct and indirect emissions associated with upstream and
downstream processes are collected and listed based on the functional unit. In the
third phase the emissions are characterized and aggregated conformingly with the
considered impact categories. In the fourth the results of the impact assessment
are interpreted and discussed in the perspective of the goal and scope defined in
the first phase.

2.2 Material, substance and energy flow analysis
MFA, SFA and EFA are useful techniques to assess mass, energy and substance
flows in a range of different systems (Brunner and Rechberger, 2004, Brunner,
2012, Cencic and Rechberger, 2008). In the specific context of waste
management MFA, SFA and EFA are often utilized to highlight the fate of
important materials and substances and to further suggest system improvements
on the basis of the results. EFA is typically used to identify relevant energy flows
within the system under assessment (e.g. energy losses, energy content of waste
materials, energy recovery, etc.). All the MFA, SFA and EFA were facilitated
with the software STAN (Cencic and Rechberger, 2008). This allowed, among
the others, to consider the uncertainties inventoried on the most sensitive
parameters and to reconcile the data when necessary, based on the procedure
described in Cencic and Rechberger (2008).
A particular case of EFA is represented by life cycle energy balances. An
example is in Tonini and Astrup (III). Life cycle energy balances account for all
energy-related inputs and outputs (electricity, heat, fuels, including energy
8

required to extract and produce the fuel) to and from the system under
assessment. Eventual energy savings associated with avoided production of
energy from fossil fuels, virgin materials and mineral fertilizers are included. The
results should be expressed as primary energy consumed or saved relative to the
functional unit of the assessment. As an example, if the net electricity saving
associated with recycling of a selected material equals ε (kWh t-1 material) and
the net heat saving equals φ (MJth t-1 material), the primary energy saving (MJ t-1
material) would be:
Primary energy saving 

3.6
3.6
1
1
 (ε  α  ε 
)
 (φ  β  φ 
)
η el
η el
η th
η th

Where ηel and ηth are the electricity and heat efficiency of the energy production
(MJel MJ-1 fuel and MJth MJ-1 fuel), α and β the electricity and heat consumption
to extract and produce the fuel used for energy production (kWh MJ-1 ‘fuel
extracted and produced’ and MJth MJ-1 ‘fuel extracted and produced’). Dedicated
LCA softwares might also provide this information.

2.3 Energy system analysis
Energy system analysis (ESA) focuses on design and evaluation of potential
energy scenarios for a selected region or Country (Lund, 2010, Lund and
Mathiesen, 2009, Lund, 2007). This is often used in the perspective of increased
shares of biomass and windenergy within the energy system. A range of models
performing ESA exist. Among the others, EnergyPLAN is a computer model for
hour-by-hour simulations of complete regional or national energy systems,
including electricity, individual and district heating, cooling, industry and
transportation (Lund, 2010). ESA was not actively performed within this thesis.
However, the output of a specific energy system analysis facilitated with
EnergyPLAN was used as basis for LCA in Tonini and Astrup (I).

2.4 Waste sampling and characterization
Waste sampling and characterization was performed within this thesis to improve
the knowledge about the solid and liquid outputs of a specific technology (waste
refinery). The waste sampling on field followed an original procedure due to the
specifity of the technology and of its outputs (see Tonini et al. (IV)). A number
of selected waste material fractions were hand-sorted from the sampled waste.
The chemical characterization of the hand-sorted waste material fractions was
9

performed conformingly with the approach described in Riber et al. (2007) and
Riber et al. (2009): the selected waste material fractions were dried and grinded
using appropriate equipment. Further mixing and mass fractional reduction was
performed until the mass required for chemical analysis was obtained. Selected
chemicals were then analyzed; these included fossil carbon content (represented
by the 14C content in 12C) analyzed by accelerated mass spectrometry (AMS).
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3. Key factors in LCA of bioenergy and WtE
3.1 Critical assumptions
LCA of WtE and bioenergy systems typically applies the principles of
consequential LCA (section 2). Since the aim is evaluating the consequence of a
decision inducing a change from the current management of selected
biomasses/wastes (reference scenario) to another strategy, the assumptions about
the reference scenario become crucial. Today most biomasses have a function in
the ecosystem or in the economy meaning that the utilization of these for energy
would induce changes in the ecosystem or in the society if status quo is to be
maintained. As a consequence, the use of available biomass resources for energy
purposes instead of the current use (e.g. feeding, bedding, ploughing back to
fields etc.) may finally lead to a competition between energy and other uses. The
consequences of diverting biomass resources to energy production must be
addressed in the LCA. These might include land use changes (as for energy
crops), increased fertilizers use, reduced soil carbon stock, etc.
When energy crops are considered, any upstream impact associated with
cultivation must be included. The most critical is the quantification of direct and
indirect land use changes (dLUC and iLUC). The fundamental assumption is that
using land for energy crops typically implies that this land is not producing plants
for other purposes, including carbon otherwise sequestered (Edwards et al., 2008,
Cherubini et al., 2009, Searchinger et al., 2008, Searchinger, 2010, EEA, 2011).
The reference scenario when assessing energy crops should therefore be the
current management of the land (e.g. forestry, food crops, etc.). Many previous
LCA studies on bioenergy failed in assessing bioenergy systems as they did not
include iLUC (Searchinger et al., 2008, Searchinger, 2010, EEA, 2011). As an
example, if energy crops replace forest stocks (which would otherwise sequester
more carbon compared with the crops), they may end up increasing the
atmospheric carbon concentration. If energy crops displace food crops, this may
lead to more hunger if the displaced food crops are not cultivated somewhere else
(i.e. using other land previously uncultivated) or, more likely, to emissions from
land use changes if they are. In other words, the reduced fossil carbon emission
through fossil fuels replacement might come at the expenses of increased
biogenic carbon release from vegetation and soil. This concept is exemplified in
Figure 1: this illustrates the consequences of using the land for energy instead of
food.
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If MSW is considered, the reference scenario for Danish conditions should be
incineration, this being the reference technology for MSW treatment. This
implies that any innovative MSW treatment should be compared with
incineration. However, this is not the case for many other EU regions. For
example, strategies based on mechanical-biological treatment and/or landfilling
are largely practiced in EU. In general, when the geographical scope of the LCA
focuses on specific regions or Countries, the choice of the reference scenario
should always be based upon local conditions.
When assessing waste management systems the ‘zero burden’ approach is
typically applied: all upstream emissions associated with generating the waste are
omitted from the LCA (e.g. Clift et al., 2000). This means that any treatment
recovering energy, materials and resources from the waste might determine
environmental savings compared with ‘not doing anything’. However, as
mentioned earlier, ‘not doing anything’ is typically not the reference (at least for
EU Countries) as current management practices already exist. Therefore, any
alternative management strategy must be compared with the reference and would
be better only when additional environmental savings are raised. The ‘zero
burden’ approach does not apply to bioenergy systems based on energy crops as
these are prime products specifically produced for the market. This implies that
all impacts associated with cultivation and production must be included, as
earlier discussed.

Figure 1. Illustration of the induced consequences of bioenergy production from land
previously dedicated to food crops production (from Tonini et al. (II)).
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Figure 2 outlines a possible process flow diagram for the assessment of
bioenergy and WtE systems. In grey colour are the contributions which are not
essential to perform the LCA (but recommended): ESA, MFA, SFA and EFA
represent complementary tools contributing to increase the overall robustness and
transparency of the environmental assessment. Particularly, MFA, SFA and EFA
highlight relevant materials, substance and energy flows within the system under
assessment. This may contribute to identifying key processes where the major
research efforts during the inventory phase (2) should be focused on. In addition,
the flows quantified with MFA, SFA and EFA may be useful for the results
discussion (3). Uncertainty analysis (see section 3.4) is also recommended;
however, performing the uncertainty analysis is often limited by the availability
and quality of parameters uncertainty data (Clavreul et al., 2012).
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Figure 2. Process flow diagram for the assessment of bioenergy and WtE systems.
Contributions not essential to perform the LCA (but recommended) are marked grey.
Contributions not needed in WtE systems (“zero burden” approach) are marked as dashed
boxes.
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3.2 Key aspects in goal and scope definition
This phase includes definition of the aim of the assessment, functional unit,
temporal, geographical and technological scope, marginal technologies, system
boundary and impact assessment method. Table 2 presents an overview of the
relevant methodological assumptions in the different papers.

3.2.1 Functional unit
According to Cherubini et al. (2009), the functional unit (FU) should be the unit
of land (e.g. hectare) for LCAs focusing on energy crops as the land represents
the bottleneck; instead, LCAs focusing on waste should be expressed per unit
input (e.g. one tonne) or unit output (e.g. MJ energy). LCAs focusing on
transport biofuels should be expressed per km basis. Tonini et al. (II) used
hectare of land as functional unit to assess bioenergy systems based on energy
crops. In Tonini and Astrup (I) the functional unit was instead the provision of
the primary energy required to satisfy society needs in a number of future energy
scenarios. This was needed in order to compare scenarios having different energy
inputs and outputs though providing the same service. In the remaining LCA
papers focusing on MSW the functional unit was 1 tonne of wet waste.

