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The environmental impacts from three management alternatives for organic fraction of municipal solid
waste were compared using lifecycle assessment methodology. The alternatives (sanitary landfill, selec-
tive collection of organic waste for anaerobic digestion and anaerobic digestion after post-separation of
organic waste) were modelled applying an attributional as well as consequential approach, in parallel
with the aim of identifying if and how these approaches can affect results and conclusions. The marginal
processes identified in the consequential modelling were in general associated with higher environmen-
tal impacts than average processes modelled with an attributional approach. As all investigated waste
management alternatives result in net-substitution of energy and in some cases also materials, the con-
sequential modelling resulted in lower absolute environmental impacts in five of the seven environmen-
tal impact categories assessed in the study. In three of these, the chosen modelling approach can alter the
hierarchy between compared waste management alternatives. This indicates a risk of underestimating
potential benefits from efficient energy recovery from waste when applying attributional modelling in
contexts in which electricity provision historically has been dominated by technologies presenting rather
low environmental impacts, but where projections point at increasing impacts from electricity provision
in coming years. Thus, in the present case study, the chosen approach affects both absolute and relative
results from the comparison. However, results were largely related to the processes identified as affected
by investigated changes, and not merely the chosen modelling approach. The processes actually affected
by future choices between different waste management alternatives are intrinsically uncertain. The study
demonstrates the benefits of applying different assumptions regarding the processes affected by investi-
gated choices – both for provision of energy and materials substituted by waste management processes
in consequential LCA modelling, in order to present outcomes that are relevant as decision support within
the waste management sector.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Environmentally sound municipal solid waste (MSW) is a
worldwide concern, but of particular priority in transition coun-
tries with large urban areas, dense populations and challenging
geographical conditions. The per capita waste generation in coun-
tries like Brazil still is low (1.041 kg/capita and day in 2013)
(Abrelpe, 2014), compared to Sweden and the US (1.263 and
1.995 kg/capita and day in 2013 respectively) (Waste Sweden,
2014; EPA, 2015). However, the total generation of MSW in Brazil
in 2013 was estimated to almost 210,000 tons per day, an increase
by 4.1% compared to the year before, while population increased
by 3.7% (Abrelpe, 2014). Although waste management in Brazil is
focused primarily on eliminating waste disposal in open dumps,
the newly implemented National Solid Waste Policy, (PNRS,
2010) opens the possibilities for technological leapfrogging and
introduction of more advanced waste-to-energy and material
recovery technologies, not necessary leading to disposal in sanitary
landfills. The environmental benefits of such strategies could be
investigated through use of lifecycle assessment (LCA)
methodology.

According to Laurent et al. (2013), there is an evident confusion
of concepts and terminology surrounding different types of Lifecy-
cle Inventory (LCI) modelling frameworks in previous LCAs of solid
waste systems. One of the reasons identified behind this is a lack of
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adequate goal definition, and subsequently, lacking stringency in
the choice of LCI modelling framework. The selected type of LCI
modelling framework has a significant influence on the definition
of system boundaries (EC, 2010). Attributional lifecycle assessment
(ALCA) employs a system-modelling approach in which the inputs
and outputs are attributed to the functional unit of a product sys-
tem by linking and/or partitioning the unit processes of the system
according to a normative rule (Sonnemann and Vigon, 2011). Con-
sequential LCA (CLCA), on the other hand, is change-oriented and
quantifies the effects associated with changes in the life cycle of
a system brought about by a decision (Curran et al., 2005). In this
way, the consequential approach seeks to take the environmental
assessment a step further, in order to analyse how environmental
burdens may vary in response to changes when processes are
linked via market mechanisms beyond the foreground system
(Vázquez-Rowe et al., 2013). Such linkages occur for example
when waste is used for energy or material recovery, as waste-
based goods are released on the market, with the effect of substi-
tuting other product-systems.

