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Abstract

The non-recyclable fraction of municipal solid waste (MSW refuse) represents over half of the
total MSW production in Europe, with an energetic potential of 1,250 PJ/year, a similar quantity
to the current potential for energy production from agricultural residues. Currently, there are no
alternative uses for MSW refuse other than landfilling or incineration. Thus, it represents an
important untapped resource for biofuel production in Europe. Standard attributional LCAs have
not been able to capture some of the bioenergy interactions with the climate system and neither
to properly assess the climate change mitigation potential of bioenergy technologies. This study
aims to fill this gap and properly assess the impact of the production of biofuels from MSW refuse
on climate change by applying several methodological improvements in a time-dependent
assessment, i.e., an explicit consideration of biogenic carbon flows using a dynamic LCA and an
absolute formulation of the cumulative and instantaneous climate metrics. Two diverging
examples of current MSW management systems are selected as references against which to
assess the potential climate benefit of biofuel production: with or without dominant landfill disposal
and with high or low GHG emissions from the power generation sector. The results show that in
countries with current negligible landfilling, the production of biofuels would lead to a clear climate
benefit. For landfill-dominant countries, the climate benefit would only be temporarily achieved in
the medium term as the impact of landfills on climate decreases in the long term. However,

considering a progressive banning of landfilling promoted by other policies for environmental



protection and resource efficiency, the results would become positive for both countries with

climate change mitigation guaranteed by using MSW refuse for biofuel production.
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1. Introduction

The impact of anthropogenic greenhouse gases (GHG) emissions on climate change is a subject
of growing public concern. From 1972 to the present, numerous Climate Change Summits have
joined scientists from nations around the world to analyse the increasing concentration of CO; in
the atmosphere and its consequences on the climate. The Kyoto Protocol was the first
international agreement aiming at curbing GHG emissions, but its implementation has been only
partially successful. The first-ever universal, legally binding global climate post-Kyoto deal has
been adopted in Paris in December 2015. This agreement relies on pledges from signatory
countries to drastically reduce GHG emissions from transport and industry sectors by 2030 in
order to maintain the temperature anomaly below 2 °C, or even 1.5 °C, compared to the pre-

industrial period?.

The International Energy Agency (IEA) stated that the world cannot emit more than around 1000
Gt of CO- from 2011 onwards in order to achieve a 2 °C target?2. According to the IEA BLUE map
scenario, 3,000 Mtoe of biomass and waste (8% of the energy mix for 2050) will be demanded as
primary energy to achieve this objective*. However, the IEA claims that, along with bioenergy
production, it will also be crucial to incorporate negative-carbon technologies, such as biogenic
carbon capture and storage (Bio-CCS)*. Bio-CCS is said to have a potential for carbon abatement
ranging from 3 to 10 Gt of CO; equivalent per year according to Fifth Assessment Report of the
International Panel of Climate Change (IPPC AR5)>®.

In Europe, the Renewable Energy Directive (RED) incentivises the production of bioenergy from
different types of biomass sources allowing the EU Member States to support biofuels production,
e.g. tax exemptions or quotas’. However, the use of food crops for biofuel production has created
a controversy since GHG emissions linked to indirect land-use change have been shown to be
significant, in many cases actually making biofuels more GHG intensive than fossil fuels®®.
Consequently, the recent RED amendment imposes a cap on the use of food crops and clearly

promotes the use of waste and residue feedstocks!®. Nonetheless, potential environmental risks



associated to biofuels production from wastes and residues have been raised in the literature!

18 Regarding GHG emissions, literature is still scarce!**°,

Municipal Solid Waste (MSW) is one of the waste materials considered as a possible source for
biofuels production in both the RED and the literature. The use of MSW in production processes
is in agreement with the principles of the Circular Economy, where fossil fuel extraction and waste
generation are their key drivers. MSW also compares favourably with other waste and residue
feedstocks since it is available throughout the year, it is concentrated (supply locations), and it is
costless or even a direct source of revenues due to the negative cost paid for its disposal, e.g.
landfill gate fee'®%. MSW is a heterogeneous mixture of different waste materials, such as food
scraps, plastics, paper and cardboard, wood, textiles and inert materials. The composition of
MSW depends on the waste management system, feeding habits and economic development of
the region considered!®. In accordance with the European waste hierarchy, only the non-
recyclable fraction of MSW, called MSW refuse, can be directly used for energy recovery,
including electricity and fuel production; while the use of other waste fractions must be justified
by a life-cycle thinking?t. The MSW refuse can be identified in Europe by the codes shown in
Table S1 of the Supplementary Material (SM)?2,

In 2013, 242 million tons of MSW were generated in Europe and the 57% of them, i.e., the MSW
refuse, were incinerated or landfilled?®. Considering a lower heating value between 8 and 12
MJ/kg?+28, the MSW refuse generated in Europe would be equivalent to 1,250 PJ/year. Therefore,
MSW refuse is an energy source similar to agricultural residues in Europe?’. However, as it has
been proved for first generation biofuels (indirect land-use change)’, it is mandatory to avoid a
shifting of environmental burdens if a change in MSW refuse management is going to be

promoted.

Currently, MSW refuse is either disposed in landfills or incinerated, in both cases with partial
energy recovery. However, the situation is not even throughout the continent. In Northern and
Central Europe, MSW refuse is mainly incinerated with energy recovery in waste-to-energy plants
and landfill disposal is limited or even banned whereas in Southern and Eastern Europe, the MSW
refuse is mainly landfilled with partial biogas recovery and used for electricity production, and only

to a lesser extent incinerated (Figure 1),

Figure 1. Landfilling and incineration ratios of MSW refuse in Europe (elaborated from

Eurostat®).