3.2.2 Temporal, geographical and technological scope
Temporal, technological and geographical scope refers to the dimensions for the
use of the LCA (where and when). Their definition is fundamental as it affects
the choice of technologies (e.g. efficiencies) and marginals (e.g. energy
production). As an example, if the goal of the study is to assess future scenarios,
the technology efficiency should be subject to forecasting; if a future energy
scenario for a selected region is investigated, primary energy supplies should be
projected according to assumptions regarding improved efficiency of building
insulation, transportation means, power plants, district heating network as well as
eventual changes in people habits (e.g. diversion of passengers transport to trains,
bicycles, etc.). With respect to this, energy system analysis may provide the basis
for further environmental assessments. This approach was followed in Tonini and
Astrup (I). An overview of the temporal assumptions within this thesis can be
found in Table 2. Notice that the temporal scope of the assessment should not be
confused with the global warming (GW) horizon which simply reflects the
method used to characterize the GW emissions (the gases decays are different
within 20, 50 and 100 years). Typically, a 100 year GW time horizon is used.
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3.2.3 Identification of the marginals
The marginal technology (or product) is defined as the technology (or product)
that is most likely to react to a marginal change in demand or supply of a selected
technology (or a selected product) (Weidema, 2003, Weidema et al., 1999). In
the consequential LCA approach the system under assessment, whenever
producing energy and products, is credited with the avoided emissions associated
with substitution of the assumed marginal energy and products. In the assessment
of WtE and bioenergy systems the identification of the marginal energy
technology, crop and (in minor extent) fertilizers are of crucial importance as this
choice (particularly for marginal energy and crop) affects the magnitude of the
environmental savings and/or impacts associated with the system under
assessment. A typical approach in LCA of bioenergy and WtE is to assume that
in the long-term energy produced from biomass and waste would lead to the
decommissioning of fossil based energy production capacities (both electricity
and heat) as these technologies are generally intended to be phased out in order to
comply with political CO2 reduction targets (e.g. Weidema et al., 1999, Ekvall
and Weidema, 2004, Finnveden et al., 2009 among the others).
With respect to the Danish market for electricity, there is a broad consensus in
assuming coal as marginal source (Weidema, 2003). Fruergaard (2010)
recommended 2 approaches for identifying the long term marginal: i) based on
energy system analysis; ii) based on policy targets. Based on the first approach
Mathiesen et al. (2009) suggested coal and wind power as long term marginals
for Denmark. Based on the second approach, the long term marginal in Denmark
would be the least environmentally desirable technology, i.e. coal-fired power
plants. However, this might not be the case for other EU Countries; for example,
Turconi et al. (2011) identified natural gas as marginal for Italy. Within this
thesis coal-based electricity was always assumed as marginal when the
geographical scope was Denmark (e.g. Tonini et al. (II), Tonini and Astrup
(III)). This assumption was always tested in the sensitivity analysis (or directly
in the baseline) by substituting electricity produced from natural gas-fired power
plants. In Montejo et al. (V) the marginal for Spain was natural gas. When the
geographical scope was Europe (Tonini et al. (VI)) coal was assumed as
marginal; the influence of this choice was tested in the sensitivity analysis.
As opposed to electricity, the market for heat is rather local and substitution of
district heating or heating fuels often depends on local conditions and production
capacities connected to the district heating network in question (Fruergaard et al.,
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2010a). However, other approaches exist. For example, a market-based analysis
by DEA, (2010b) suggests that natural gas should be considered as marginal for
Danish conditions. In general, the choice of the marginal for heat is subject to a
high uncertainty especially when the geographical scope of the LCA study is not
focused on a specific region for which the heat market is known. Therefore, the
approach used within this thesis was to assess multiple energy scenarios
including coal and natural gas directly in the baseline of the LCA or,
alternatively, if one fuel (e.g. coal) was assumed as marginal in the baseline, to
regularly test this assumption in the sensitivity analysis. This approach allows
assessing the two ends of the range with respect to GHG emissions associated
with the marginal (fossil) heat source.
With respect to crops cultivation, spring barley is generally considered as the
marginal crop for Danish conditions. This is supported by a number of studies
(Weidema, 2003, Schmidt, 2008, Dalgaard et al., 2008). A recommendable
approach within the LCA is to test this choice by substituting other crops. For
example, in Tonini et al. (II) this choice was tested in the sensitivity analysis by
substituting winter wheat.
Common practice in consequential LCAs is to consider the digestate produced
from anaerobic digestion of biomass and organic waste as substitute for mineral
fertilizers thus avoiding their production and use. For Danish conditions, recent
LCA studies (Hamelin et al., 2011, Hamelin et al., 2012) suggest that calcium
ammonium nitrate, diammonium phosphate and potassium chloride should be
considered as marginal N, P and K fertilizers. Other studies (Hansen et al., 2006)
suggest instead using average European LCI data.
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3.3 Land use changes
Cultivation of energy crops requires use of land thereby inducing direct and
indirect land use changes (dLUC and iLUC) under the fact that land available for
cultivation is constrained. In the Danish context, the direct land use change
(dLUC) consequences reflect the environmental impacts/savings of cultivating
selected energy crops instead of the marginal (e.g. spring barley for Danish
conditions). In other Countries, this might come at the expenses of uncultivated
land (pasture, forest, etc.). The environmental impacts/savings associated with
the (avoided) cultivation of the marginal crop must therefore be included in the
assessment. This involves the use of inventory data for the cultivation phase as
well as for the variation of soil organic carbon content (∆SOC or SOC changes)
between cultivating the marginal and the substituting crop. This reflects the
variation in the carbon balance (above- and below-ground) of the land
considered. St-Clair et al. (2008) reports SOC changes associated with the
cultivation of different energy crops including short rotation coppice (e.g.
willow) and rapeseed. Schmidt (2007) details the SOC associated with rapeseed
cultivation in Denmark and in other regions (e.g. Canada). Hamelin et al. (2012)
details SOC changes related to the establishment of a number of different annual
and perennial crops in Denmark. These data were applied in Tonini and Astrup
(I) and Tonini et al. (II).
The iLUC consequence corresponds to the environmental impact of converting
land nowadays not exploited for crop cultivation to cropland, as a result of the
induced demand for the displaced marginal crop. To quantify this impact, two
steps are needed: i) estimate the amount of land converted and the corresponding
geographical region; and ii) identify the biome types converted. Different
approaches exist for the quantification of iLUC. A comprehensive overview of
partial and general equilibrium models that can be used to model iLUC is given
in Edwards et al. (2008). However, most studies to date focus on biofuel
mandates for a variety of shock sizes (e.g. Edwards et al., 2008, Edwards et al.,
2010), and as such are difficult to be used directly for other applications. Within
this thesis three approaches that may find a broader application in LCA studies
were identified.
(1) Schmidt (2008) details a number of possible scenarios associated with
increased biofuel production in Denmark (wheat displacing spring barley).
According to the author, the scenario that is the most likely to occur is
conversion of grassland (corresponding to 69% of the land displaced in
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Denmark) along with intensification of barley cultivation (corresponding to 31%
of the land displaced in Denmark) in Canada. This approach was followed in
Tonini and Astrup (I). The largest uncertainty of this approach is related to the
assumption of market elasticity equal to 1 (i.e. all the Danish barley displaced is
replaced leading to a substitution ratio of 1). This may not be the case as various
economical mechanisms may determine a substitution ratio lower than 1. In
addition, the method used for the choice of the region subject to land
displacement (Canada) is also not well supported. Schmidt (2008) based this
assumption on the prediction from FAPRI (2006): based on this, Canada would
be the region facing the largest increase in barley production in 2005-2016 and
was thus identified as the marginal barley supplier reacting to decreases in the
Danish barley supply. The mechanisms leading to land conversion are in reality
more complex and subject to conditions and constraints which typically require
the support of partial/general equilibrium models.
(2) A different approach was instead used in Tonini et al. (II): the results of
Kloeverpris (2008) for a unitary increase of wheat consumption in Denmark were
used as a proxy to estimate the amount, location and biome types of the land
converted as an effect of the decreased spring barley supply from Denmark.
These were obtained by using a modified version of the general equilibrium
GTAP model (GTAP, 2012). This implicitly assumes market elasticity lower
than 1 (substitution ratio < 1, i.e. not all the Danish barley displaced is replaced).
Further, the soil and vegetation carbon data from the Woods Hole Research
Centre (Searchinger et al., 2008) were used to calculate the CO2 emitted based on
the methodology reported in Müller-Wenk and Brandao (2010) (CO2 emissions
associated with the land conversion were not estimated in Kloeverpris, 2008).
Note that the results in Tonini et al. (II) only covered the iLUC impacts
associated with land conversion; the impacts associated with intensification of
the current cultivation practices (which Kloeverpris, 2008 indicate as
corresponding to ca. 30% of the response to the initial displacement) were not
included. This indicates that the actual overall iLUC impact may be higher.
Though high uncertainty is inherently associated with the estimates on land
conversion due to the complexity of the mechanisms involved, the GTAP reflects
the entire global economy and it is thus well suited for the analysis of global
consequences of changes in crop demand (Kloeverpris, 2008).
(3) Fritsche (2008) uses a simplified deterministic approach to estimate average
iLUC impacts. The basic assumptions are that: i) current patterns of land use for
producing traded agricultural commodities are an adequate proxy to derive global
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averages for GHG emissions from iLUC; ii) future patterns for global trade can
be derived from observed trends. Many uncertainties are associated with this
method. For example, the analysis considers only key Countries (e.g. US, EU,
Argentina, Brasil, Indonesia, etc.). In addition, the choice of the biomes affected
relies on arbitrary and not well supported assumptions. However, the related
results were used in this thesis for the purpose of comparison (see section 6).

3.4 Sensitivity and uncertainty analysis
The uncertainty of assumptions (e.g. marginals) and parameters (e.g. crops yield,
LHV, efficiencies, etc.) used in the LCA requires to be tested in sensitivity and
uncertainty analysis. Within this thesis, the term sensitivity analysis has been
used to indicate testing scenario uncertainties, whereas uncertainty analysis to
indicate assessing parameters uncertainty. This distinguee is adapted from
Huijbregts et al. (2003) where the authors classify uncertainties in LCA as: i)
model uncertainties, ii) scenario uncertainties and iii) parameter uncertainties.
The first (i) is associated with the models and equations used to quantify the
emissions flows and with the impact assessment methodology selected which
provides the characterization factors for relating the inventoried emissions to
environmental impacts. Scenario uncertainties (ii) are related to uncertainties
associated with the choice of technologies and processes and to the fundamental
assumptions intrinsically connected to the consequential LCA approach, i.e. the
assumptions for the marginals. Finally, parameter uncertainties (iii) reflect the
uncertainty intrinsically associated with life cycle inventory data. Uncertainty
analysis was performed by using MonteCarlo analysis (Tonini et al., (II)). This
should be done by comparing two selected LCA scenarios in each run of the
MonteCarlo analysis so to take into account the ‘correlated’ uncertainties (i.e.
parameters uncertainties which are present in both LCA scenarios). Sensitivity
analysis was instead performed by changing individual assumptions or
parameters (as assumed in the baseline) and then comparing the ‘new’ LCA
results obtained with the baselines. This analysis was applied to all the LCA
studies performed within this thesis.
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Temporal scope

2030 and 2050

2012-2032

2012 (present)

2012 (present)

2015-2030

Functional unit

Provision of primary energy to
satisfy society needs

Bioenergy production from 1 ha
of Danish arable land

Treatment of one t of rMSW

Treatment of one t of rMSW

Treatment of one t of MSW

Paper

I

II

III

V

VI

Denmark

Denmark

Denmark

Spain

Europe

Future
technologies
State of the art
(existing)
technologies
State of the art
(existing)
technologies
State of the art
(existing)
technologies
Future
technologies
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Geographical
scope

Technological
scope

Not relevant

Not relevant

E: CO, NG
H: CO, NG, CHP(DH)

Not relevant

[2]

[1], [2], [4]

dLUC

E: CO, NG
H: not relevant

E: CO, NG
H: CO, NG

E: CO (SA: NG)
H: NG (SA: CO)
Crop: spring barley

Crop: spring barley

Marginals

Not relevant

Not relevant

Not relevant

Section 3.3

[3], [4]

iLUC

X

X

X

X

X

SA

X

X

UA

Table 2. Overview of the relevant methodological assumptions in the LCA papers forming the basis for this thesis. SA: sensitivity analysis; UA:
uncertainty analysis; E: electricity; H: heat; CHP(DH): district heating provided by a local CHP plant. [1]: St-Clair et al. (2008); [2]: Hamelin et al.
(2012); [3]: Schmidt (2008); [4]: Schmidt (2007).
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4. Processes in bioenergy and WtE system
- Inventory data
This section describes the relevant processes involved in bioenergy and WtE
systems.