Several studies have been performed in recent years, using a
consequential framework for LCI modelling of waste management
systems. Boesch et al. (2014) compared an attributional and a con-
sequential modelling of a Swiss MSW management scenario, con-
sidering substitution of both fossil and renewable energy to
improve consequential LCI (CLCI) modelling, referring to recom-
mendations by Mathiesen et al. (2009). No considerations were
taken to affected suppliers in the modelling of material recovery,
and average data was used for these processes in the study.
Sevigné-Itoiz et al. (2015) present a CLCA of different alternatives
for end-of-life treatment of plastic waste. The identification of
marginal electricity was based on projections from national gov-
ernments and the IEA. Assumptions of substituted heat were not
justified and average data was used for modelling of production
of virgin plastic substituted through material recycling. Comparing
ALCA and CLCA modelling of end-of-life treatment of construction
materials, Sandin et al. (2014) refer to literature data in identifying
marginal heat provision processes, while data representing current
average technologies is used for modelling of substituted materi-
als. The influence of technology development was evaluated
through ‘explorative’ scenarios, investigating the possible range
of future outcomes by assuming a single technology to be repre-
sentative for average future technology. Tonini and Astrup (2012)
chose to investigate both short- and long-term changes related to
the introduction of a waste refinery system, using CLCI modelling.
Average processes were used in the modelling of virgin production
of metals, plastics and glass as well as inorganic fertilizers substi-
tuted by recycled waste materials and organic fertilizers respec-
tively. Cimpan et al. (2015) consider substitution of both energy
and virgin material in a CLCA of a Danish waste management sys-
tem. While the affected suppliers of virgin metals, plastics and
glass not could be identified, marginal nitrogen, phosphorus and
potassium fertilizers were identified as calcium ammonium
nitrate, diammonium phosphate and potassium chloride, based
on Hamelin (2013). In a review of Danish and Swedish consequen-
tial LCAs of waste management systems, Mathiesen et al. (2009)
demonstrated the wide application of the methodology suggested
by Ekvall and Weidema (2004) for identification of affected elec-
tricity provision. However, the same authors also stated that
reviewed studies did not apply the suggested methodology consis-
tently, and that the current practice should be improved by 1)
using combined affected technologies, i.e. a complex set of mar-
ginal technologies; 2) using long-term perspectives by identifying
affected technologies in several possible future scenarios, and 3)
identifying the affected technologies based on energy system
analysis with realistic geographical distributions and distribution
in time.
The aim of the present paper was to investigate different waste
management alternatives under two different LCI-modelling
approaches. The objective to discussed if and why different treat-
ment alternatives come across as more beneficial than others,
depending on the chosen approach, and how this can affect input
given to decision makers. In the present study, the environmental
performances of three different scenarios for future development
of the municipal solid waste management (MSWM) system in
the city of Rio de Janeiro are assessed with an attributional as well
as a consequential LCI-modelling approach. The functional unit is
set to the collection and treatment of 1 ton of domestic waste, as
collected by the municipal waste collection agent.

Energy provision is the background system of principal rele-
vance to the system studied in the present study. MSW manage-
ment is also increasingly integrated with material provision
systems through material recovery and recycling, where environ-
mental benefits can arise through avoidance of virgin material pro-
vision. Once a process avoided by waste-to-energy and material
recycling or recovery is identified, the affected technology, also
referred as marginal (Weidema et al., 2009), should be identified.
This is commonly a key issue in consequential LCA modelling. A
specific objective is therefore also to compare two different
approaches for identification of the processes and technologies
affected by the changes investigated in the consequential assess-
ment of environmental impacts.
2. Methodology

Two different approaches were applied for identification of pro-
cesses and technologies affected by the changes investigated in the
present study. Firstly, the methodology suggested by Weidema
et al. (2009) is used in a consistent manner for identification of sin-
gle marginal technologies for production of electricity. This analy-
sis is compared with the official national energy balance plan.
Affected technologies and processes related to the handling of
biofertilizers from waste management were identified through
the approach presented byWeidema et al. (2009), using two differ-
ent approaches for market delimitation. In the attributional mod-
elling, average data was used for modelling of electricity and
fertilizer production. As system enlargement was applied also in
the attributional modelling, and factors such as rebound effects
were not addressed in the consequential modelling, the largest dif-
ference between the two approaches lies within the identification
of the unit processes linked to each system.

2.1. Scenario description

The selected functional unit is 1000 kg of mixed municipal solid
waste, with the composition presented by the local government
(COMLURB, 2014). The fraction of organics in domestic waste in
the city of Rio de Janeiro has decreased from 60.7 to 52.8% over
the period 2005–2013. However, over the same period, the amount
of domestic waste increased by 25%, resulting in an overall
increase of domestic organic waste by 8.5% (COMLURB, 2014).
Thus, handling of this fraction is of large importance, and was also
selected to be the focus of the present study. The scenarios inves-
tigated in the study are presented in Table 1.

2.2. LCA study methodology

Exclusively covering the MSW end-of-life phase, this LCA study
was conducted following the international standards ISO 14040
and 14044 (ISO, 2006a and b). All scenarios were modelled in the
EASETECH software, developed by DTU. This software is based on
material flow modelling and enables generation of input- and



Table 1
Scenarios compared in the present study.

Scenario Description

S1 0% separate collection of organics. Landfilling of all MSW with
collection of landfill gas and combustion of the same for
generation of electricity (current situation)

S2 Separate collection of 50% organics for anaerobic digestion.
Combustion of generated biogas in engine generating electricity.
Landfilling of residual waste (including non-separated organics).
Collection and combustion of landfill gas for generation of
electricity. Use of digestate as fertilizer on farmland

S3 Common collection of all MSW and post-separation of organics
(75% of total) in material recover facility (MRF). Anaerobic
digestion of mechanically separated organic waste. Combustion of
generated biogas in engine generating electricity. Landfilling of
residual waste and of digestate produced in AD. Collection and
combustion of landfill gas for generation of electricity
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process-specific results. Lifecycle impact assessment (LCIA) cate-
gories and methods recommended by ILCD (2011) were used.
These categories were: Climate change (as Global Warming Poten-
tial, GWP), Ozone Depletion Potential (ODP), Particulate matter
(PM), Photochemical Oxidant Formation (POF), Eutrophication
marine (EU-marine), Acidification, Human Toxicity cancer effects
(HT-carc and non-carc). Due to problems of importing some ecoin-
vent v3 datasets to the EASETECH software, modelling of produc-
tion of fertilizers was made in Simapro. LCIA methods used in
Table 2
Parameters used in modelling of landfill and anaerobic digestion. LFG = Landfill gas.