In a thermochemical biorefinery producing biofuels from MSW refuse, the Refuse Derived Fuel
(RDF) can be produced and processed with the same processing technologies used for the
production of biofuels from lignocellulosic biomass: pyrolysis and gasification. Considering RDF,
gasification offers a higher adaptability and versatility (it allows the co-production of fuels and
electricity)!?1328-2°. The main drawback is the technical limitations of syngas cleaning (e.g.
removal of tars, heavy metals and inorganic compounds)®**3!, Another option is to consider a
biochemical biorefinery for the production of biofuels from MSW refuse. The heterogeneity of
MSW refuse and the high concentration of heavy metals make their biochemical conversion
difficult®>3® and therefore, this option is not considered as feasible for biofuel production. However,

biochemical conversion is usually associated to the organic sorted fraction of MSW?3334,

2. Goal and scope of the study

Despite the support to MSW refuse for the production of biofuels, to the authors’ knowledge, a
comprehensive study analysing the actual climate benefit from the shift of MSW refuse
management system in different European regions is still missing. This study aims to cover this
gap by analysing the climate benefit in the production of biofuels from MSW refuse in Europe

looking for possible climate burdens.

Firstly, the emissions associated to the different MSW refuse management alternatives
(landfilling, incineration and production of biofuels) are assessed separately. Then, we calculate
the GHG balance, saving and differential impact of biofuels production as indicated in our previous
studies based on European regulation (static assessment). We analyse two EU member states
(Spain and Sweden), considering two scenarios: one in which the current MSW management has
been extended, unchanged, for the next 100 years, and one where it varies to follow EU Directives
(phasing landfill disposal out) together with an evolution of emissions from the electricity mix and

transportation fuels.

Because the release of GHG emissions in landfills is dynamic, time-dependent parameters are
necessary to provide a complete impact assessment. We assess two combinations: the climate
change mitigation potential of different MSW refuse management options and the climate change

mitigation achievable in the two member states.



Finally, we test the sensitivity to the main parameters in the study, such as biofuel production
efficiency, biogas collection efficiency in the landfill, fraction of carbon captured by Bio-CCS and

biogenic fraction in the MSW refuse.

3. Materials and methods

The recent debate concerning the proper assessment of the climate impact of bioenergy has
highlighted that attributional Life Cycle Assessment (LCA) studies can incur significant shortfalls®.
The latest LCA literature on bioenergy systems has seen the implementation of methodological

improvements to provide a more complete impact assessment®¢, which are used in this study.

Firstly, ignoring biogenic-CO: flows and considering biomass as inherently and instantaneously
carbon neutral lead to erroneous results®-%, Consequently, two different approaches are followed
for the modelling of biogenic GHG emissions. If the mitigation potential of alternative management
options were aimed, starting feedstock and re-absorption would be the same for both the
reference and the bioenergy system (cancelling out). In this case, all CO, emissions are counted,
irrespective of their biogenic or fossil origin. If the climate change mitigation for different countries
is aimed, the feedstock changes. In this second case, we have to exclude biogenic-CO, emissions
from the model. This is equivalent to implicitly assume that either all the biomass in the MSW has
an annual growth cycle or it has spent sufficient time in the products pool so that the original
biomass plant has fully regrown. Figure 2 gives a summary of all carbon fluxes in the production

of biofuels and current MSW refuse management.

Secondly, many studies and current European methodology calculate the climate mitigation
potential of biofuels and bioenergy by comparing the supply chain impact of biofuels production
with the supply chain impact of a fossil comparator. This is not appropriate since, besides the
fossil comparator, the reference system should also include the current uses of the feedstock (in

this case MSW refuse).

Finally, since biomass decomposition in the landfill is a dynamic process®, a dynamic LCA
assessment is also required. This is similar to what has been done for forest residues
degradation®/4%42), The standard, normalised characterisation factors applied in LCA analysis,
Global Warming Potential (GWP 100), are not appropriate to capture these transient
phenomena?®. Therefore, firstly we apply the absolute formulation of the climate metric, Absolute

Global Warming Potential (AGWP) to capture the dynamic trends. Secondly, we use two different



types of metric: i) the AGWP is a cumulative metric that relates to certain climate change impacts
such as sea level rise; ii) the Absolute Global surface Temperature change Potential (AGTP),
which is an instantaneous metric and more appropriate to represent climate impacts associated

to the temperature anomaly, such as extreme weather events.

In this study, only Well Mixed GHG (WMGHG) including CO,, CH4 and N2O are considered.
However, Near Term Climate Forcers (NTCF) such as aerosols and ozone precursors may have
an important influence on climate, although this often results in a net cooling. Since most of the
NTCFs are also local, air pollutants and future strategies will likely limit their emissions.
Consequently, by excluding their impact we are applying a conservative assumption for the
production of biofuels from MSW refuse. Construction and dismantling of the thermochemical
biorefinery and the ashes management from biofuel production and incineration are not included
in the assessment and they are assumed to contribute equally for all regions in Europe. The

modeling and calculation of the results is done using spreadsheets.

Figure 2. Carbon fluxes associated to the production of biofuels from MSW refuse (included in
the bioenergy, BIO, system), the landfill disposal and the incineration with energy recovery

(included in business as usual, BAU, system).

3.1. Definition of the bioenergy (BIO) and business as usual (BAU) systems

Two systems are defined in this study: the bioenergy system (BIO) and the business as usual
system (BAU). Both systems are based on the same amount of MSW refuse and an equal amount
of all products is generated (Figure 3). The business as usual system (BAU) includes the current
management of MSW refuse through landfilling and/or incineration and the production of
transportation fuels from fossil fuels. Both landfill and incineration options include energy recovery
(via biogas combustion in an engine and a boiler respectively). However, only incineration
provides heat for district heating if necessary (common practice in Northern Europe). In the
bioenergy system, the MSW refuse is used to produce biofuels and electricity, and district heating
if necessary (using waste heat from the biorefinery). Since there is a deficit of electricity compared

to the amount produced in the BAU system, this has to be balanced from the electricity grid.