4.1 Agricultural processes
When assessing bioenergy systems the choice of the agricultural inventory is
crucial as it determines dLUC impacts and later energy production that depends
upon the crop yield. Critical emissions occurring during agricultural processes
are CH4, N2O and NO3- emissions. These are directly related to the amount of
mineral and organic N-fertilizers utilized. From this perspective perennial energy
crops have significantly lower requirements than annuals (Hamelin et al., 2012).
Further, they also have higher yields along with other correlated benefits such as
less soil disturbance and increase in soil organic carbon (SOC). Overall, There is
wide consensus on that perennial energy crops are currently the most efficient
and sustainable feedstock for the purpose of bioenergy in temperate climates
(Bessou et al., 2011, Dauber et al., 2010, Valentine et al., 2012).
The crop yield plays a significant role as it determines the energy production at a
later stage (as earlier mentioned). Crops yields vary depending upon type of
crops and geographical conditions (climate). For example ryegrass yield in
Denmark is typically between 9 and 18 t DM ha-1 (Moeller et al., 2000). The
yield for willow is estimated to ca. 9-17 t DM ha-1 after Hamelin et al. (2012).
The average yield for Miscanthus in DK is ca. 15 (autumn harvest) and 10
(spring harvest) t DM ha-1 (Hamelin et al., 2012). Corresponding Miscanthus
yields in Central and Southern Europe may be significantly higher; for instance
Lewandowski et al. (2000) reported autumn yields of 25 t DM ha-1 from trials in
Germany. It should be noted how some crops may achieve different yields
depending on the harvesting period (e.g. Miscanthus). This also induces a
different carbon sequestration in the soil because of the variation in the amount
of above- and below-ground residues (Hamelin et al., 2012).

4.2 Storage processes
Storage is needed within the bioenergy chain as biomasses accumulate seasonally
and the energy plants have, instead, to be fed and run continuously. In addition,
biomass prices will be market-driven and the producers will sell the crops
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whenever the prices will be convenient, therefore storage will be likely to
happen. Mass losses during this stage might decrease the final energy recovery as
well as induce emissions of CH4 and N2O thus reducing the overall GHG
savings. For example when Danish ryegrass is harvested (beginning of summer)
the water content is about 80% (Hamelin et al., 2012). This means that wet
storage might be possible in the form of ensiling, whereas dry storage would
require prior drying. The drying process for ryegrass is typically operated on
field and related mass losses may be in the range 10-30% of the initial DM
content (caused by microbial respiration, precipitations as well as by the different
operations such as turning, mowing and baling) (Mcgechan, 1989, Prochnow et
al., 2009). Subsequent indoor dry storage typically leads to losses between 1.1%
and 11% similarly to dry lignocellulosic (woody-like) biomasses (Emery and
Mosier, 2012). According to the same authors, if wet storage (i.e. ensiling) is the
choice, the mass losses may be as high as 20-25% for ryegrass with water content
above 80%.
For the case of willow (about 50% water content at harvest) and woody biomass
different techniques for natural drying exist. These are typically performed
during the storage period leading to mass losses estimated between 3.5% and
6.1% for rods (Gigler et al., 2004, Kofman and Spinelli, 1997, Jirjis, 1995).
Thermal drying, although possible, is associated with significant economical and
energy costs which make it less attractive (Lewandowski and Heinz, 2003). Nodrying also represents an alternative; however, wet willow (in form of chips) was
proven to determine high dry matter losses due to increased microbial activity
and degradation (Kofman and Spinelli, 1997, Jirjis, 1995, Wihersaari, 2005).
Further, it should be noted that when co-digesting energy crops with manure, the
energy production per unit-input increases with the dry matter content of the cosubstrate (Tonini et al. (II)). Therefore, dry co-substrates are favourable over wet
ones to maximize the energy production. In the case of MSW, the storage
processes were not considered as relevant within this thesis. The storage
processes were assumed equal for all the management scenarios assessed as these
were not subject to the same assumptions as for biomass systems (i.e. prices
dependency).

24

4.3 Pre-treatment processes
4.3.1 Pre-treatments for biomass
When anaerobic digestion of lignocellulosic biomasses is considered (e.g. willow
and Miscanthus) a pre-treatment is needed to enhance the susceptibility to
biodegradation of lignocellulose. This includes size comminution (shredding)
and further enhancement treatment. These processes need to be accounted for as
increased energy consumptions of the system under assessment, generally in the
form of heat and electricity (additional fuels and chemicals might also be
required). Mass losses (about 10%) can also occur if strong oxidizing agents are
used to enhance lignin biodegradation (Bruni et al., 2010). Different pretreatments exist; these can be classified into the following: i) biological
(enzymatic), ii) chemical, iii) mechanical and iv) hydrothermal (Bruni et al.,
2010). Combinations of these are also possible.
In the case of thermal energy conversion (gasification, direct combustion and cofiring), different pre-treatments may be required depending on the type of
technology; for instance, many of the Danish small-scale biomass combustion
CHP plants have been adapted to minimize pre-treatments and energy
consumptions. In these facilities, pelletization, size comminution (shredding) and
pulverization are generally not a requirement. When direct co-firing is applied,
prior pelletization and milling are instead performed (generally the pellets are
milled along with coal and combusted together). This is not the case for parallel
co-firing (i.e. independent biomass boiler; the steam from coal and biomass are
then mixed and sent to the turbines). In the latter case, in fact, size-comminution
is performed but pelletization and milling is generally not a requirement. Finally,
in the case of gasification, the pre-treatment varies upon the technology
(fluidized bed, fixed bed, etc.). Gasification in fluidized bed typically requires
biomass comminution (10-50 mm) and drying (water content is recommended
below 20%) (Hughes and Larson, 1998). The main environmental emissions
associated with pre-treatments are connected to fuel and energy provision for the
operations.

4.3.2 Pre-treatments for MSW
When MSW (or rMSW) is considered, different pre-treatments prior to
subsequent energy recovery (or eventually disposal) are possible. These include:
i) source-segregation, ii) mechanical pre-treatments prior to anaerobic digestion,
iii) material recovery in dedicated selection plants (i.e. MRF) and innovative
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technologies such as iv) waste refining and v) autoclaving. Notice that if MSW is
sent directly to incineration (without prior segregation or treatment) a pretreatment consisting on simple removal and/or shredding of bulky elements
might be needed (Hulgaard and Vehlow, 2010).
Source-segregation (i) is possible and different techniques exist for separation of
selected waste material fractions (Christensen and Matsufuji, 2010). According
to the same authors the efficiency varies dramatically depending on the collection
scheme: from 10-20% for collection centres to 60-90% for full-service collection
(door to door). Source-segregation is particularly relevant for organic (vegetable
waste, animal waste and tissues) in the perspective of reducing the amount
disposed of in landfill as enforced by the EU directive (CEC, 1999). To this
respect however, the results are often far from the expectations as segregation at
the household and further mechanical pre-treatments prior to biological
conversion may lead to significant mass losses. Although source-segregation
may achieve efficiencies between 60% and 80% for full-service collection
(Christensen and Matsufuji, 2010), recent studies found efficiencies as low as ca.
22-26% (Bernstad, 2012).
When organic waste is source-segregated further mechanical pre-treatment (ii)
prior to digestion is required (Jansen, 2010). The function is to remove unwanted
items and achieve size reduction of the substrate. Typically the pre-treatment
consists of: shredding (with bags openers), metals removal (with magnets),
sieving for plastic removal (with disc sieves or trommels; gravity separation in
pulpers is also an option for wet processes). Additionally, hygienization
treatment might also be required. The residues consist of dirty plastic bags
(typically incinerated), metals (highly contaminated with organic) as well as
other heavy materials such as stones and glass (generally landfilled). Such a pretreatment induces additional mass losses of organic waste: Bernstad et al.
(2012), for example, found an average mass loss of about 20% (range 2-45%) of
the incoming organic waste (corresponding to 13-39% on a DM basis). Based on
this information and efficiencies, Tonini et al. (VI) investigated a number of
scenarios involving source-segregation of materials and organic waste. These
were compared with other scenarios not involving segregation in order to
evaluate the potential benefits and drawbacks of each strategy.
MRF (iii) generally indicates any mechanical-treatment facility aiming at
recovering selected materials from the waste. MRFs can be classified as follows
(Christensen and Bilitewski, 2010): i) single MRF, upgrading a single segregated
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material fraction; ii) commingled MRF, sorting a commingled collected fraction
consisting of more than one waste material fraction; iii) mixed MRF, sorting
rMSW; iv) MBT, sorting a range of materials from the mixed waste (generally
rMSW) and using biological treatment to stabilize the organic fraction of MSW
(OFMSW). The type of MRFs used in a waste management system is related to
the collection scheme. The efficiency of materials recovery ranges from 60% to
98% for manual sorting of source-segregated waste (typically 90%) and from
50% to 98% (typically 75-85%) for mechanical separation of commingled waste
material fractions (Tchobanoglous and Kreith, 2002).
Mechanical-biological treatment is a type of MRF aiming at recovering materials
and energy from the mixed waste by using a combination of mechanical and
biological operations. Two types exist: A) mechanical-biological stabilization
(MBS) or biodrying, which first composts the waste for drying prior to extraction
of a larger RDF fraction and B) mechanical-biological pretreatment (MBP),
where the organic fraction is separated and biologically stabilized prior to
landfilling and recyclables as well as RDF are recovered from the residual coarse
fraction. MBP aims at stabilizing the organic to minimize gas as well as leachate
emissions in landfill while MBS maximizes RDF recovery. Within this general
classification, multiple variations can be found and it can be stated that probably
there are no two identical plants (Bilitewski et al., 2010). In the type A the
organic fraction is dried and sent to combustion along with plastic, paper and
high-calorific value materials. In the type B the organic fraction is separated and
sent to anaerobic digestion (and/or composting) for energy recovery and
stabilization. The stabilized organic material (namely compost) is generally
landfilled or used as landfill daily cover, as its poor quality (mainly related to
high metals content) does not allow for use on land (Montejo et al., 2010).
Montejo et al. (V) performed an assessment of eight management strategies
based on MBT in Castilla y Leon (Spain). This also included waste
characterization analyses specific for each individual plant.
The waste refinery process (iv) aims at generating two products from the
incoming mixed MSW (Figure 3): i) a bioliquid (i.e. slurry composed of
enzymatically liquefied organic, paper and cardboard) and a solid fraction (i.e.
non-degradable waste materials). The refinery process consists of two main subprocesses, i.e. heating and enzymatic treatment. A detailed description of the
enzymatic processing can be found in Jensen et al. (2010). The bioliquid can be
exploited for biogas production, co-combusted in coal-fired power plant or
utilized for producing ethanol. This, compared with direct incineration, provides
27

additional flexibility to the energy system as the energy production could be
regulated and storage possible in form of bioliquid/biogas. This may be relevant
in the perspective of energy systems having high penetration of windenergy and
other fluctuating renewables as illustrated in previous studies (Lund, 2010, Lund
and Mathiesen, 2009, Mathiesen et al., 2011, Mathiesen et al., 2011). The solid
fraction can be further treated to separate and recover valuable materials such as
metals and plastic. The remaining residual solid (mainly non-recyclable plastic,
textiles, yard waste, undegraded organics and glass pieces) can be combusted for
energy recovery. A pilot-plant waste refinery established in Copenhagen (DK)
has been investigated within this thesis (Tonini and Astrup, III, Tonini et al., IV,
Tonini et al., VI). This also included a waste characterization study performed
within Tonini et al. (IV).
Autoclaving (v) is a hydrothermal process occurring in wet environmental
conditions with high temperature and pressure provided by saturated steam
(Stentiford et al., 2010). The result of autoclaving is a reduction of the initial
volume of the input waste (corresponding to ca. 80%), sterilization of pathogens,
removal of liquids, compaction of the plastics and removal of labels on glass and
plastic containers. In addition, all the biodegradable waste material fractions
(mainly paper, cardboard and organic matter) are combined into a single product
namely organic fiber. This can be further treated with anaerobic or aerobic
digestion process to recover energy and stabilize the materials. Recyclables such
as metals, plastic and glass may be sorted from the remaining solid output.