Parameter Value

Landfill
Years of utility 18
Leachate collection (year 1–30) 90
Leachate collection (year 31–100) 50
Methane oxidation in top cover 10
Density 1
Height 50
Diesel use (operation) 0.003
Diesel use (construction) 3.4E-06
Concrete (construction) 0.00011
High density polyethylene (HDPE) (construction) 0.003
Gas collection (year 1–50) 50
Gas collection (year 51–100) 0
Flaring of collected LFG 40
Use of electricity in leachate treatment 0.443
Electricity recovery (LFG) 36
Anaerobic digestion
Electricity use in pre-treatment 12.6
Electricity use in dry AD 14
Methane emissions in dry AD 0.5%
DS in digestate (prior to dewatering) 35
Electricity use in dewatering (digestate) 35
DS in digestate (post dewatering) 60
Transport of digestate 0.007
Electricity recovery (biogas) 36

Table 3
Nutrient content in generated digestate and parameters used in modelling of on-land app

Parameter Value

N2O-N emissions (direct)a 1.25
NH3-N emissionsa 15
NO3

�-N emissionsa 20
Incoming N contentb 4.85
Incoming P contentb 0.65
Incoming K contentb 1.48
Application of digestate 20
Application of mineral fertilizers 0.36

a Digestate and mineral fertilizers on farmland.
b In food waste only, as kg per ton mixed incoming waste.
these two softwares were compatible in all cases, exempt for eco-
toxicity. This impact category was therefore excluded from the
assessment.

2.3. Lifecycle inventory data

Current and potential future systems for MSW management in
Rio de Janeiro city were modelled, including collection, pre-
treatment (when relevant), final treatment and further handling
of by-products/secondary waste. The composition of domestic
waste was based on official statistics, presented by COMLURB
(2014). According to this data, the fraction of biowaste, plastic,
paper and metal waste reached 52.8, 19.0, 16.8 and 1.6% respec-
tively in 2013. The fraction of other combustible waste (leather,
wood, textiles, etc.) and inserts reached 4.9% and 4.5% respectively
the same year (COMLURB, 2014). The relation between animal and
vegetable food waste was set to 12 and 88% respectively based on
Bernstad and Andersson (2015). Characteristics of waste fractions
were based on Riber et al. (2009). Diesel use in collection and
transport to the treatment site was assumed to 1.30 L/t wet waste
(ww) (Angelo et al., 2017). The same amount of diesel per ton ww
was assumed in all scenarios, as two-compartment trucks,
simultaneously collecting organic waste and residual waste,
assumedly would perform source-separation. Data used in the
modelling of waste handling is presented in Tables 2and 3.
Unit Reference

Years Abrelpe (2012)
% Assumed
% Assumed
% Assumed
t/m3 Assumed
M Abrelpe (2012)
kg/t waste da Silva (2011)
kg/t waste da Silva (2011)
kg/t waste da Silva (2011)
kg/t waste da Silva (2011)
% Abrelpe (2012)
% Abrelpe (2012)
% Abrelpe (2012)
kW h/t waste Yoshida et al. (2014)
% Genrup and Jonshagen (2011)

kW h/t ww Waste Management Sweden (2013)
kW h/t ww DWMT (2014)
% of CH4 DWMT (2014)
% DWMT (2014)
kW h/t ww Balmér (2012)
% Balmér (2012)
L diesel/km, t Angelo et al. (2017)
% Genrup and Jonshagen (2011)

lication.

Unit Reference

% of N-tot IPCC (2006)
% of N-tot OSB/WSTB (2000)
% of N-tot OSB/WSTB (2000)
kg N-tot/ton ww Based on modelling
kg P-tot/ton ww Based on modelling
kg K-tot/ton ww Based on modelling
MJ/t digestate Borgshed et al. (2003)
MJ/kg N-tot Finnveden et al. (2000)



704 A. Bernstad Saraiva et al. /Waste Management 68 (2017) 701–710
Carbon storage in landfill as well as in soil after application of
digestate on farmland (in scenario 3), was assumed to zero in the
based case of the present study. According to Smith et al. (2001),
the sequestration potential is strongly dependent on the type of
organic material (i.e. the amount of resistant organic matter such
as lignin) and climate (i.e. increases in cold climates, and decreases
in warm and moist climates). The fraction of biodegradable carbon
in food waste which is not mineralized over the investigated time-
frame (in this case limited to 100-years) was estimated to 11% by
Smith et al. (2001), representative for northern European condi-
tions. However, as these estimations are made for conditions very
different to the ones in tropical moist areas, carbon sequestration
was excluded in the base case of the study. The potential influence
of considering carbon sequestration from landfills as well as from
digestate spread on farm land was however investigated in a sen-
sitivity analysis.

In the attributional approach, national and global averages,
based on historical data were used. Electricity provision was mod-
elled as the average Brazilian electricity mix (based the process for
medium voltage electricity from grid in ecoinvent 3.0. For details,
see Table 1 SI. However, emissions of GHG were adjusted to repre-
sent official statistics of the GHG-emissions from the national elec-
tricity system over the period 2010–2014, based on national
statistics, resulting in 0.07547t CO2-eq/MW h (MME, 2015). This
process is referred to as ‘‘average mix” in the following. Global
average data for fertilizer provision (Nitrogen fertilizer (as N),
Phosphate fertilizer (as P2O5) and Potassium (as K2O), from the
ecoinvent 3.0), were also applied.