In the modelling of the BAU system, a fraction of the generated biogas leaves out contributing to
climate change and the rest is used as fuel to generate electricity or burned in a flare. The
guidelines for the assessment of the timing of GHG emissions have been provided by the IPCC*.
For incineration, however, the emissions are evenly produced, as well as in the thermochemical

biorefinery. Further details are given in the SM.

3.2. Geographical scope of the assessment

In order to help decision-makers to analyse the environmental risks and benefits of biofuels
production from MSW refuse, two extreme examples of current MSW management systems in
Europe are assessed: Spain, where landfilling is dominant and incineration is below European
average levels; and Sweden, where landfilling is negligible and incineration is dominant (Figure

4). In both Spanish and Swedish cases, the incorporation of Bio-CCS is assessed.

Table 1 shows the typical composition of the MSW refuse in Spain and Sweden. It can be seen
that the content of biogenic carbon depends on the waste compaosition and the collection system,
having Spanish MSW refuse a higher biogenic fraction than Sweden. Therefore, the biogenic

content is, together with MSW management systems, an important parameter in the assessment.

Figure 3. Definition of the bioenergy and business as usual systems in the study. The same mix
of fuels (z1=z,), electricity (yi1+y2=ys+ys) and district heating (X1=x2) are produced in both

systems. The xi, yi and z; values represents the shares in LHV basis.

Figure 4. Typical management of unsorted waste in Europe along with the proposed production
of biofuels in this study. The given values (mass basis “as received”) represent the Spanish and

Swedish management systems respectively.

Table 1. Composition of MSW refuse in Spain and Sweden in % mass basis. The values in

brackets are expressed in % carbon basis***4.



MSW refuse o _ .
: : iogenic carbon
Total Biogenic e 9
carbon fraction
Spain Sweden Spain Sweden
Organic
48 (100) 49 31 20 15
matter
Paper-
44 (99) 19 23 6 10
cardboard
Plastics 60 (0) 12 14 0 -
Textiles 55 (50) 4 12 2 3
Wood 50 (100) 1 - 1
Hygiene
Y9 50 (36) - 12 - 2
products
Inert waste 3 (0) 16 8 0 -
Total 29 (76) 31 (66)

Table 2. Energy and material balance of the thermochemical biorefinery producing biofuels from

RDF.
Input? Process Output
RDF (MW4) | 100 Net efficiency 35% P Ethanol 23.7
(Mt/yr)
RDF (t/h) 22.5 Electricity 8.2 DME (Mt/yr) | 6.6
consumption in RDF
production (GWh/yr)
LHV 16 105.5 Net electricity | 34.8
(MJ/kg) (GWhlyr)




TOTAL 2843 Waste heat available TOTAL 995
(TIlyr) for district heating (TJlyr)
(GWhlyr)

Incorporation of Bio-CCS

Process Output

Electricity consumption in the Bio-CCS | 4.6
process (GWh/yr)

Carbon captured in the Bio-CCS process | 1.5 Net electricity (GWh/yr) | 30.2
(t carbon/h)
Carbon captured relative to emitted in | 25% TOTAL (TJ/yr) 978

the thermochemical biorefinery

2 The efficiency in the conversion of MSW refuse in RDF is assumed to be 70%%2,

® The net efficiency increases up to 40% if district heating is produced.

3.3. Modelling of the thermochemical biorefinery

For the life cycle inventory of the biorefinery, we rely on a previous work where we modelled a
thermochemical biorefinery producing dimethyl ether (DME) and ethanol from lignocellulosic
biomass*. In the same work, we explored the potential of CO; capture and storage (i.e., Bio-
CCS). For the production of biofuels, the MSW refuse has to be pre-treated and converted into a
solid fuel, called either refuse derived fuel (RDF) or solid recovered fuels (SRF), which is then
further processed in a thermochemical biorefinery. In this study, the term RDF is preferred to SRF,
since the latter applies to a European Standard for the use of the fuel in conventional energy
applications, e.g. co-firing in power plants*’. The pre-treatment of MSW refuse consists of a
shredder to reduce the particle size, a trommel to separate small particles, and a magnetic
separator and an eddy current separator for ferrous and non-ferrous metals recovery. Finally, the
RDF is pelletised to increase the density in order to allow a better handling*®4°. RDF from MSW
refuse usually has a heating value of about 16 MJ/kg*?1%25, Table 2 shows the energy and material
balance of the biorefinery. Electricity surplus is available as a co-product in the process. The

difference between the thermochemical biorefinery with and without Bio-CCS incorporation is in



the total net electricity production since some of the produced electricity is consumed in the

conditioning of CO- capture®®®L,

3.4. Static LCA assessment: GHG balance and differential GHG impact
3.4.1. GHG balance and saving

The GHG balance (Eviotuer) is defined as an annual average of all anthropogenic cradle-to-grave
GHG emissions in the production of biofuels using MSW refuse. The biogenic carbon stored in
landfill and from Bio-CCS incorporation is modelled as a negative contribution. The methodology
for the calculation has been previously discussed by the authors using lignocellulosic biomass®?,
using the standard LCA characterization method, GWP(100), and characterisation factors defined
by IPCC ARS (see part 2 in SM). However, when using MSW refuse, it needs to be extended to
include the fossil fraction in MSW refuse**#* (see part 3.1 in SM). The saving of GHG in the
production of biofuel (compared to emissions from transportation fuels) is calculated using the
guidelines from RED (see part 3.1 in SM).