Figure 3. Illustration of the waste refinery process (after Tonini et al., III): bioliquid and
residual solid are sent to energy conversion. Metals are sent to recycling. Selected plastic
fractions can be sorted out from the solid fraction within the refinery process and sent to
recycling (not visualized).
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4.4 Energy conversion technologies
The energy conversion technologies for biomass and waste can be generally
classified into biological (e.g. anaerobic digestion) and thermal (pyrolisis,
gasification and combustion). Landfilling may also recover energy in the form of
biogas; in this perspective the landfill body acts as an anaerobic reactor where
waste and precipitation are the inputs and leachate and gas the outputs
(Christensen et al., 2010, Willumsen and Barlaz, 2010). An overview of relevant
air emissions and energy efficiencies for a number of conversion technologies is
presented in Table 3-4.

4.4.1 Anaerobic digestion
Anaerobic digestion technologies (also called biogasification) can be classified as
wet/dry, mesophilic/termophilic, one-stage/two-stage, one-phase/two-phase
(Jansen, 2010). Anaerobic digestion produces two products from the input:
biogas and digestate (plus liquid from dewatering if implemented). For organic
waste both dry mono-digestion and wet co-digestion (e.g. with municipal
wastewater or animal manure) are applied. Dry digestion has the advantage of
requiring less digestion volumes; this maximizes the specific energy production
(per unit of reactor, or unit of input wet basis). Co-digestion is used to balance
nutrients content and/or to boost the energy production of selected substrates.
For agricultural biomasses with high lignocellulose content (e.g. willow and
Miscanthus) mono-digestion may encounter problems and finally failures due to
sub-optimal macro- (e.g. unfavorable C/N ratio) and micro-nutrients content. In
the light of this, co-digestion with animal manure (or OFMSW) may be a
solution (Nges et al., 2012, Alvarez et al., 2010, Mshandete et al., 2004). Manure
represents an important energy resource (see section 1), that is, in the case of
Denmark largely unexploited. The reason for this is the scarce economical and
technical attractiveness of manure mono-digestion due to its low DM content (210%) inducing low specific energy production (per unit of reactor); therefore, the
current management in Denmark is represented by storage and further use on
land. This is responsible for significant environmental impacts due to emissions
of CH4, N2O and NO3- (Hamelin et al., 2011). A detailed mass-balance approach
to model co-digestion of animal manure and energy crops is presented in Tonini
et al. (II). The main environmental emissions associated with the digestion
process are connected to fuel and energy provision for the operations and CH4
leakages from the reactor. These may vary from 0% to 10% of the CH4 produced
(Eggleston et al., 2006). However, recent LCA studies tend to use 1% for
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assessing state-of-the-art or future technologies as the insulation of the reactors
has significantly been improved (Hamelin et al., 2011, Boerjesson and Berglund,
2006, Jungbluth et al., 2007a).
The produced biogas can be used in gas engines, gas turbines, boilers, co-fired in
power plants or upgraded to transport fuel (95% methane content, v/v) or to
natural gas quality. In most of the cases combustion in gas engines is performed.
The net electricity efficiency varies between 34% and 42% relative to the LHV
of the input-gas (Fichtner, 2004). The overall net energy recovery can reach 95%
(without flue-gas condensation) and 103% (with flue-gas condensation)
according to Energistyrelsen (2012). For the specific case of gas engines, the
relevant environmental emissions (Table 3) are NOx, SO2 (especially for biogas
from MSW), CO and uncombusted CH4 (Nielsen et al., 2010).
Table 3. Selected air emissions from biomass and bio/syngas combustion (Nielsen et al., 2010).
Values are expressed per GJ of primary energy (LHVwb, i.e. LHV wet basis) of the fuel
combusted. PCDD/F-: dioxins and furans (as Polychlorinated Dibenzo-p-dioxins, i.e. PCDDs);
TSP: total suspended particulate; UHC: unburned hydrocarbons.
Biogas
engines

Syngas
engines

Straw
combustion

Wood
combustion

g GJ-1

310

586

67

90

g GJ

-1

434

13

<0.47

<3.1

g GJ

-1

1.6

2.7

1.1

0.83

g GJ

-1

α

173

125

81

<0.96

<1.7

<19

<14

-

-

56

-

4577

8492

12088

2314

10

2.3

<0.78

<5.1

Air emission

Unit

CO
CH4
N2O
NOx
PCDD/F

-

HCl
Naphthalene
NMVOC
∑PAH
SO2
TSP
UHC

ng GJ

202

-1

-1

g GJ

μg GJ
g GJ

-1

μg GJ
g GJ

-1

-1

<606

<181

<5946

<664

-1

-

-

49

<1.9

-1

-

-

<2.3

10

-1

333

12

<0.94

<6.1

g GJ
g GJ

α NOx can be reduced to 60 g GJ-1 provided installation of SCR (Energistyrelsen, 2012).

4.4.2 Pyrolisis and gasification
Pyrolysis and gasification thermally convert carbon-containing substrates into a
range of products (syngas, char, coke, ash, and tar) in a not-completely oxidizing
environment. Overall, pyrolysis generates products such as syngas, tar, and char,
while gasification maximizes the conversion of the carbon-containing substrates
into syngas for further use. The output composition and relative amounts of the
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products are largely dependent upon the inputs and the process configuration. For
gasification, important parameters describing the efficiency of the process are
CGE (cold gas efficiency) and CCE (carbon conversion efficiency). The CGE
defines the fraction of the feedstock chemical energy (as LHV, dry basis)
remaining in the syngas (and not lost as, e.g. heat or in the residue). It is
expressed as the ratio between the amount of energy in the syngas (after gas
cleaning) and the amount of energy in the biomass (as LHV, dry basis). The CCE
defines the proportion of the feedstock C that is transferred to the syngas. In
Tonini and Astrup (I) and Tonini et al. (II) a review of literature values for CGE
and CCE for a number of different biomasses is presented. Generally, CGE
varies between 55% and 85% for fluidized bed reactors, whereas CCE between
91% and 99%. However, progresses in the technological development may lead
to improved CGE: for example, Ahrenfeldt et al. (2006) reported a CGE of 93%
for woodchips conversion in a two-stage fixed bed gasifier; Arena et al. 2010
reported a CGE up to 94% for selected plastic materials in a pilot-scale fluidized
bed reactor. The main environmental emissions are associated to energy and fuel
provision for the operations. The produced residues may be very stable and solid
(similar to vitrified or melted residues from incineration) especially in the case of
high-temperature processes (Astrup and Bilitewski, 2010).
As for the biogas, the syngas produced can be combusted in gas engines, gas
turbines, boilers, co-fired in power plants or upgraded to transport fuel (95%
methane, v/v) or to natural gas quality. The combustion efficiency is similar to
biogas, although additional purification from tars and impurities might be needed
for some applications, e.g. turbines (thus potentially reducing the overall
efficiency) (Ahrenfeldt et al., 2006, Astrup and Bilitewski, 2010, Arena et al.,
2010, Arena et al., 2011). The overall net biomass- or waste-to-electricity
efficiency is estimated to ca. 10-20% for steam turbines (Astrup and Bilitewski,
2010, Arena et al., 2010), 13-28% for gas engines (Ahrenfeldt et al., 2006, Arena
et al., 2010) and 15-25% for gas turbines (Arena et al., 2010). The relevant
environmental emissions (Table 3) are NOx, SO2 (especially for syngas from
MSW), N2O and CO (Nielsen et al., 2010). Emissions of CH4 from syngas
combustion in gas engines are significantly decreased compared with biogas.

4.4.3 Direct combustion and co-firing of biomass
Combustion of biomasses and waste may be performed in a variety of plants and
configurations. Direct combustion is typically performed in small and medium
scale combustion and incineration plants (see Tonini et al., II). Co-firing is,
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instead, generally performed in large coal-fired power plants. Different types of
co-firing configurations exist: direct (in the coal boiler), parallel (independent
biomass and waste boiler) and indirect (biomass or waste are gasified to syngas
that is later combusted in the coal boiler or in an independent one). For biomass,
the combustion efficiency is often determined by the scale of the plant. However,
the fuel property also affects the overall efficiency. In Tonini et al. (II) a review
of existing biomass combustion CHP plants is reported. The net electricity
efficiency for recently commissioned small-to-medium scale biomass CHP plants
varies between 25% and 29%, relative to the LHV of the input-fuel. Co-firing in
large scale coal-fired CHP plants achieves higher efficiency (35-41%). For
example, the power plant Avedøreværket in Copenhagen may achieve (full-load)
a net electricity efficiency of 41% in CHP mode and up to 49% in condensing
mode (DONG, 2009). Relevant environmental emissions of biomass combustion
plants are NOx and SO2 (Table 3). Ash residues are generally applied on land or
landfilled; re-use for road construction is also an option.

4.4.4 Incineration and co-firing of MSW
MSW incineration is largely practiced in Denmark and Europe. In 2009 about
20% of the MSW produced in EU was incinerated (Eurostat, 2011). Three main
configurations exist: moving grate, rotary kiln and fluidized bed (Hulgaard and
Vehlow, 2010). Moving grate is the most common technology. The total gross
energy recovery for state of the art plants can be as high as 103% relative to the
LHV (wet basis) provided flue-gas condensation. The gross electricity efficiency
may range between 25% (CHP mode) and 30% (condensing plants such as Afval
Energie Bedrijf in Amsterdam) relative to the LHV (wet basis) of the wasteinput. This corresponds to net electricity efficiency of ca. 22-26% and net total of
ca. 97-99% (relative to LHV) (Energistyrelsen, 2012). Older plants typically
have lower performances: a survey of 231 EU waste incinerators found an
average electricity recovery of 20.7% in condensing mode and 14% in CHP
mode (Reimann, 2009).
The main environmental impacts of incineration are related to: i) fuel and energy
provision for the operations, ii) air emissions and iii) residues. Electricity
provision typically corresponds to ca. 10% of the total energy produced
(Reimann, 2006). Air emissions for SOx, NOx, HCl, dioxins and, to some extent,
Hg are directly related to the technological level of the flue-gas cleaning
(Damgaard et al., 2010). The emissions of heavy metals are, instead, primarily
determined by the waste composition (Astrup et al., 2011). The residues (iii) are
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represented by bottom and APC residues (mainly fly ash). Bottom ash can be
landfilled in inert landfills or re-used for road construction after metals extraction
(Birgisdottir et al., 2007). Fly ash can be used as back-filling material for old salt
mines, landfilled in appropriate hazardous waste landfills or used as neutralizing
agent in cement production (Fruergaard et al., 2010b).
Co-firing of selected MSW fractions (e.g. RDF and solid recovered fuel, i.e.
SRF) in a variety of combustion plants (e.g. coal fired power plants, biomass
boilers, cement kilns, etc.) is also an option. If co-firing of RDF or SRF in coal
fired power plants is applied, the net electricity efficiency may raise to 35-41%
relative to the LHV (wet basis) thanks to the higher steam and pressure
parameters achieved in the boiler. The main environmental concern of co-firing
is related to the increased air emissions (from the waste input) because of limited
air pollution control (Fruergaard and Astrup, 2011, Rechberger, 2010).