For the consequential modelling of the system, identification of
marginal processes was made based on two different approaches,
explained in detail in the below.

2.4. Identification and modelling of affected processes

Laurent et al. (2013) presented a guidance to facilitate identifi-
cation of the most adequate LCI-modelling framework in a specific
situation. According to the guidance, LCAs generated as basis for
decision-making should be modelled as a mix of long-term mar-
ginal processes when large-scale consequences on the background
system can be expected. In a Brazilian perspective, waste-to-
energy is still rare. However, recent changes in the national waste
management legislation firmly point at the necessity of increasing
the disposal of solid waste in sanitary landfills with energy recov-
ery, as well as source-segregating organic waste in order to achieve
recovery of nutrients (IPEA, 2014). In Brazil, with a generation of
almost 210,000 tons of MSW per day (Abrelpe, 2014), changes in
the current management could imply large-scale consequences
on background systems in the local/regional context. Due to the
lack of transfer-capacity.

2.4.1. Affected technologies for Brazilian electricity provision –
identification based on method presented by Weidema et al. (2009)

According to the methodology suggested by Weidema et al.
(2009), the procedure for identification of which unit processes
to link, has four steps:

– Identifying the scale and time horizon of the potential change
studied

– Identifying the limits of a market
– Identifying trends in the volume of a market
– Identifying changes in supply and demand

Detailed information about how these steps were handled is
presented in the SI, while a summary is presented in the below.

The changes investigated in the present study are considered
small (marginal) in a national context, implying that it does not
affect the determining parameters of the overall market situation,
and studied changes are assumed to be long-term, with potential
installation of new capacity. According to national statistics
(ONS, 2015), the electricity demand in Brazil has increased by more
than 20% over the period 2009–2015. National projections point at
a continuing increase in electricity demand (PNE, 2014). As the
majority of the Brazilian biomass fueled power plants are depen-
dent on waste material from the sugarcane industry, the expansion
of bioenergy is constrained by developments in sugar and ethanol
demand. Lack of investments in transmission capacity from north
to south could constrain both hydro and wind power installations.
There are plans of new transmission capacity, to be taken into use
from the second part of 2021 (ONS, 2015). However, even if these
plans are realized, they are insufficient in relation to the needs. The
government projects a necessary increase in generation capacity
placed in the south/southeastern parts of the country (PDE,
2014). This capacity must be ready to be started and generate elec-
tricity within a few hours after notice (PDE, 2014).

Results from the latest national electricity auctions show that
large hydropower followed by wind power are the most competi-
tive suppliers, delivering at 155 and 179 BRL/MW h respectively
(EPE, 2015). However, due to constraints presented above, it was
assumed that the single marginal technology must be flexible in
terms of location and operation. Several potentially relevant fuels
(coal, oil derivates and natural gas) can be found within the Brazil-
ian territory. However, the majority of the Brazilian coal reserve
has low quality, with high content of ash and sulfur, and low
energy content (ANEEL, 2009). Vast increase in diesel use is limited
by the lack of national refinery capacity. Important reserves of nat-
ural gas have been confirmed on Brazilian territory. In December
2014, the national production of natural gas reached 98.15 Mm3/-
day (ANP, 2015), an increase of the internal production by 7–10%
from 2012 to 2014, while the national consumption increased by
22% in 2014 (ANP, 2015). The import of natural gas from Bolivia,
with a capacity of 30 Mm3/day is therefore vital for the Brazilian
market and prolonged and potentially increased transfer capacities
are discussed (Portal Brasil, 2014). The last years have demon-
strated a political will to decrease the dependency of the import
of natural gas from Bolivia, resulting in investments in import of
liquid natural gas (LNG) to the southeastern parts of the country.
This was first seen as a temporary measure in the light of the
draught in 2012, resulting in reduced hydropower generation,
but renewed import licenses has increased the possibilities of this
import becoming a stabile input to the Brazilian electricity matrix.
The major part (over 75%) of imported LNG in 2012 originated from
Quatar, Nigeria and Trinidade and Tobago and the end use is pri-
marily generation of electricity (ANP, 2015). The cost for this elec-
tricity is thereby high, making it likely that new construction of
generation capacity would decrease the demand, and at the cur-
rent, natural gas appears to be the most likely fuel for marginal
electricity production, seen in a mid-term perspective.

2.4.2. Affected technologies for Brazilian electricity provision –
identification based on national plans and projections

In 2014, the Brazilian government presented a ten-year plan for
national energy expansion (EPE/MME, 2014). The plan is built on
expectations of a yearly GDP growth of 3.2% and a population
increase of 0.7% per year. The structure of the national economy
is expected to be the same as in the year 2014, i.e. dominated by
services (67.1%), followed by industry (27.3%) and animal agricul-
ture (5.5%). An increased demand of electricity is assumed to
increase the installed electricity production capacity by 56%
between the years 2015 and 2024, equal to 74,600 MW over the
same period. The largest increase is assumed to take place in the
northern part of the country. Based on given permits and existing
plans for installation of new generation capacity, a profile of the
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changes in electricity generation capacity over the coming ten
years could be established (Fig. 1).