3.4.2. Differential GHG impact

The differential GHG impact (Eqg. 1) compares, in terms of GHG emissions reduction, the use of
MSW refuse for the production of biofuels with the reference system (BAU)®3. It differs from the
GHG balance in the consideration of the displaced and/or avoided emissions due to both material
and energy substitution (i.e., it includes the burdens). The GHG impact of the BIO (Egio) and BAU
(Esau) systems are calculated using Eq. 2 and 3 respectively. Moreover, the standard LCA
characterisation method, GWP(100), and characterisation factors defined by IPCC AR5 (see part
3.2. and 3.3. in SM) are also used. Avoided emissions are represented by a fossil reference value
(EF) according to the mix of products from the biorefinery. The EF value for fossil transportation
fuels is 90.3 g CO2/MJ according to the latest recommendation from the Joint Research Centre
(JRC)*. For electricity, the fossil reference is the average GHG emissions of the grid mix of the
assessed country 39545 (Table 3). The EF value for electricity is used in the bioenergy system to
calculate the fossil emissions from the electricity grid to balance the electricity production in the
BAU system (ys). The EF value for transportation fuels allows calculating the GHG emissions from

the production of fossil transportation fuels (z1).

Differential GHG impact=Eg|o-Egau (Eq. 1)
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Table 3. Fossil references for fuel and electricity production and shares of electricity and biofuel
production (LHV basis) in BIO and BAU systems from Figure 3.

Spain | Sweden

EFwe'®(g CO2 eq./MJ) 90.3

EFeciectrioiy® (g CO2 €q./MJ) | 110.7 | 175
EFhea®® (g CO2 eq./MJ) - -68
X1 0 52%
X2 0 9%
X3 0 43%
Y1 10% 0%
Y2 37% 47%
Y3 38% 15%
Va 9% 5%
Z1 53% 28%

Esio=Ebiotuer (Z2+Ya+X2) +EFelectricity* Y3+ EFneat X3 (Eq.2)

Egau=EFtue'z1 +(Ejandsin Mandsin*Eincineration ‘Tincineration)” (X1+Y4+Y5)

(Eq.3)

Elanafin represents the GHG emissions from the landfill, which depend on the behaviour of landfilled
materials. Figure S1 in the SM shows the parameters assumed in this study. Although IPCC and
EPA establish default values, some parameters are country-specific and even vary between
regions (see part 3.2 in SM)*>®°. Ejncineraion represents the GHG emissions from MSW refuse

incineration (see part 3.3 in SM). The results in terms of grams of CO. equivalent per ton of MSW
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refuse are corrected by the system efficiency (Eq. 4) to use the same functional unit in both
systems: 1 MJ of total products from the biorefinery. The purpose of this correction factor is to
include the impact of the different conversion efficiencies in the BAU system compared with the

BIO system.
g CO, eq . t MSW refuselyear (Eq 4)
i~ ] i .
t MSW refuse (MJoutput/year) <7ﬂ biorelﬁnery)

where i is landfill or incineration

3.5. Dynamic assessment: CMI and DCI

To calculate the time-dependent climate mitigation potential, each individual WMGHG has been
modelled in BIO and BAU systems. The calculation is based on two climate metrics: AGWP and
AGTP. IPCC methodology is used and parameters for each individual WMGHG are taken from
IPCC ARS.

3.5.1. CMI

The climate mitigation index (CMI) assesses the mitigation potential of producing biofuels from
MSW refuse instead of following current MSW management systems. The CMI is dimensionless.
For each region assessed (Spain or Sweden), the feedstock is identical independently of how the
MSW refuse is disposed of. Therefore, since the re-absorption factor is equal in both systems, all
GHG emissions (CO: included) are counted from the MSW refuse for both biogenic and fossil
origin. The CMI is calculated according to Eq. 5**%4. The values of AGWP for BIO and BAU
systems are calculated from the annual emissions of each WMGHG as explained elsewhere!40:41
(see part 4 in SM).

Regarding the values of CMI, it is possible to compare the behaviour of the BIO system with the
current MSW management, and electricity and transportation fuels (i.e., the BAU system) for a
specific region (Scheme 1). Since the CMI is based on the AGWP values, this comparison gives
the cumulative climate mitigation of producing biofuels. Therefore, if the CMI reaches a positive
value at a certain time, it means that at this time there is no accumulated climate benefit, i.e., the

BIO system starts to be worse than the BAU system. For negative CMI values, there is an

12



accumulated climate benefit, until the CMI reaches -1 when then the BIO system has no emissions
of WMGHG.

AGWPg|0-AGWPgAU)
AGWPgAy (Eq 5)

CMI=!

CMI>0 — AGWPg,o>AGWPg,y— Climate worsening
CMI=0 — AGWPg,oc=AGWPg,y— Climate neutral
-1<CMI<0 — AGWPg,o<AGWPgpy— Climate mitigation
CMI=-1 - AGWPg,o=0— BIO is climate neutral

(Scheme 1)

3.5.2. DCI

The differential climate impact (DCI) measures the climate benefit in the production of biofuels
from MSW refuse in order to compare the results of regions with different waste management
systems. The units of DCI are K-kg MSW refuse™. In different regions, feedstock composition
differs and therefore the biogenic emissions cannot be modelled as for the CMI%®. As mentioned
above, in this case it is only possible to account for fossil carbon and biogenic non-CO, emissions.
In the same way, the biogenic carbon stored in landfill and from Bio-CCS incorporation are
modelled as negative contributions. The DCI is based on the AGTP metric as the surface
temperature response to the replacement of BAU by BIO (Eg. 6). The values of AGTP for BIO
and BAU systems are calculated from the annual emissions of each WMGHG as explained

elsewhere'84041 (see part 4 in SM).