4.4.5 Liquid biofuels
Biodiesel can be produced via two main pathways: 1) transesterification of oil
plants (rapeseed or palm) producing RME-biodiesel and 2) gasification of
lignocellulosic biomass (e.g. wood) followed by Fischer and Tropsch process
producing FT-biodiesel. The transesterification from 1 t DM rapeseed produces:
RME (0.35 t), rape meal (0.6 t) and glycerine (0.038 t). The gross energy
efficiency of biomass to biofuel is about 63% (this value does not account for
energy consumption of the process and for byproducts).
The thermochemical conversion uses a first gasification step to generate syngas
which is then upgraded to biodiesel through Fischer and Tropsch process. The
gross energy efficiency of biomass to biofuel is about 45% (Jungbluth et al.,
2007b). Additional energy consumptions for the Fischer and Tropsch process
decrease the energy efficiency to ca. 40% (net) (Jungbluth et al., 2007b).
Research and inventory data on the process are still at an early stage.
Bioethanol can be produced from a variety of carbohydrates-rich substrates (for
example, grass, wood, molasses, wheat, maize, straw, etc.). The current focus of
the research is on conversion of residual agricultural products such as straw, as
these do not involve iLUC. The conversion of straw into ethanol (Larsen et al.,
2008, Bentsen et al., 2009) produces the following outputs per 1 t DM straw:
ethanol (0.21 t), C5 molasses (0.25 t, 30% water content) and solid biofuel (0.35
t, 10% water content).
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[2], [4]

NOx, SO2, CO2, HCl,
dioxins, metals, dust

Efficiency is assumed as
for biomass co-firing

*gross efficiency for state
for the art WtE plants

overall net ηel biomass-toelectricity

ηtot is assumed similar to
small and medium CHP
*[4] suggests a lower
range
for
the
ηel
efficiency
overall net ηel biomass-toelectricity

Small:
1-10
MW
Medium: 10-100 MW

Note
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α Typically total efficiencies with FGC may be as high as 103% provided that NOx removal is operated with SNCR. If SCR is instead operated, the electricity efficiency is slightly
decreased and the total efficiency is reduced by ca. 2.5% compared with the maximum potential (that is ca. 103%). β Same as for waste incineration.

93-95%
(103-106% FGC)β

35-41%
(44-49% CD)

[1]

NOx, SO2, CO2, HCl,
dioxins, metals, dust

Waste co-firing (CHP)

[5]

[5]

[1], [4]

[1], [2], [3], [4]

[1], [2]

Source

NOx, CO2

NOx, CO2

NOx, SO2, CO2, N2O, CH4

NOx, SO2, CO2, N2O, dust

NOx, SO2, CO2, N2O, dust

Environmental emissions

n.r.
100-103% FGCα

15-25%
25-30%*

syngas

Biomass to syngas and
combustion in gas turbines

n.r.

88-96%
(103% FGC)

93-95%
(103-106% FGC)

93-95%
(103-106% FGC)

ηtot

Waste incineration (CHP)

syngas

Biomass to syngas and
combustion in steam cycles
10-20%

40-48%
(34-42%)*

Biogas/syngas
(CHP)

GE

35-41%
(44-49% CD)

Biomass co-firing (large scale CHP
plants)

in

25-29%
(44-46% CD)

Biomass combustion (small-to-medium
scale CHP plants)

combustion

ηel

Energy conversion process

Table 4. Overview of selected biomass and WtE conversion processes. Relevant environmental emissions are also reported. CD: condensing mode;
CHP: combined heat and power; FGC: flue-gas condensation; ηel: net electricity efficiency; ηtot: net total efficiency; n.r.: not reported. [1]:
Energistyrelsen (2012); [2]: Tonini et al. (II); [3]: DONG (2009); [4]: Fichtner (2004); [5]: Arena et al. (2010). Biomass co-firing is based on the data
from two Danish plants (Avedøreværket and Oestkraft). Waste co-firing is assumed to have similar efficiencies as for biomass co-firing (Rechberger,
2010).

5. Environmental performance of bioenergy
and WtE systems
This section highlights the findings of a number of case studies assessing the
environmental consequences associated with energy production from biomass
and waste. The section elaborates on the results of Tonini and Astrup (I), Tonini
et al. (II), Tonini and Astrup (III), Tonini et al. (IV), Tonini et al. (VI) and
Montejo et al. (V).

5.1 Case study: future energy scenarios for DK
5.1.1 Modeling aspects
In Tonini and Astrup (I) a number of future energy scenarios for Denmark (one
for 2030 and three for 2050) were compared with the 2008 Danish energy system
used as reference. The ambition of Denmark is to achieve a 100% renewable
energy system by 2050 (Lund and Mathiesen, 2009, Mathiesen et al., 2011,
Danish Ministry of Climate, Energy and Buildings, 2011). In order to do so, a
number of technical measures should be implemented. This primarily translates
into improving the efficiency of power plants, electricity transmission,
transportation, district heating networks, building insulation, etc., in order to
reduce the energy demand and consequent primary supply. Further, wind and
hydro power, photovoltaic and geothermal should be significantly increased
(among the others: Mathiesen et al., 2011, Mathiesen et al., 2009).
Energy system analysis (ESA) was used to design a number of future scenarios
under technical constraints represented by technologies and capacity of
interconnectors. For Denmark, a significant increase in wind energy penetration
was recommended (Mathiesen et al., 2011). This, however, needs solid fuels
and/or storable energy carriers (e.g. biomass, fossil fuels, biogas, syngas, etc.) to
balance the associated intermittent production. This leads to that ca. 35-50% of
the primary energy supply should be covered by biomass and storable carriers
(Lund, 2010, Lund and Mathiesen, 2009, Lund, 2007, Mathiesen et al., 2011). In
addition, based on the same energy analyses, storable fuels are still required for
part of the transport sector (e.g. heavy vehicles, ships, defence, etc.) even though
electrification of passenger vehicles is envisioned. The environmental profile of
these energy scenarios was evaluated by means of LCA.
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Figure 4. Illustration of the energy flows (PJ) for the three assessed scenarios ‘2050’ (from
Tonini and Astrup, I). The scenarios differ for how the energy needed in the transport sector is
provided. GH: geothermal heating, ST: solar heating, PV: photovoltaic, Hydro: hydropower,
NG: natural gas, Syn: syngas, BG: biogas, BP: byproducts, E: electricity, H: heat, H*: process
heat (industry), L: losses, DS: diesel, BD: biodiesel, AF: aviation fuel, SF: synthetic fuel.
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Figure 4 shows possible energy systems for Denmark in 2050: three 2050
scenarios were evaluated; these differ for how the fuel needed for the transport
sector was provided. Three alternatives were considered: 1) fossil diesel
(scenario ‘2050 CSV’), 2) RME- (rape methyl ester) biodiesel via rapeseed
transesterification (scenario ‘2050 RME’) and 3) FT- (Fischer and Tropsch)
biodiesel via willow gasification and further FT processing (scenario ‘2050
BtL’). Note that oil is still present in all the addressed scenarios as domestic and
international aviation was assumed to rely on fossil fuels (primarily jet fuel and
kerosene). To date, the research on aviation biofuels is still at an early stage and
very little information is available on processes and efficiencies.

5.1.2 Key results
The analysis revealed that, even assuming future optimistic decreases in the
energy demand, the domestic available biomass resource potential (ca. 182 PJ, as
estimated in this study) was not sufficient to cover the projected primary energy
supply (between 559 and 588 PJ). However, the results also indicated that
significant GHG emission reductions may be achieved by a combination of i)
reduced energy demand (hence supply), ii) increased share of windenergy and iii)
replacement of fossil fuels with domestically available biomass and, to the extent
needed, energy crops.
While most of the required electricity and heat could be provided by integrating
windenergy and highly efficient use of bio/syngas (e.g. in fuel cells) from
domestically available biomass, the bottleneck lied in the provision of diesel-like
biofuels for heavy terrestrial transport, ships and defence. With respect to this,
extraction and production of oil or, alternatively, cultivation of specific energy
crops was necessary in order to supply diesel-like fuel. RME-biodiesel was the
worst option for all the environmental categories. The overall GHG emission
equalled ca. 287 Gg CO2-eq. PJ-1 fuel (Gg CO2-eq. PJ-1). This was far higher than
for fossil diesel (89 Gg CO2-eq. PJ-1 fuel). FT-biodiesel showed practically no
GHG savings compared with fossil diesel when possible benefits (highly
uncertain) associated with residual biochar from gasification and FT processing
were not considered. An overview of the GHG impacts associated with the
biofuels is reported in Table 7 along with the findings from other studies.
Significant aquatic eutrophication effects were induced by rapeseed cultivation
Additionally, NOx tailpipe emissions from biodiesel combustion in car engines
(both RME- and FT-biodiesel) are significantly higher than the corresponding
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emissions from fossil diesel combustion, as highlighted by a number of studies
(among the others: Zhu et al., 2010, Sun et al., 2010, Mazzoleni et al., 2007,
Wang et al., 2000). However, it may be envisioned that future development in the
exhaust gas cleaning technology may reduce this impact. Land occupation was
also subject to significant increases in all the future scenarios compared with the
reference (2008) due to increased crops cultivation.
The main recommendation that can be drawn from this case study is that in order
to minimize environmental impacts it is favourable to focus on the optimization
of bioenergy production from residual domestically available biomass resources
(such as MSW, animal manure, straw, grasses, forest residues, wood residues,
etc.) rather than on energy crops. Additionally, production of RME-biodiesel
should be avoided and alternative diesel-like biofuels should be encouraged.

5.2 Case study: bioenergy from perennial crops
5.2.1 Modeling aspects
As aforementioned (section 5.1) for the case of Denmark the domestically
available biomass resources (along with windenergy and other renewables) are
not sufficient to satisfy the energy demand even when this is assumed
significantly reduced compared with today’s. Therefore, if the ambition is to
reach a 100% renewable energy system, energy crops cultivation may be needed.
In Tonini et al. (II) a number of bioenergy scenarios were assessed by means of
LCA. The scenarios included three perennial crops namely i) ryegrass (Lolium
perenne), ii) willow (Salix viminalis) and iii) Miscanthus giganteus. Four
biomass-to-energy conversion technologies were modeled: I) anaerobic codigestion of biomass with raw pig manure, II) thermal gasification, III) direct
biomass combustion in small-to-medium scale biomass CHP plants and IV) cofiring in large scale coal-fired CHP plants. The total added up to 3 x 4 = 12
bioenergy scenarios. The assessment included quantification of LUC, C, N and
energy flow analysis as well as sensitivity and uncertainty analysis on the
relevant parameters and scenario uncertainties (see also section 3.4). An example
of carbon flow chart is presented in Figure 5 for the case of anaerobic codigestion of willow with raw pig manure.
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Figure 5. Illustration of the (biogenic) carbon flows for the case of co-digestion of willow with
raw pig manure (from Tonini et al., II). Fossil C flows associated with energy and fuel
consumptions for machinery and operations throughout the whole bioenergy chain are not
visualized in this chart.