2.4.3. Affected technologies for production of fertilizers
Brazil consumes around 32.2 Mt of mineral fertilizers each year

(ANDA, 2015). In 2014, the use of nitrogen, phosphorus and potas-
sium fertilizers increased by 4.7%, 2.4%, and 5.9% respectively
(ANDA, 2015). Only around 30% of the demand is produced inter-
nally, and several national strategies have been developed to
decrease the country’s dependency on imports. An increasing
demand has been followed by increasing prices. The national costs
for import of fertilizers to Brazil hit a new record in 2015 (ANDA,
2015).

Due to the rather low concentration of nutrients in digestate
from organic MSW, the transport distance must be kept to a min-
imum. It would thereby not be relevant to assume application of
digestate on crops not cultivated in the absolute proximity of the
anaerobic digestion plant. Thus, in order to identify the types of
fertilizers affected by the generation of digestate in the case-
study area, the dominating crops in the region were identified as
tomato, mandioc and banana (IBGE, 2013).

An assessment of the types of fertilizers commonly used for
these crops shows that urea is the most relevant choice of marginal
mineral nitrogen fertilizer. Amongst potassium fertilizers, previous
studies have shown that potassium chloride is the dominant pro-
duct, covering 98% of the Brazilian demand (FAO, 2002). In the case
of phosphate fertilizers, simple superphosphate was the only phos-
phate fertilizer used in both mandioc and banana production, and
thus, assumed to be the marginal one. In the modelling of marginal
fertilizers, adjustment of average global datasets were made to
represent Brazilian marginal conditions in terms of electricity use
in the fertilizer production chain, using the two approaches for
identification of marginal electricity production presented above.

Substitution of composted green waste by produced digestate
was assessed in parallel to the substitution of marginal mineral fer-
tilizers. Emissions from low-tech composting of organic waste and
application of the same on farmland would in this case be avoided.
If no alternative use is found for the waste previously composted, it
is likely that this will degrade naturally, partly anaerobically, or be
subject to open-air burning. Emissions from open-air burning of
vegetation were gathered from Yokelson et al. (2008), and emis-
sions from composting were based on default values presented
by IPCC (2006) in the case of CH4 and N2O, and Shen et al. (2011)
in the case of NH3. Emissions from on-land application of digestate
and compost were assumed to be the same as in the case of diges-
tate, based on Nordic Council of Minister (2007). Substitution of
compost was made on nutrient content basis, assuming nitrogen
as the determining macronutrient, using average data presented
by Andersen et al. (2011) for nitrogen content in compost. This
resulted in a substitution ratio of 1.73 tons of green waste per
ton organic waste treated by anaerobic digestion.

3. Results

The two methods used for identification of marginal electricity
production generated results with largely different environmental
impacts (Fig. 2). While emissions related to GWP, OD, POF, A and E
(marine) are higher from electricity based on combustion of natu-
ral gas in power plants, the complex marginal mix assessed
through official projections generate higher impacts in terms of
HT (canc. and non-canc.) and PM. Impacts to HT and PM are pri-
marily related to combustion of biomass.

The emission profiles from electricity production presented
above were applied in modelling of the three waste treatment sce-
narios presented in Table 1, resulting in the impacts presented in
Fig. 3 (assuming that production of mineral fertilizers are affected
by production of digestate) and 4 (assuming that composting is
affected by production of digestate). Results are presented in rela-
tion to each of the three waste treatment scenarios (S1 (current sit-
uation), S2 (source-segregation of 50% of organics for biogas) and
S3 (post-sorting of organics for biogas)) under three different
assumptions for electricity provision (current average – used in
attributional modelling, combustion of natural gas – used in conse-
quential modelling (C1), and marginal mix based on the national
energy plan – used in consequential modelling (C2)).

Results show that scenario 3 (anaerobic digestion of organic
waste after post-separation) is the preferable alternative in rela-
tion to most of the included impact categories when using the
attributional approach as well as the consequential approach,
assuming that digestate will substitute mineral fertilizers. How-
ever, when assuming that digestate will substitute green compost
and that natural gas is the affected technology for electricity provi-
sion, scenario 2 is preferable in relation to the largest number of
impact categories. The performances in each impact category can
be explained as following:

GWP – Unrecovered methane from landfills dominate emis-
sions, and thus, emissions increase with increasing amount of
landfilled organic waste, while substitution of electricity and fertil-
izers reduce emissions, making S2 the preferred scenario when
applying a consequential modelling, as the benefits from substitu-
tion of marginal fertilizers are higher in case, while S3 is the pre-
ferred alternative when attributional modelling is applied
(Fig. 3). Assuming that composting is substituted by digestated
produced in S2 result in lower avoidance of GWP compared to
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Fig. 3. Results from modelling of three different treatment alternatives for domestic waste (S1-S3) with attributional (A) and consequential modelling (marginal electricity
provided through natural gas (C1) or complex marginal mix (C2), in all cases assuming that digestate substitutes mineral fertilizers. Negative emissions signify that net-
emissions from scenarios are negative.
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Fig. 4. Results from modelling of three different treatment alternatives for domestic waste (S1-S3) with attributional (A) and consequential modelling (marginal electricity
provided through natural gas (C1) or complex marginal mix (C2), in all cases assuming that digestate substitutes compost. Negative emissions signify that net-emissions from
scenarios are negative.
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the substitution of mineral fertilizers (Fig. 4). This is an effect of the
relatively low net emission from the composting process as well as
from the burning of waste in open air when compost is substituted.
ODP – Also here, landfill processes dominate emissions. Emis-
sions are slightly higher in the attributional modelling, mainly
due to a lower reduction of ODP per recovered unit of electricity
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generated in the different scenarios. Thus, reduction of ODP is
higher in S2 and S3 where more electricity is recovered per ton
waste.