Regarding the values of the DCI, a direct comparison of two different regions can be made. Since
the DCI is based on AGTP values, the comparison gives the climate benefit at a specific time; an
instantaneous comparison that is not influenced by the accumulated effect of previous WMGHG
emissions. Therefore, if the DCI of one region is lower than in another region, it means that there

is a larger climate benefit in the production of biofuels in this region at a specific time.
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Differential climate impact=AGTPg;o - AGTPgay  (EQ. 6)

3.6. Scenarios modelled

Two scenarios for current MSW refuse management, transportation fuels and power sector are
considered (i.e., BAU system). In both scenarios, the production of biofuels in the BIO system is
considered to be continuous; that is 1 MJ of products (biofuels and electricity) is produced every

year.
For the two BAU systems, we consider two hypothetical future evolutions:

e Scenario 1. The production of biofuels is continuous. In this scenario, we assume that the
BAU system, i.e., MSW management system and energy mix (transportation fuels and
electricity) do not change for the whole period. This scenario applies for both the static and

dynamic assessments. For further details, see part 3 in SM.

e Scenario 2. It considers an evolution of the BAU system according to the legal targets and
recommendations set by the European Commission. This scenario applies only for the time-
dependent assessment since it involves an evolution of the BAU system. This evolution brings
a landfill-banned BAU system and would also be closer to the future evolution of MSW
management in Europe?+®°. Considering the selected regions, the targets set in the landfill
and the waste framework Directives have been already achieved in Sweden but not in
Spain?'®l. Therefore, Spain should reduce the amount of biodegradable municipal waste in
MSW refuse and its landfilling rate®'. The Spanish National Framework Plan for Waste
Management 2015-2020 establishes the baselines for the future MSW management in an
attempt to meet the European targets®?. We assume a delay of 5 years in fulfilling these
requirements (Figure 5 and part 5 in SM). Therefore, the targets set in the national plan are
used to define the evolution of the MSW management system in Spain for the first 5 years,
e.g. 50% of recycling, 35% of landfilling and 15% of energy recovery. From year 2025 to 2120,
we propose 1% of landfilling, 65% of recycling and 34% of energy recovery. As Sweden is
closer to the European targets than Spain, we consider an objective of 1% of landfilling, 65%
of recycling and 34% of energy recovery in the year 2120. In both countries, the increase of
recycling rates is expected with the introduction of new technologies improving efficiency and
sorting capacity. Therefore, we assumed the same MSW management system for both

countries in the long term.
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Although only a time-dependent assessment can include the impact of scenario 2, it is necessary
to adapt the data used in a conventional stationary assessment to get the annual emissions of
each WMGHG. In Figure 6, it can be seen that landfilling emissions decrease progressively due
to the increase of incineration and recycling rates. Because of this, incineration and biofuel
production emissions rise in Spain, whereas they keep practically stable in Sweden. In relation to
the energy mix, in Sweden the average CO; emissions per MWh of electricity has been practically
constant in the last decades (0.063 t fossil CO/MWhe)%*. This value is much lower than the
emissions in Spain (0.398 t fossil CO2/MWhe)* because of the larger share of nuclear and
renewable energy in Sweden. Therefore, we assumed Sweden would keep constant emissions
and Spain would gradually reduce its emissions until both countries reach the same level in 2120.

Likewise, GHG emissions from district heating in Sweden would also keep constant.

4. Results
4.1. Static assessment

4.1.1. GHG balance and saving

Table 4 shows the results of GHG balance (Eviotue) @and saving achieved according to the current
European regulation. The individual contribution of each parameter to the results is shown in
Table S13 and Figure S3 in SM. The GHG balance is lower for Spain due to the lower carbon
content and the higher biogenic content in MSW refuse, achieving a saving of GHG emissions
compared with the fossil reference. If Bio-CCS was incorporated, the saving would be above the
target for biofuels in 2018 (60%)°. For Sweden, there would not be any saving even if Bio-CCS

was incorporated.

Figure 5. Forecast for the Spanish and Swedish MSW management systems in scenario 2.

Data are expressed in terms of the main WMGHG released.

Table 4. Results of the GHG balance and saving in the production of biofuels, calculated

according to EU regulation.

Parameters Without Bio-CCS | With Bio-CCS
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Spain | Sweden | Spain | Sweden

Ebiotuel (9 CO2 €g./MJ) | 69 110 28 71

Saving (%) 4 -257 61 -130

Figure 6. Evolution of emissions from the BAU system in scenario 2. For clarity, the yearly
emissions of each WMGHG are combined and expressed in g CO; eq./MJ. For a detailed
evolution of each WMGHG, see Tables S11 and S12 in SM.

Figure 7. Results of the differential GHG impact in the production of biofuel from MSW refuse

(scenario 1).

4.1.2. Differential GHG impact

Figure 7 shows the results for the differential GHG impact, which includes the comparison with
the BAU system. It can be seen that the GHG impact of the bioenergy system is higher in Spain
than in Sweden since the lower emissions in the production of the biofuel in Spain (where there
is a higher biogenic fraction in the MSW refuse) cannot balance the lower emission factor for the
Swedish electricity grid and the negative emission factor for the Swedish heat mix (see Table 3).
The GHG impact of the BAU system is also higher for Spain because of the landfill emissions
(twice than those from incineration). The differential GHG impact is negative for both countries
(i.e., a positive climate impact) but higher in the case of Sweden (-161 g CO2 eq./MJ) than in
Spain (-76 g COz eq./MJ) since district heating producing results in a clear advantage from the
point of view of GHG reduction. In both cases, Bio-CCS incorporation involves a similar reduction
(around 40 g CO; eqg./MJ) of the climate impact.

4.2. Time-dependent assessment: CMI
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4.2.1. Scenario 1

Figure 8 shows the CMI values for scenario 1. In the case of Spain, there is a sharp reduction of
the index from positive to negative and subsequent stabilisation. There is no mitigation until 5
years after the beginning of biofuels production, when up to 45% mitigation is achieved in 2040.
Since the transient emissions from the landfill are concentrated around 20 years after the
landfilling of the MSW refuse (landfill memory, see part 3 in SM), this behaviour was already
expected. The mitigation is then reduced until 2120, when the CMI would be slightly positive (4%
worse than the BAU system). Therefore, there is no long-term climate benefit in the production of
biofuels from MSW refuse in Spain. Considering Sweden, the climate change mitigation is
obtained for the whole period considered, where an almost constantly mitigation of 41% is
achieved. The mitigation for Sweden is higher than the Spanish one in the first 12 years and after
year 2050. Therefore, the production of biofuels would only achieve a larger climate mitigation

compared with the BAU system in Spain in the medium term.