5.2.2 Key results
The assessed bioenergy scenarios did not provide substantial GHG emissions
savings compared with the reference (use of the land for spring barley and of
fossil fuels for energy production) when iLUC impacts were accounted for
(Figure 5). The iLUC was the major impact on global warming, representing a
paramount average of 41% of the induced GHG emissions (about 310 ±170 t
CO2-eq. ha-1). This equalled 70-130 g CO2-eq. MJ-1 of solid biofuel produced.
This was calculated dividing the GHG emissions by the energy yielded from 1
hectare of land and introduced into CHP units (taken relative to the LHV dry
basis and assuming the average iLUC value 310 for the calculation). These
values are in the range of the results for liquid biofuels provided by other studies
focusing on iLUC. For example, Edwards et al. (2010) reported iLUC between
16 and 222 g CO2-eq. MJ-1 for RME and bioethanol (cultivated in EU and US,
see also Table 7 in section 6).
Only co-firing of willow and Miscanthus achieved GHG savings compared with
the reference. However, these were far from the 35% GHG reduction target
enforced by European Union (2009) and here used as a hypothetical reference for
the purpose of comparison. These GHG results are lower than those reported in
other studies on bioenergy. For example, a number of reviewed bioenergy studies
(Brandao et al., 2010, Fazio and Monti, 2011, Styles and Jones, 2007) found
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GHG savings between ca. -10 and -35 t CO2-eq. ha-1 y-1 (i.e. ca. between -200 and
-700 t CO2-eq. ha-1 in 20y). The reason lies on the fact that these studies did not
include iLUC impacts thereby dramatically underestimating the actual GHG
emissions.
In the eutrophication categories (N and P related) the performance was dictated
by two main forces: i) dLUC impacts (difference between cultivating the energy
crop and spring barley) and ii) leaching of nutrients from use on land of the
digestate (anaerobic co-digestion scenarios). With respect to aquatic Neutrophication, fewer requirements for N determined savings in the bioenergy
scenarios involving thermal conversion of willow and Miscanthus. Lower
savings were seen in the anaerobic digestion scenarios due to N leaching.
Conversely, all the bioenergy scenarios based on ryegrass showed net impacts as
a consequence of higher N-fertilizers requirement compared with the reference.
With respect to aquatic P-eutrophication, only the bioenergy scenarios involving
anaerobic digestion showed net impacts as a consequence of P leaching. The
reason for this was that P was applied in excess compared with the average crops
needs. In fact, the higher nutrients content of the produced digestate involved that
relatively more P was applied in excess in the co-digestion scenarios compared
with the reference (use on land of raw pig manure), thus decreasing the overall Psaving potential (Figure 2d) and increasing leaching instead (Figure 2c). The
savings on the P as resource category were relevant only for ryegrass due to the
fact that no P-fertilizers are required during the cultivation stage as opposed to
spring barley and to the other perennials considered.
The recommendation that can be drawn from this study is to limit energy crops
cultivation and prioritize instead the use of biomasses which do not involve
upstream impacts associated with changes in the use of the land, such as organic
and garden waste, manure, wood residues, straw and other agricultural residues.
Further, if energy crops are to be used, then highly-efficient co-firing of willow
and Miscanthus are the most favourable strategies for Danish conditions.
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Figure 6. LCA results for a) global warming (100y horizon, t CO2-eq. ha-1); b) aquatic Neutrophication (kg N ha-1); c) aquatic P-eutrophication (kg P ha-1); and d) phosphorous as
resource (kg P ha-1). All systems represent a 20 year time scope. From Tonini et al. (II).
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5.3 Case study: energy from MSW
In the light of the significant environmental impacts associated with energy crops
production (Tonini et al., II), optimizing energy production from waste (e.g.
MSW) becomes important in the endeavour of decreasing fossil fuel
consumption and resource depletion. The environmental impacts associated with
a range of technologies for energy production from MSW were investigated in
Tonini and Astrup (III), Montejo et al. (V) and Tonini et al. (VI). These included
relevant waste treatment technologies such as incineration, conventional
landfilling, landfilling in bioreactor and mechanical-biological treatment. In
Tonini et al. (IV) the waste refinery process was investigated by means of a
combination of sampling, waste characterization and MFA/SFA/EFA.

5.3.1 Modeling aspects
In Tonini and Astrup (III) and Tonini et al. (IV) and (VI) the focus of the
assessment was the waste refinery process. Table 5 provides an overview of the
waste management scenarios used as reference in the LCAs and compared with
the waste refinery scenarios. For the latter, a number of alternatives were
considered: this included co-firing (alternatively called co-combustion) of the
bioliquid, anaerobic digestion of the bioliquid with further use of the produced
biogas in gas engine or in vehicles, co-firing and incineration of the residual
solid. Sorting, recovery and further recycling of selected materials from the solid
fraction prior to combustion was also considered.
In Tonini et al. (IV) a waste sampling campaign followed by waste
characterization (waste and chemical composition) was performed. This
consisted on 4 days of sampling at a pilot-scale waste refinery. After, waste
characterization was performed: a number of waste material fractions were hand
sorted from the daily collected sample and the relative weight measured. The
selected waste material fractions were then dried and grinded. Further mixing and
mass fractional reduction was performed until the mass required for chemical
analysis was obtained. Selected chemicals were then analyzed; these included
fossil carbon content (represented by the 14C content in 12C) analyzed by
accelerated mass spectrometry (AMS). The data were further elaborated by
implementing an original mathematical model facilitated by Matlab 2010. This
was needed in order to quantify the potential for bioliquid and associated
downstream biogas recovery as a result of a post-treatment of the ‘ex-enzymatic
treatment’ outputs. This could consist of, for example, washing, sieving and
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pressing. The quality of the bioliquid and its residue after anaerobic digestion
(i.e. digestate) were of central focus in this study.
Table 5. Overview of the method and reference scenarios used to assess the environmental
performance of the waste refinery process. The options considered for the energy conversion of
bioliquid and residual solid are also reported. CC: co-combustion; AD GE: anaerobic digestion
and use of the gas in gas engine for CHP; AD TF: anaerobic digestion and use of the gas for
transport; INC: incineration; FE: ferrous metals; AL: aluminium; HP: hard plastic; GL: glass;
NFE: non-ferrous metals. *Only assessed in the sensitivity analysis.
No

Method

Reference scenario(s)

III

LCA, EFA

Incineration

IV

MFA, SFA,
EFA

V

LCA, MFA

Options for the waste refinery products
Bioliquid Residual solid Materials recycled
1. CC

1. CC

2. AD GE

2. INC

-

AD GE

INC

FE, NFE, HP

Eight MBT scenarios

-

-

-

INC

FE, AL, HP*

FE, AL, HP, GL

1. Incineration
VI

LCA, EFA

2. Conventional landfilling

1. AD GE

3. Landfilling in bioreactor

2. AD TF

4. MBT

In Montejo et al. (V) the focus was instead on the current performances and on
the potential for improvements of existing MBT plants operated in Castilla y
Leon (Spain). Eight MBT plants having different operational conditions were
investigated. The MBT plants aim at stabilizing the OFMSW prior to landfilling
and to produce a RDF fraction. The RDF is currently landfilled (reference
scenario). The main difference across the 8 plants was the biological treatment of
the OFMSW: four of the plants used anaerobic digestion and post-composting
and four performed direct composting. Waste sampling and characterization was
used to define the individual waste compositions and to quantify the overall mass
flows and recovery efficiencies (e.g. for OFMSW, paper, plastic, metals, etc.).
The inventoried data were finally used to compare the current plants
performances and to suggest process optimizations based on the LCA results.

5.3.2 Key results – focus on the waste refinery
As highlighted in Tonini et al. (IV), from 1 tonne of dry MSW the waste refinery
may recover ca. 56% of the input dry matter as bioliquid yielding 6.2 GJ biogasenergy, corresponding to about 690 kWh electricity and 3,100 MJ heat produced
from state-of-the-art gas engines. Additional energy may be recovered from
incineration of the residual solid, which may include selected plastic fractions if
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not sorted out. The recovery of biogenic carbon and nutrients (N, P and K) in the
digestate left from bioliquid digestion may be between 83% and 93%. The
quality of the digestate may be of concern for the content of selected metals (Cd
and Ni) and other organic compound (e.g. DEHP, i.e. di(2-ethylhexyl)phthalate).
These may represent a limitation for use on land.
From a GHG perspective, the results from Tonini et al. (III) and Tonini et al.
(VI) showed that the waste refinery scenarios may achieve benefits comparable
to state-of-the-art incineration and MBT. When coal was the marginal fuel for
electricity production, use of the biogas for CHP showed better performances
than use for transport. When natural gas was the marginal, the GHG
performances were comparable (Tonini et al., (VI)). Tonini et al. (VI) also
highlighted that the performance on GW is significantly affected by the waste
composition. The waste refinery scenarios performed better than incineration
provided waste compositions with high organic content (ca. 70%); viceversa
when the organic content was lower. In Tonini et al. (VI) it was also
demonstrated that, even in the case of waste composition having high organic
content, incineration and MBT scenarios may perform comparably to waste
refining scenarios (GHG-wise) provided implementation of organic waste
source-segregation. These findings can be observed in Figure 7.
Electricity production is increased in waste refining scenarios compared with
state-of-the-art incineration. Based on modeling, Tonini et al. (VI) reported a net
increase of 15-40%, depending upon the organic content. The lower end is better
representative of Danish rMSW. The increase in electricity production comes at
the expenses of the heat generation, which is decreased by 19-30% (Tonini et al.,
VI). Though electricity production is improved compared with incineration, the
impacts associated with use of energy and enzymes for the pre-treatment finally
lead to GHG benefits comparable to incineration.
P resource savings through use on land of the digestate (from bioliquid digestion)
is possible within the waste refinery scenarios (see Figure 7). These may be
optimized compared with alternatives based on organic waste source-segregation
(Tonini et al., VI). However, the bottleneck here is represented by leaching of
nitrogen (Tonini et al., III) and potential contamination of the digestate (Tonini
et al., IV) which impact on nutrient enrichment and toxicity categories. The
impact on nutrient enrichment may be limited by introducing a post-composting
phase for the digestate (Tonini et al., VI). This is in accordance with Boldrin et
al. (2011). Yet, the concentration of heavy metals and other hazardous chemicals
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could represent an impediment to use on land. Alternative solutions for the
treatment of the digestate or compost are incineration, landfilling and codigestion. The first and the second, however, would determine losses of P
(although P extraction from bottom ash may be envisioned). In this perspective,
co-digestion of the bioliquid with animal manure may be seen as a potential
solution, though the overall load of hazardous substances on soil would be
unchanged (but the concentrations would likely decrease below selected limit
values).
Table 6 highlights the environmental impacts potentially induced by waste
refining scenarios in selected environmental categories. The results are from
Tonini and Astrup (III) and Tonini et al. (VI). For the waste refinery it is
assumed that the biogas is used for CHP and the residual solid is incinerated
(also CHP); ferrous and non-ferrous metals are assumed sorted and recycled. A
brief explanation of why waste refineries may perform better is also given.
Table 6. Overview of the performance of the waste refinery scenarios compared with
incineration (INC), mechanical-biological treatment (MBT) and landfilling in bioreactor (BLF).
↓: decreased impacts; ↑: increased impacts; ↕: increased/decreased depending upon selected
LCA parameters; GW: global warming; AC: acidification; NE: nutrient enrichment; ETwc:
ecotoxicity in water, chronic; HTw: human toxicity via water; HTs: human toxicity via soil;
Pres: P resource savings; ST: stored toxicity; GWres: groundwater resource.
Category

vs. INC

vs. MBT

vs. BLF

Reason for WR being better:

GW

↕

↓

↓

Improved electricity recovery

AC

↕

↓

↓

Improved electricity recovery

NE

↑

↑

↕

N leaching through use on land

ETwc

↓

↕

↓

Improved Al and energy recovery

HTw

↑

↑

↑

Metals applied on soil through use on land

HTs

↑

↑

↑

Metals applied on soil through use on land

Pres

↓

↓

↓

P savings through use on land

ST

↕

↓

↓

Avoided storage of metals in landfill

GWres

↓

↓

↓

Avoided leaching from landfill
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Figure 7. Non-toxic LCA results from Tonini et al. (VI) (coal as marginal for electricity and
natural gas as marginal for heat). The waste refining scenarios (in bold) are compared with:
INC: incineration, CLF: conventional landfilling, BLF: landfilling in bioreactor, MBT AC:
MBT with anaerobic digestion of the OFMSW, MBT DC: MBT with direct composting of the
OFMSW, WR GE: waste refining with use of the biogas in gas engine, WR TF: waste refining
with upgrading of the biogas to transport fuel and use in vehicle. (0): no organic sourcesegregation; (II): 70% efficiency of organic source-segregation (plus 20% mass loss during
mechanical pre-treatment) for further anaerobic digestion and use on land; (III): 100% organic
source-segregation (0% pre-treatment loss) for further anaerobic digestion and use on land; GW:
global warming. AC: acidification; NE: nutrient enrichment; Pres: P resource saving. (a):
Danish waste composition (with low organic content); (b): Spanish waste composition (with
high organic content). The dashed line indicates the performance of incineration without organic
source-segregation (reference scenario for DK).
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5.3.3 Key results – focus on MBT
The results from Montejo et al. (V) indicated that the actual operational
conditions (i.e. energy recovery, final use of the biogas, material separation)
largely affect the environmental performance of MBT plants: the efficiency of
materials and energy recovery in fact varied widely across the scenarios under
assessment. Based on actual operational data, there was no clear evidence, for
example, that MBT with anaerobic digestion of the OFMSW performed better
than MBT with direct composting. On GW the current performance depended
upon two main factors: i) the final use of the (eventually produced) biogas (e.g. a
share may be used for heating the digestion reactor) and ii) the materials recovery
efficiency. It is clear that an optimal energy recovery from the OFMSW may
rank MBT with anaerobic digestion as favourable option over MBT with
composting, provided equal material recovery. However, the actual operational
modes may lead to recovery efficiencies far lower than expected (Montejo et al.,
(V)).
The largest potential for increasing GHG savings is connected to the optimization
of material and energy recovery. This could be done by: i) improving materials
and energy recovery at MBTs and ii) encouraging source-segregation strategies.
With respect to the first, Montejo et al. (V) estimated the maximal (average of all
plants investigated) potential for GHG savings from recovery/recycling to be
between -170 and -240 kg CO2-eq. t-1 ww depending on whether C sequestration
from paper in the landfill was accounted for or not. Optimization of the
biological treatment with increased methane yield and improved electricity
recovery also provided additional savings (between -8 and -93 kg CO2-eq. t-1
ww).
The results for possible RDF management strategies were dramatically
influenced by the assumptions on energy system (marginal energy) and carbon
sequestration in landfill. These affected the results on GW. Under the assumption
that natural gas was the marginal for electricity production (along with
accounting the carbon sequestered in landfill), RDF incineration resulted worse
than landfilling from a GHG perspective. This was not the case when coal was
the marginal: under this assumption RDF incineration performed better. In all the
remaining environmental categories RDF incineration resulted in better
performances compared with landfilling. If RDF-to-energy is to be implemented,
a possible solution may consist in utilizing the RDF in cement kilns to substitute
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for heavy oil fuel (‘direct’ CO2 emission factor of ca. 78 g CO2 MJ-1): this would
lead to GHG savings comparable with landfilling.
Source-segregation (ii) should also be encouraged, considered the fact that the
current recycling rate in the region is ca. 12% (i.e. rMSW constitutes ca. 88% of
the generated MSW). Tonini et al. (VI) modelled a number of scenarios (126)
based on the average Castilla y Leon waste composition from Montejo et al.
(2011). The results highlighted overall GHG savings of ca. -500/-800 kg CO2-eq.
t-1 ww when source-segregation of paper, plastic, metals, glass and organic waste
was implemented for further recycling along with treatment of the rMSW in
MBTs provided with efficient energy recovery from the produced biogas and
RDF. These GHG savings are considerably increased compared with the current
average plants performance (ca. -240 kg CO2-eq. t-1 ww). In addition, sourcesegregation of OFMSW may dramatically increase the quality of the produced
compost which is currently used as daily cover in landfills (Montejo et al., 2010)
due to its low quality (contamination with impurities).
These results highlight one important aspect: in many EU regions MSW is still
regarded as a waste to be safely disposed rather than as a carrier of resource and
energy. Often, technologies such as MBT and incineration, even if recently
commissioned, aim at a safe disposal (e.g. stabilization of the OFMSW prior to
landfilling) rather than at maximizing energy and materials recovery. In this
perspective, large potentials exist to optimize the environmental performance of
treatment technologies and source-segregation strategies, therefore changing the
perception on MSW from ‘waste to be disposed’ to ‘resource and energy carrier’.
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6. Discussion
The ambition of Denmark and Europe is to reduce fossil fuel dependency and
resource depletion. The road towards more renewable energy systems is however
challenged by numerous aspects associated with primary fuel supply and
diminished energy consumption (demand). If solid and liquid biofuels are needed
within the energy system, cultivation of energy crops is likely to be required.
This may induce additional environmental impacts and/or shift the burdens from
one environmental compartment to another. Within this thesis, LCA modeling
was used to evaluate potential benefits and drawbacks of future energy systems,
energy crops and innovative WtE technologies.
The most critical aspect in LCA of bioenergy systems is associated with the
quantification of LUC. Particularly, the estimation of iLUC impacts is associated
with high uncertainty and to date there is no agreement on a recommended
methodology. In Tonini and Astrup (I) the iLUC impacts were quantified after
Schmidt (2008) and Schmidt (2007), and estimated to about 220 t CO2-eq. ha-1.
This corresponded to ca. 120 g CO2-eq.-MJ-1 FT-biodiesel from willow and 230 g
CO2-eq.-MJ-1 RME-biodiesel. The approach used in Tonini et al. (II) was instead
based on the results for Denmark of a general equilibrium model (GTAP)
(Kloeverpris, 2008). The corresponding iLUC impact was ca. 310 ±170 t CO2-eq.
ha-1 (ca. 70-130 g CO2-eq.-MJ-1 depending upon crop and conversion pathway).
The fundamental difference between the two approaches lies on assumptions
regarding the market elasticity (i.e. how much Danish barley is replaced or, in
other words, the substitution ratio) and on the method used to identify the land
converted: Schmidt (2008) uses a 1:1 substitution ratio (market elasticity equal to
1) and suggests Canada (and particularly Canadian grassland) as marginal barley
supplier based on the predictions of FAPRI (2006). Instead, a general equilibrium
model is used in (Kloeverpris, 2008) to identify amount and location of land
converted as well as related biomes. Partial/general equilibrium models
inherently assume a market elasticity < 1 (and therefore a substitution ratio < 1).
Since the mechanisms involved in land use changes are complex, the use of
general or partial equilibrium models as supporting tools is generally a
recommended approach (Edwards et al., 2008, Edwards et al., 2010).
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Table 7. Life cycle and associated iLUC GHG emissions (g CO2-eq. MJ-1 biofuel input to
vehicles or CHP units) for different bioenergy systems considered in this thesis. For comparison
purposes, the GHG emissions of selected fossil fuel systems are also reported. [1]: Tonini and
Astrup (I); [2]: Tonini et al. (II); [3]: Fritsche (2008); [4]: Edwards et al. (2010); n.r.: not
reported. Note that values from Tonini and Astrup (I) and Tonini et al. (II) are rounded.
[1], [2]
Life cycle*

[3]
iLUC

Life cycle*

[4]
iLUC

Life cycle*

iLUC

Liquid biofuels and fossil fuels for transport: production and combustion
RME from rapeseed

290

230ε

73-168δ

34-102δ

n.r.

57-222ζ

FT-biodiesel (willow)

65-88α

120ε

36-145δ

39-117δ

n.r.

-

Ethanol from wheat

n.r.

n.r.

79-173δ

34-102δ

n.r.

16-155ζ

Diesel

85-90η (Life cycle emission)

Gasoline

87-90η (Life cycle emission)

Solid biofuels for electricity and heat generation: production and combustion
Ryegrass to CHP
Willow to CHP
Miscanthus to CHP

210
(180-250)β
140
(120-170)β
160
(140-190)β

110
(91-130)γ
85
(70-100)γ
110
(91-130)γ

Coal to electricity CP

110η (Life cycle emission)

Natural gas-heat boiler

75η (Life cycle emission)

n.r.

n.r.

n.r.

n.r.

n.r.

n.r.

n.r.

n.r.

n.r.

n.r.

n.r.

n.r.

*Total life cycle GHG emissions (including iLUC, dLUC and use of byproducts). α With and without considering
benefits from biochar. β, γ Depending on the energy conversion process (e.g. anaerobic digestion, combustion, cofiring, etc.). The lower and upper bound corresponds here to co-firing and anaerobic digestion, respectively. δ The
authors distinguish between low iLUC (25% of the non-zero risk biofuels are subject to a ‘full iLUC factor’ of 13.5 t
CO2-eq. ha-1 y-1) and high iLUC (75% of the non-zero risk biofuels are subject to the ‘full iLUC factor’). The range
of values reported is for cultivation on arable and grassland in EU. ζ overall range of iLUC results obtained from
GTAP (upper bound) and FAPRI-CARD (lower bound). η From the Ecoinvent database v2.2. ε Note that it is
calculated dividing the iLUC by the energy content of the biodiesel produced.