HT – Substitution of the complex marginal energy results in
large avoidance of toxic emissions, primarily as a result of the need
for some of the elements used in construction/operation of solar,
wind and nuclear power. Thus, with the C2 approach, S3 is more
beneficial as this scenario results in the highest electricity recov-
ery. Due to a much lower toxicity impact per kWh produced elec-
tricity with the C1 and attributional approach, substitution of
fertilizers plays a more important role, making S3 the most bene-
ficial alternative. The result is a change in the hierarchy between
compared scenarios when comparing attributional and consequen-
tial modelling approaches.

PM – Substitution of marginal electricity result in larger reduc-
tion of PM compared to substitution of average electricity. As this
is reflected also in provision of fertilizers, reduction of particulate
matter is largest from S2. The result is a change in the hierarchy
between compared scenarios when comparing the attributional
and the two consequential modelling approaches.

POF – Emissions are primarily influenced by combustion of pro-
duced biogas and transports. Substitution of marginal electricity
reduces impacts, but other processes are more relevant for overall
results.

E – Eutrophication is to a large extent related to emissions from
use of organic fertilizers (digestate) on farmland, and contribution
is therefore higher from S2 (Fig. 3). However, when assuming that
digestate substitutes composting, emissions resulting in eutrophi-
cation are avoided (Fig. 4). This is largely related to the avoided
emissions of ammonia from the composting process. These are
rather high, as an effect of assumedly high temperatures reached
during the composting process, based on previously established
correlation between temperature and ammonia emissions (Beck-
Friis et al., 2001). Thus, the modelling approach (attributional or
consequential) can have a large impact on overall results in rela-
tion to this impact category, depending on the identification of
affected processes.

A – Also acidification is strongly related to emissions from farm-
land as well as from composting. Thus, similarly to the case of
eutrophication, the identification of affected processes in conse-
quential modelling will determine to what extent the modelling
approach is decisive to results within this impact category.

3.1. Sensitivity analyses

In order to investigate the impact of some of the many assump-
tions made in the consequential modelling of the processes substi-
tuted by goods provided by compared waste management
alternatives, a number of sensitivity analyses were performed.
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Fig. 5. Results from sensitivity analyses related to fertilizer substit
The differences in environmental impacts from production and
use of urea and nitrate based fertilizers respectively can be vast
(Harrison and Webb, 2001). Thus, in a second sensitivity analysis,
calcium ammonia nitrate (CAN), was assumed to be the marginal
nitrogen fertilizer. Global average data for provision of CAN was
used in the modelling (Ecoinvent, 2013), containing, amongst
others data for production of nitric acid. Production of nitric acid
can lead to large emissions of greenhouse gases due to production
of nitrous oxide as a waste product. Catalytic cleaning of nitrous
oxide can however reduce nitrous oxide emissions by 70–90%
(Jenssen and Kongshaug, 2003). This technology is currently intro-
duced in production plants primarily in Northern Europe (Yara,
2015). Catalytic cleaning has also been introduced on Brazilian
production plants (UNFCCC, 2006). The effects of such technology
developments, resulting in a reduction of emissions of N2O in
ammonia nitrate production by 80%, were assessed. The choice of
nitrogen fertilizer also affects emissions from on-land application
of nitrogen fertilizers. Emission factors considered for estimating
NH3 from urea and ammonium nitrates, as well as CO2 releases
from urea application on farmland, were based on Hamelin et al.
(2012). These adjustments would have an effect principally on
the environmental impact categories climate change and eutroph-
ication. As presented in Fig. 5, substitution of CAN would reduce
contribution to GWP by 3–5% and contribution to eutrophication
by 10% in S2, when compared to the assumption that urea is the
marginal fertilizer. On the other hand, technology development
of nitric acid production, and thus reduced emissions of N2O from
provision of CAN, would increase contribution to GWP by 2–4%
compared to the base case, causing a change in the hierarchy
between compared scenarios in relation to the impact category cli-
mate change.