Comparing these results with the static assessment, it is clear that these results could not have
been predicted from the GHG saving or differential impact. For instance, the differential GHG
impact gave a higher climate benefit for Sweden. The static assessment gives an underestimation
of the climate benefit in the production of biofuels in a landfill-dominant region like Spain. The
results of incorporating Bio-CCS are also different from the stationary assessment. The effect of

Bio-CCS incorporation is slightly lower in the time-dependent assessment.

Figure 8. Climate mitigation index for Spain (a) and Sweden (b) with and without Bio-CCS
incorporation in scenario 1 where y-axis is CMI, x-axis is year. For clarity, the year 0 is not

represented.

Figure 9. Climate mitigation index in Spain (a) and Sweden (b) with and without Bio-CCS
incorporation for scenario 2 where y-axis is CMI, x-axis is year. For clarity, the year 0 is not

represented.

4.2.2. Scenario 2
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Figure 9 shows the CMI values for scenario 2. For Sweden, the differences between scenario 1
and 2 are minimal. This was expected since Sweden is already close to achieve the proposed
targets for MSW management and electricity production, so only the evolution in the emissions
from fossil transportation fuels is affecting the results (with a minor impact). However, for Spain,
an important difference can be seen in the trend from the beginning because of this evolution of
the BAU system. Compared with scenario 1, Spain faces a landfill banning that has a larger impact
on the results. Since the landfilling rate is drastically reduced at an early stage, the sharp decrease
of the index values is less than in scenario 1 (over half). However, the climate mitigation only
occurs after 5 years as in scenario 1. The mitigation reaches a maximum of 51% in 2040, slightly
above scenario 1. Later, the impact of higher emissions from incineration, which increases its
share in Spanish MSW management, balances the mitigation reduction and in 2090, the
mitigation starts to increase again. In 2010, 40% mitigation is achieved for Spain with a positive
trend. Not surprisingly, since both countries meet the same targets for the BAU system in this
scenario and their climate benefits are equal after the analysed period. The effect of Bio-CCS

incorporation is similar to scenario 1.

4.2.3. Sensitivity analysis

There are several parameters affecting the calculation of the CMI, i.e., the fraction of carbon
storage when Bio-CCS is incorporated, the efficiency in biofuel production (thermochemical
biorefinery) and the efficiency in the collection of biogas from the landfill. For the sake of clarity,

only scenario 1 is used in the analysis, although similar trends are expected for scenario 2.

In the selected configuration of thermochemical biorefinery, the available CO, for permanent
storage is approximately 25% of the total carbon emitted in the plant*®. This amount corresponds
to the already captured pure CO; from the syngas in the original thermochemical biorefinery (due
to process requirements of the biofuel synthesis catalyst) using pre-combustion technologies.
However, it is possible to capture almost all CO; from the flue gases by increasing both plant
complexity and capital and operating costs. Figure 10 shows that the impact of Bio-CCS
incorporation is similar in both assessed regions regardless of the MSW management. By
increasing the capture rate from 0 to 100% of the total carbon emitted in the thermochemical
biorefinery, the climate mitigation also increases greatly. Maximum mitigations of 60 and 97% can
be achieved for complete capture in Spain and Sweden respectively in 2120. The incorporation

of Bio-CCS at large capture levels would be then a clear option to obtain long-term climate change
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mitigation irrespective of the MSW management system. However, it would involve the capture
of CO: from flue gases, using post-combustion technologies, which is currently only considered

for large power plants.

Figure 10. Sensitivity of the climate mitigation index to the carbon captured in the plant for
Spain (a) Sweden (b) in scenario 1 where y-axis is CMI, x-axis is year. For clarity, the year 0 is

not represented.

Figure 11. Sensitivity analysis of the mitigation climate index to the energy efficiency of the
thermochemical biorefinery for Spain (a) and Sweden (b) in scenario 1 (HHV basis) where y-

axis is CMI, x-axis is year. For clarity, the year 0 is not represented.

The efficiency in the production of biofuels (35%, HHV basis, in the selected configuration of
thermochemical biorefinery and 40% if district heating is produced) could affect the results.
Although it is not the aim of this study to assess technical aspects of thermochemical biorefineries,
Figure 11 shows the impact of efficiency on climate mitigation. The impact of the energy efficiency
is similar for both countries, as it was expected since the efficiency is proportional to the MSW
refuse input to the BIO system (see Eq. 4). Considering the values of efficiency analysed, in the
production of liquid biofuels (transportation fuels) typical values range from 35 to 45%%°.
Therefore, the impact of efficiency on the potential climate benefit of producing biofuels from MSW
refuse is limited. However, considering the case of Spain, the climate mitigation could be 14% in
2120 (-4% in the base case).

The efficiency in biogas collection in the landfill is the last parameter affecting the CMI results,
although only for regions with landfilling, since it is an attribute of the BAU system. A higher
collection of biogas in the landfill involves less biogas emissions to the atmosphere. Therefore, it
is important to assess the impact of biogas collection (70% in our study). As estimated by the
EPA, from 55 to 95% of the biogas produced is collected in modern landfills®®. Figure 12 shows

the impact of this variation for Spain, where in case of a very efficient biogas collection (95%), the
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mitigation potential decreases greatly being zero in 2080 and reaching a worsening of 25% in
2120, which is the worst case in this study for Spain. However, considering specific references
for biogas collection in current landfills from Southern and Eastern Europe, no more than 50-55%
is actually collected®#-¢, Considering this, climate mitigation would be 10% in 2120. This value is,
however, less than the potential climate benefit considering a reasonable improvement of the

energy efficiency in the thermochemical biorefinery, as mentioned above.