An overview of the iLUC GHG emissions reported by a number of studies
(including this thesis) is presented in Table 7. These, despite the significant
uncertainties and differences associated with the iLUC approaches, all highlight
iLUC as the most important contributor to the induced GHG emissions in
bioenergy systems. The values from Fritsche (2008) distinguish between low and
high iLUC. Note that, for RME, the energy yield considered in Fritsche (2008) is
higher than in Tonini and Astrup (I) (ca. 100 vs. 50 GJ ha-1). This determines
significantly lower iLUC and life cycle GHG impacts in Fritsche (2008).
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Note that GHG emissions for liquid biofuels were calculated relative to the
energy content of the biodiesel produced, while for solid biofuels the GHG
emissions were calculated relative to the energy content of the dry biomass
produced by 1 ha and input to CHP. Therefore, values of iLUC and life cycle
GHG emissions of liquid and solid biofuels in Table 7 should not be directly
compared.
Tonini and Astrup (I) assessed a number of future Danish energy scenarios based
on high shares of biomass and wind energy. The scenarios resulted from ESA
assuming a number of technical measures to reduce the final energy demand (e.g.
decommissioning of old power plants and use of fuel cells, improved insulation
of buildings, improved efficiency of transport means, reduced district heating
losses, etc.). The analysis focused on the interactions between the energy system
and other sectors of the economy/society. For example, if grass is to be used for
energy, the consequence of this would translate into some other crop to be used
for feeding and bedding if this is the current management of the grass under
assessment; the final effect may be land conversion to produce animal feed (see
section 3). The same approach may apply to the case of straw. Such effects were
considered into the assessment.
Overall, a combination of reduced energy demand and replacement of fossil fuel
with wind energy and domestically available biomass may reduce by more than
half the GHG emissions compared with current levels. However, this may shift
the burden from global warming to eutrophication effects. In addition, the main
challenge of future energy system is related to provision of diesel-like biofuels
for transport. RME-biodiesel was found to induce higher GHG emissions (ca.
290 g CO2-eq. MJ-1 fuel) than fossil diesel (ca. 89 g CO2-eq. MJ-1 fuel) along
with increased eutrophication and acidification effects. FT-biodiesel from
lignocellulosic crops may also cause GHG emissions comparable to those of
fossil diesel. In the light of these findings, energy production from waste and
residual biomasses (not involving iLUC) should be prioritized and, to the extent
needed, a share of the transport sector should still rely on fossil fuel rather than
on biofuels implying iLUC impacts.
Cultivation of perennial energy crops for combined heat and power production
should be considered carefully. Tonini et al. (II) highlighted willow and
Miscanthus co-firing as promising strategies. Ryegrass and anaerobic digestion
were the worst crop and energy-pathway, determining the highest global
warming and eutrophication impacts. If biogas is for some specific reason
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required into the energy system (e.g. for fuel cells or transportation) then codigestion with manure should be encouraged to boost manure-biogas and avoid
the current impacts associated with raw manure management (storage and use on
land). However, the results generally showed that the final GHG performance is
tremendously affected by the magnitude of the iLUC impact. This is the key
factor determining the GHG performance of bioenergy systems and further
research into the methodology for quantifying iLUC impacts appears inescapably
needed.
As opposite to the crops, waste does not induce iLUC impacts. Optimization of
energy production and material/resource recovery from waste (e.g. MSW)
becomes therefore very important. Source-segregation of recyclables (plastic,
metals, paper and cardboard, glass and eventually organic waste) may contribute
to save on GHG emissions from virgin production. However, even when
applying these measures, a large share of the generated MSW ends up in the
rMSW stream (see for example Tonini et al., VI). Optimizing energy and
material/resource recovery from this stream is therefore essential. This acquires
further relevance in the light of the EU directives on waste and landfills (The
European Parliament and The Council, 2008, CEC, 1999) aiming at maximizing
material, resource and energy recovery from waste streams and minimizing
disposal of biodegradable waste in landfill. In this perspective innovative pretreatment technologies such as waste refineries represent promising solutions.
The waste refinery process was investigated during this research by applying
different methods: waste sampling and characterization, LCA, MFA, SFA and
EFA. From a GHG perspective the performance of waste refining scenarios was
comparable to incineration and state-of-the-art MBT plants (Tonini and Astrup,
III and Tonini et al., VI). The main advantages of such technology are
represented by: 1) higher electricity production. 2) Opportunity of optimizing
nutrients recovery (particularly P) compared with other practices: for example,
source segregation may induce high nutrients losses (Bernstad, 2012), compost
from MBT is generally landfilled for its low quality (Montejo et al., 2010) and
incineration determines loss of nutrients. 3) Flexibility and storability of the
product-fuels (biogas-bioliquid and residual solid).
(1) Biogas production (potential ca. 440 Nm3 CH4 t-1 VS) and associated
electricity production is increased as an effect of the enzymatic treatment
undergone by the degradable materials. In fact, the typical methane potential for
non-treated paper materials is much lower (ca. 120-250 Nm3 CH4 t-1 VS).
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However, the increased in gross electricity production (ca. 15% for Danish
household waste, see section 5) is compensated by the emissions associated with
pre-treatment (energy and enzymes consumption) and the reduction in heat
production, finally leading to overall GHG savings comparable to incineration.
(2) Although recovery of nutrients (particularly P) can be optimized through
waste refining, application on land of the digestate may be limited by the content
of selected metals (e.g. Cd, Ni and, to a minor extent, Hg and As) and phthalates.
Tonini et al. (IV) highlighted that the concentration of selected hazardous
chemicals may be close or exceed the Danish limits for digestate use on land
(Danish Ministry of Food, Agriculture and Fisheries, 2006). This also induces
significant impacts on the LCA toxic categories compared with incineration and
other management practices such as landfilling and MBT (although the toxic
impacts from landfills can be seen in other environmental categories, e.g. ‘stored
toxicity’ in the landfill body or long term emissions, see for example Manfredi et
al., 2009). A possible solution to reduce the concentration of the contaminants is
represented by co-digestion with manure though the overall load on soil would
be unchanged (i.e. no changes on the LCA impacts). Alternative solutions may
be incineration and landfilling, though these would likely cause losses of
nutrients.
(3) Within this thesis, the potential benefits associated with flexibility and
storability of the product-fuels from the waste refinery were not addressed. The
level of flexibility of the energy conversion technologies (ramp-up ability,
storability of the fuel, ability to switch between outputs) may be significant when
energy systems with high penetration of fluctuating energy sources (e.g. wind
energy) are considered. This requires further investigations.

53

54

7. Conclusion and recommendations
This thesis assessed the environmental performance of bioenergy and waste-toenergy system using life cycle assessment modeling. The main findings of the
research can be summarised as follows:
(1) The amount of energy that can be produced by the available waste and
biomass resources is limited compared with society energy needs. Only a
combination of reduced energy demand, electrification of the transport sector and
replacement of fossil fuels with biomass and other renewables (primarily wind
energy) has the potential to significantly reduce GHG emissions associated with
the energy system.
(2) The production of liquid biofuels for the transport sector represents a
bottleneck. Significant GHG and eutrophication potential impacts are associated
with the production of liquid biofuels from energy crops such as rapeseed or
willow cultivated at the expenses of food crops. When indirect land use changes
impacts are considered, the associated GHG emissions may be comparable or
even exceed the current GHG emissions from gasoline and diesel. In the case of
combined heat and power production from perennial energy crops the overall life
cycle GHG emissions may be lower than those for liquid biofuels, due to
improved energy conversion efficiency. The iLUC impacts are here crucial
determining the beneficial or detrimental GHG performance of the bioenergy
systems under assessment. In addition, potential eutrophication impacts may be a
result of selected energy conversion pathways involving the return of nutrients to
the land (i.e. digestate from anaerobic digestion).
(3) Existing state-of-the-art and emerging waste-to-energy technologies, such as
incineration, MBT and waste refining (with associated downstream energy
recovery processes) may achieve comparable GHG emission savings. Compared
with incineration, waste refining and MBT improve materials recovery from
waste streams. P recovery is also possible in waste refineries, although the
quality of the digestate/compost obtained from anaerobic digestion of the
produced bioliquid may not comply with selected land application limits. For the
case of MBT, use on land of the digestate/compost is typically not allowed as the
presence of contaminants (metals) is high. This determines loss of P and
nutrients. From a mere energy perspective, waste refineries allow for an
increased electricity production compared with incineration and MBT. Related
GHG savings are however balanced by additional GHG emissions associated
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with enzymes use and decreased heat production. Moreover, digestate use on
land results in additional N-eutrophication effects due to NO3- leaching. This,
however, could be significantly reduced if a composting phase is performed prior
to use on land. From an energy-system perspective, the possible advantage of
waste refining and MBT is the production of storable product-fuels which may
increase the flexibility of the technology
Based on the conclusion, the following recommendations are provided:
(1) Cultivation and production of liquid (transport) biofuels from energy crops
(even perennials) should be limited when inducing indirect land use changes.
Production of solid biofuels from selected perennials (e.g. willow and
Miscanthus) may be environmentally more sustainable. However, these are
dramatically dependent upon methodology and assumptions concerning iLUC
and the overall GHG benefits may be finally low. With respect to this, further
research is needed.
(2) For municipal solid waste, state of the art incineration, MBT and waste
refining (with associated energy and materials recovery processes) may all
provide significant and comparable GHG emission savings. The waste
composition (e.g. amount of organic and paper) and properties (e.g. LHV, water
content) may affect the final ranking. When assessing the environmental
performance of waste refining it is recommendable to have a detailed knowledge
of the waste composition as this determines the energy outputs and, therefore, the
LCA results. Overall, waste refineries maximize electricity production but induce
lower heat production and higher pre-treatment costs.
(3) If P recovery is the priority, waste refining is the most suitable technology.
However, associated use on land may increase N-eutrophication and
contamination of soil compared with incineration. To this respect, a postcomposting phase for the digestate is recommended to significantly reduce NO3leaching. Efficient source-segregation of the organic waste can potentially avoid
contamination with metals and recover phosphorous. Recent studies however,
show concerns about this strategy as they found that the segregation process may
lead to significant mass losses as well as to contamination with impurities.
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8. Perspectives
The findings of this thesis provide the basis for further investigations on the
following topics:
Flexibility of energy conversion technologies
Waste incinerators operate as base load technologies in the energy system as the
possibility of storing the waste over long periods is limited. This may represent
an important limitation in the perspective of future energy systems with increased
penetration of fluctuating energy sources such as wind energy. In this context,
flexible energy technologies able to: i) switch between output-products
(regulation ability), ii) store energy carriers (storability) and iii) quickly regulate
the production (ramp up ability) may be preferred. In current LCA studies
(including this thesis) the potential environmental benefits associated with
‘increased flexibility’ are not addressed.
Waste characterization
Waste composition (including chemical composition, water content, LHV, etc.)
affects the LCA results for waste refineries as the quality and quantity of the
bioliquid produced is a function of the content of organic, paper, cardboard and
of the presence of metals in the waste input. A detailed knowledge of the waste
composition provides robustness to the LCA results. Waste and chemical
composition data used in LCA need constant update and revision through
experimental investigations (i.e. sampling and analyses). These should focus on
waste material fractions composition as well as on water content of the waste,
calorific value, content of fossil carbon and metals. Notice that the metal content
also affects the LCA toxic impacts associated with incineration and co-firing
plants.
Digestate use on land
Further investigations are needed to evaluate the quality and effects of use on
land of the digestate produced from bioliquid digestion. These should focus on
the content of metals and other hazardous substances (e.g. DEHP) and on the
leaching of nitrogen from different products such as raw digestate, dewatered
digestate and post-composted digestate. Specific environmental assessments
should be performed to evaluate different techniques and strategies to handle the
digestate in the perspective of recovering the nutrients.
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Optimal use of available biomass resources
In the perspective of future energy systems with increased penetration of wind
energy, optimal energy conversion pathways for each available biomass type
should be investigated. Focus should be on optimizing energy production and
flexibility.
Indirect land use changes
The methodology for the quantification of iLUC should be improved and a
broadly accepted ‘recipe’ should be drafted. Based on the results of this research,
the iLUC impacts are the key factor determining the final GHG performance of
bioenergy systems based on energy crops cultivation.
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