In countries where domestic household waste is segregated at
source for anaerobic digestion, nutrient recycling (with focus on
phosphorus) is one of the main motivations (SEPA, 2016). As dis-
cussed above, the Brazilian consumption of phosphorus has
increased vastly in later years, and further increase is expected
(DNPM, 2014). According to the Brazilian National Department
for Mineral Production (DNPM), the national reserves of P2O5 were
estimated to 315 million tons in 2015, and several projects are cur-
rently under development to increase the Brazilian phosphorus
production (DNPM, 2014). The cadmium content of phosphate rock
varies vastly, between lower levels in igneous rocks (up to 0.25 mg
Cd/kg rock) to higher levels in sedimentary rocks (up to 2.60 mg
Cd/kg rock) (Smolder and Six, 2014). In later years, Brazil has
reduced its import of highly cadmium containing sedimentary
phosphorus fertilizers from countries such as Marrocos (DNPM,
2014). It could thereby be argued that recycled phosphorus in
digestate in a Brazilian context will substitute fertilizers with a
lower cadmium content compared to current global average. How-
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ever, the global trend in phosphate fertilizers is rather an increase
in cadmium content (Cichy et al., 2014). Thus, assuming that the
mineral fertilizer market is global, it is more likely that digestate
will substitute phosphorous fertilizers with higher cadmium con-
tent than current global average. The impact of a lower (a reduc-
tion of 90% was assumed, based on average difference in
cadmium content between sedimentary and igneous phosphorus)
as well as higher cadmium content (an increase by 20% was
assumed) compared to the average was assessed in a sensitivity
analyses. A reduced amount of cadmium in fertilizers could reduce
avoidance of toxic emissions seen in S2 by 5–25% (C2 and C1
respectively), while an increase by 20% would increase the avoid-
ance of toxic emissions by 1–13% (C2 and C1 respectively)
(Fig. 6). Neither the levels of increase nor decrease in the content
of cadmium in fertilizers investigated in the sensitivity analyses
would result in any changes of the hierarchy between investigated
alternatives.

When assuming that the affected electricity is represented by
the national energy plan (C2), variations of cadmium in fertilizers
will have a low influence. This is explained by the use of cadmium
in solar panels. As solar power will correspond to as much as 9.4%
of overall changes in electricity production capacity until 2024, the
commonly applied cadmium telluride (CdTe) technology, using
water soluble and highly toxic cadmium chloride (CdCl2), for pro-
duction of solar panels will be dominant for the emissions related
to human toxicity. However, use of magnesium chloride (MgCl2)
might substitute cadmium and thus vastly decrease toxicological
impacts related to solar power (Major et al., 2014). The effect from
such technological development was investigated, assuming that
toxicological impacts would be reduced by 44% when MgCl2 sub-
stitutes CdTe (Werner et al., 2011). Results state that this would
decrease avoidance of human toxicity impacts by between 3%
and 6% from C2 scenarios (see SI for details).

No consideration was taken to potential sequestration of bio-
genic carbon in landfills and soils where digestate was used as fer-
tilizer. In a sensitivity analysis, the influence of assuming the levels
of carbon sequestration assumed by Smith et al. (2001) for Euro-
pean condition (presented in Section 2.3) was investigated. Results
show that inclusion of carbon sequestration would reduce green-
house gas emissions by between 2% and 5% (see SI for details).
The influence from carbon sequestration is relatively seen small
when compared to results presented by Smith et al. (2001) and
Manfredi and Christensen (2009). This is mainly a result of emis-
sions from landfills dominating the overall greenhouse gas emis-
sions in the present study, due to a low landfill gas recovery
ratio. The effects of a prolonged lifetime of landfills when food
waste is segregated were not assessed in the base case of the pre-
sent study. The landfill used as model in the present study has an
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Fig. 6. Results from sensitivity analyses related to changes in cadmium (Cd)
content in substituted phosphorus fertilizer.
expected lifetime of 18 years (Abrelpe, 2012). Scenarios S2 and S3
would increase the lifetime by 4.2 and 5.4 years respectively. As
the next landfill constructed in the Rio de Janeiro City area will
be placed even further away from the city centre, one of the effects
of the diversion organic waste is avoided emissions from trans-
ports of waste over a longer distance for several years. In order
to quantify the environmental impacts of this, the future location
of the next landfill to which waste would be transported is neces-
sary. However, in a sensitivity analysis, it was assumed that the
transport distance would increase by 50%. The largest effect of such
a change is related to emissions of particulate matter, increasing by
85 and 102% in C1 and C2 modelling respectively in case of no
diversion of food waste (S1), while emissions would increase by
less than 20% in S3 with the largest diversion of food waste from
landfills (see SI for details).
4. Discussion

Results from the case study show that a change from the cur-
rent waste management strategy, focused on sanitary landfills, to
post-separation of organic fraction food waste could decrease
GHG-emissions from waste management by more than 30% when
applying an attributional modelling. However, with a consequen-
tial modelling, assuming substitution of electricity generated from
natural gas and marginal mineral fertilizers through source-
segregation of organic waste, this strategy appears more beneficial
in relation to GHG-emissions. Thus, results suggest that the chosen
methodological approach could have a large effect on the relative
performance of compared treatment alternatives. This differs from
previous conclusions presented by Sandin et al. (2014), stating that
the choice of methodological approach does not seem to influence
the relative performance of different end-of-life treatment alterna-
tives. However, large differences in absolute emissions from the
two modelling approaches were identified by the same authors,
as well as in the present study.

The two approaches used for identification of marginal electric-
ity would in both cases increase emissions related to all assessed
environmental impact categories, except human toxicity, when
compared to average data used in attributional modelling. As more
electricity is produced than consumed in all compared scenarios,
consequential modelling will in most cases results in higher avoid-
ance of environmental impacts, compared to attributional. This is
to some extent counter-acted by electricity used in the waste treat-
ment process. Thus, the differences between the compared
approaches might appear smaller than expected.