Figure 12. Sensitivity analysis of the climate mitigation index to the biogas collection from the
landfill for Spain in scenario 1 where y-axis is CMI, x-axis is year. For clarity, the year 0 is not

represented.

4.3. Time-dependent assessment: DCI
4.3.1. Scenario 1

Figure 13a shows the results for the DCI in scenario 1. As opposed to the CMI, the DCI represents
an instantaneous metric, so methane impact is rapidly balanced as previously mentioned. The
results are in agreement with those of CMI, although some extra information can be obtained
here. In the short term, Spain has a potential climate benefit of -6.5-102¢ K-kg of MSW refusein
2040, whereas Sweden achieves only -2:101¢ K-kg!. This makes it even more evident that
avoided methane emissions from the landfill only have a short-term impact. Compared with the
results for the CMI in scenario 1, the Spanish climate benefit becomes zero in 2080, 30 years
before. The reason is the comparison of an instantaneous (DCI) and a cumulative (CMI) metric,
where 30 years is the time required to overcome the cumulative climate benefit in the production
of biofuels in Spain (the bottom peak). In the long term, biofuel production shows a climate
worsening for Spain (0.6-10% K-kg?), whereas for Sweden it is still -1.3-102° K-kg*. For instance,

only the production of biofuels in Sweden would have a climate benefit in the long term.

4.3.2. Sensitivity analysis

The impact of Bio-CCS incorporation, efficiency in biofuel production and biogas collection

efficiency in the calculation of the DCI follow the same trend as in the sensitivity analysis of the
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CMI (see SM). However, the biogenic fraction in the MSW refuse has an impact on the DCI that
cannot be seen in the CMI, since all emissions were equally treated. Therefore, a sensitivity
analysis varying the biogenic fraction in MSW refuse from 50 to 100% is presented in Figure 13a.
The results are converse depending on the country. For Sweden, the higher the renewable
fraction is, the less positive climate impact, since BAU system fossil emissions (incineration) also
decrease. Therefore, the use of wastes with high biogenic fraction, e.g. compost, would be
discouraged. For Spain, if the renewable fraction increases, so do the landfill emissions, since
biogas comes from the biodegradable fraction. The decrease of incineration emissions is not
enough to balance the net BAU system emissions (Figure 13b). Therefore, the use of wastes with
high biogenic fraction, e.g. compost, would have a positive impact. If the MSW refuse has a large
fraction of non-biogenic carbon, e.g. plastics, the permanent storage of this carbon in the landfill

balances the climate benefit of producing biofuels.

4.3.3. Scenario 2

Figure 14 shows the results for scenario 2 where Spanish BAU system evolves to become the
same as the Swedish beyond 2120. The results are in agreement with those of CMI. In Spain, the
landfill banning becomes important after 20 years due to landfill disposal decreases until the half
of current levels is reached. Moreover, the emissions from the electricity mix are lower than the
emissions from incineration, making the total emissions in the BAU system increase. Hence, the
maximum climate benefit for Spain is reduced in a 57% compared with scenario 1 in 2037 (2.84
and 6.58-1071% K-kg? respectively), but it is enhanced in the long term since the DCI never
becomes positive. At the end of the considered period (2120), the DCI reveals a climate benefit

of -1-10® K-kg™. As it happened before, the results for Sweden are the same as in scenario 1.

Figure 13. a) Differential climate impact (lines) and sensitivity to the biogenic fraction in MSW
refuse (areas) for Spain (grey) and Sweden (brown) in scenario 1 where y-axis is DCI (K-kg™),
x-axis is year. The lines represent the base cases and areas of the results of the sensitivity
analysis. The dash line represents the Spanish base case if the biogenic fraction was the same

than the Swedish. For clarity, the year 0 is not represented. b) Sensitivity of the emissions in
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BAU and BIO systems to the biogenic fraction (%). The emissions are expressed in terms of the
main WMGHG released.

Figure 14. Differential climate impact for Spain (red) and Sweden (yellow) when an evolution of

BAU system is considered (scenario 2) where y-axis is DCI (K-kg?), x-axis is year.

5. Discussion

This study offers indications of the potential climate change mitigation provided by using MSW
refuse as a feedstock for the production of transportation biofuels. In order to provide a complete
analysis, both static and time-dependent assessments are illustrated. The static assessment
(GHG balance, saving and differential impact) offers clear quantitative results, such as the GHG
savings indicator which is currently used in Europe for the certification of biofuels. However, the
drawbacks of static life cycle assessments have become apparent in the last years. Static
assessments, such as commonly found in the literature, cannot properly capture the impact of
landfills in the evolution of GHG emissions with time and thus are unable to properly assess the
climate change mitigation of the bioenergy system. Especially when considering potential
dynamic evolution of both energy mix and MSW management system in a 100-years period, only
the time-dependent assessment can provide a proper impact assessment. This is less evident for
the case of a region with current negligible landfilling where the systems considered do not change

in time and where the main WMGHG is CO, and not a short-lived GHG such as methane.

It is relevant that the climate mitigation achieved by the production of biofuels is similar in the first
30 years for both countries studied, but it diverges in the long term. In regions with current
dominant landfilling, in fact, the climate impact after 100 years is equal or slightly worse for the
bioenergy system compared to the continuation of the BAU system. However, other relevant
impacts and risks associated to the BAU system should be assessed in order to avoid a shift of
environmental burdens different from climate change in the production of biofuels from MSW

refuse.

We have considered a conservative value for the share of MSW disposal in modern landfills (70%)
in Spain®’ in order to compare processes at a similar readiness level. The production of biofuels
would result even more advantageous if the substitution of the landfills with the worst biogas

collection efficiencies in Europe was prioritised. For the incineration, conservative efficiency
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values for new incineration plants with energy recovery have also been used. The capture
efficiency for Bio-CCS incorporation in this study is 25%; this value corresponds to the amount of
pure CO; that needs to be captured in the biorefinery to guarantee proper functioning of the
catalytic synthesis downstream. This capture efficiency is above typical values in biochemical
production of ethanol (11-13%)°%5°. A higher capture efficiency would require an increase of both
investment and operational costs to capture the carbon present in flue gases (i.e., post-
combustion technologies), increasing process complexity and worsening its economy®37,
Therefore, the impact of Bio-CCS incorporation would be limited in the production of biofuels from
MSW refuse. When the impact of the biogenic fraction of MSW refuse was analysed, the results
for 100% biogenic fraction are indirectly related with the use of the organic sorted fraction of MSW
(usually converted into compost). However, this fraction is currently not promoted for biofuel

production??,

Finally, some authors consider that the carbon from wood and paper requires a specific treatment
for the counting of GHG emissions’"2, and therefore, distinguish them from food waste. However,
in this study we consider that this carbon has spent sufficient time in the products pool so that the

original biomass plant has fully regrown.

We considered multiple system configurations so to highlight potential improvements and
additional risks. This sensitivity analysis shows that the climate mitigation for Spain is uncertain
in the long term (ranging from -4 to 14%). Therefore, climate benefit cannot be claimed in the
production of biofuels in a current landfill-dominant country, but, and this is crucial, neither a
significant climate worsening. The only case providing a clear climate benefit would be in a country
with current negligible landfilling coinciding in Europe with countries requiring district heating
production, where the climate mitigation could represent 41% (constant for the whole period)
compared with the BAU system. However, these results are derived from scenario 1, where the

MSW management system of the countries is supposed to keep unchanged for 100 years.

Scenario 2 has analysed an evolution of the BAU system on the assumption of a stable policy
strategy for MSW management throughout Europe according to the European targets and in line
with the principles of the Circular Economy. The banning of landfilling has revealed as the most
significant change. The promotion of landfill banning, despite being a very entrenched practice in
Southern and Eastern Europe””®, would equalise the climate mitigation in the production of
biofuels in Spain and Sweden. This result is another example of how the contribution of landfills
in climate change is still not fully understood. Instead of being a climate burden because of their

methane emissions, it favourably compares with the alternative disposal of MSW refuse (i.e.,
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incineration) because of the storage of biogenic carbon in the landfill. Moreover, the
decarbonisation of the transport sector suffers from a lack of alternatives compared with the power
sector. The favourable comparison of biofuels production from MSW refuse in a progressively
decarbonised BAU system proves that MSW refuse should not be considered as a priority source

for electricity production.

6. Conclusions

The production of biofuels from MSW refuse would achieve climate change mitigation in Europe
in the medium term. Hence, the substitution of current MSW management (landfill and/or
incineration) for the production of biofuels would likely not cause a negative burden for climate
change. However, there are important differences for the two extreme examples of current MSW
management and electricity pool analysed, Spain (landfilling is dominant, high emissions) and
Sweden (landfilling is negligible, low emissions). In Spain, the impact of landfill emissions
prevents a climate benefit in the long term, although it does not represent a climate worsening.
Therefore, a strategic decision on the MSW management change would mainly rely on avoiding
the environmental impacts of landfilling, which are different from those of climate change. In
Sweden, the climate benefit is present at all times. Only in the case of landfills with a low biogas
collection efficiency, the substitution of the landfill by biofuel production would be clearly positive

for the climate in both medium and long terms.

Considering an evolution of the reference system for MSW refuse in Europe (including MSW
management, but also electricity and transport sectors), the results become similar for Spain and
Sweden in the long term. For instance, in the case of Spain, a clear climate benefit appears. The
analysed evolution assumes a progressive banning of landfilling in Europe, decarbonisation of
the electricity sector and increase of the emissions from fossil transportation fuels. The favourable
comparison of biofuels production from MSW refuse in a progressively decarbonised BAU system
proves that MSW refuse should not be considered as a priority source for electricity production
but for biofuel production. These results provide policy makers with a scientific basis for the

encouragement of MSW refuse in the production of biofuels in Europe.
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Abbreviations

BAU: business as usual (reference system)

BIO: bioenergy

Bio-CCS: carbon capture and storage in bioenergy
DME: dimethyl ether

DOC: degradable organic carbon

EPA: Environmental Protection Agency

GGR: greenhouse gases removal

GHG: greenhouse gases

IEA: International Energy Agency

IPCC: Intergovernmental Panel on Climate Change
JRC: Joint Research Centre

LCA: Life Cycle Assessment

LHV: Lower Heating Value

MSW: municipal solid waste

RDF: refuse derived fuel

RED: Renewable Energy Directive

SREF: solid recovered fuel

WMGHG: Well-Mixed greenhouse gases
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Nomenclature

AGTP: Absolute Global surface Temperature change Potential, K-kg*

AGWP: Absolute Global Warming Potential, W-year-m=2-kg?

CMI: climate mitigation index, —

DCI: differential climate impact, K-kg of MSW refuse™

EF;: emissions from the fossil reference for i (transportation fuels or electricity), g CO eq. per MJ

Ei: emissions from MSW refuse in i (landfilling, incineration, BAU system, biofuel production or

BIO system), g CO; eq. per MJ of product from the biorefinery (biofuel and electricity)
GTP: Global surface Temperature change Potential, —

GWP: Global Warming Potential, —

R: atmospheric decay of a gas, —

RF: Radiative Forcing, W-m2-kg*

lncineration: fraction of MSW refuse incinerated in the region assessed, %

Nangtin: fraction of MSW refuse landfilled in the region assessed, %

Xi: ratio of heat production (1 BAU system, 2 BIO system)

yi. ratio of electricity production (1 landfill, 2 incineration in BAU system; 3 electricity mix, 4

biorefinery in BIO system)
z;: ratio of fuel production (1 BAU system, 2 BIO system)

Npiorerinery- €fficiency of the thermochemical biorefinery producing biofuels, % LHV

n;: efficiency of the electricity generation in landfill or incineration, % LHV
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