Findings in the present paper partly follows the ones presented
by Lund et al. (2011), showing that a complex marginal electricity
mix renders lower environmental impacts compared to the com-
monly used assumption of natural gas being the marginal fuel for
electricity provision. However, as the present study is not limited
merely to an assessment of GHG-emissions, it shows that a com-
plex marginal electricity mix can generate higher impacts than
the single marginal technology in relation to other impact cate-
gories. The chosen approach used for identification of marginal
electricity would, however, in the present study, change the hierar-
chy between compared waste management scenarios in relation to
only one or two of the assessed impact categories, depending on
the processes assumedly substituted by produced digestate.

Similar to the approach chosen by Boesch et al. (2014) and
Sevigné-Itoiz et al. (2015), the present paper uses governmental
long-term planning documents as basis for the identified marginal
electricity mix. The many uncertainties connected to long-term
energy plans will surely reduce the predictability in this type of
documents. As shown by Mathiesen et al. (2009), such plans are
seldom fully realized, for several different reasons. Thus, as pro-
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posed by Mathiesen et al. (2009), it could be interesting to create
alternative projections, adjusted for some key assumptions, such
as high or low oil prices, and political will for investments in
nuclear energy.

Different from several other LCAs of waste management alter-
natives, the present study provides an attempt to identify marginal
technologies not only for energy provision, but also for provision of
materials substituted by goods from the waste management pro-
cess. The assumption of the product substituted by digestate being
compost or mineral fertilizers will have a large influence on the
impact categories climate change and eutrophication. This shows
the importance of identifying affected suppliers also of products
recovered from waste management systems, in order to generate
relevant outcomes for decision support, although this not always
is seen in previous consequential LCAs of waste management sys-
tems (Tonini and Astrup, 2012; Boesch et al., 2014; Sevigné-Itoiz
et al., 2015). Different from studies presented by Cimpan et al.
(2015), the present study does not account for cascading effects,
i.e. release of capacity in landfills when organic waste is treated
through anaerobic digestion. Villanueva and Wenzel (2007) stated
that alternative use of treatment capacity should be included in
LCA of material recycling, but that the consequence in the long
term is not avoided treatment through capacity release, but
avoided construction of new capacity, as the market will adjust
for a trend towards an increased material recovery. This was in
the present study investigated in a sensitivity analysis, demon-
strating that prolonged lifetime could result in vast benefits, pri-
marily in relation to emissions of particulate matter through
reduced risks of increasing transport distance. Including other cas-
cading effects (for example assuming that released capacity in
landfills would avoided use of uncontrolled dumpsites), can cer-
tainly increase even further the difference between results and
conclusions between attributional and consequential modelling
of different waste management alternatives.

As stated by Ekvall and Weidema (2004), it is not reasonable to
assume that the environmental properties of the technologies in
the future are accurately described with data used in attributional
modelling, as these represent current or even historical technolo-
gies. However, it can also be risky to consider future technological
advances in environmental assessments of future systems. Sce-
nario modelling, applying dynamic modelling, describing expected
and surprise-free future scenarios has been suggested for investi-
gation of probable technological developments (Ekvall and
Weidema, 2004). This was in the present paper represented by
exploring the effects of a change from cadmium telluride to mag-
nesium chloride in solar power cells as well as by large scale use
of catalytic reduction of nitrous oxide emissions from production
of nitrous fertilizers. Result from these sensitivity analyses state
that the assumed technology level can be of vast importance to
overall environmental impacts from investigated treatment
alternatives.

In summary, the present study shows that not only the chosen
modelling approach (attributional or consequential), but also the
identification of marginal processes can affect both absolute
impacts and ranking of compared waste management scenarios.
As pointed out by Ekvall and Weidema (2004), the future is inher-
ently uncertain. The actual future processes substituted by the
goods generated in the different waste management treatment
alternatives are defined by factors that we cannot predict at pre-
sent, such as future prices of chemical fertilizers and fuels, as well
as political decisions on taxes etc. This could be interpreted as if
LCA results generated with consequential modelling are associated
with larger uncertainties than results generated with attributional
modelling (Schmidt and Weidema, 2009). It should, however, be
remembered that although there may be large uncertainties con-
cerning what and how unit processes are affected by a change in
the studied system, the answer cannot be to opt for an alternative
that certainly is not accurate, reflecting the past rather than the
future. In countries like Brazil, electricity provision has historically
been dominated by technologies that present rather low environ-
mental impacts. However, as projections point at an increased
use of electricity generation with larger environmental impacts,
attributional modelling could result in a risk of underestimating
potential benefits from efficient energy and material recovery of
waste.
5. Conclusions

The present case study has shown that the chosen approach
certainly can have an effect on conclusions drawn from LCAs of
solid waste management systems. In cases where waste manage-
ment results in substitution of electricity and materials through
energy recovery and recycling, environmental benefits increases
with an increased environmental burden from the products assum-
edly substituted. Thus, if the processes identified as affected by
changes in the waste management system have a higher environ-
mental impact than the average, it is likely that waste treatment
alternatives including efficient energy and material recovery will
come across as more beneficial when consequential modelling is
applied – and the other way around. Thus, when compared to attri-
butional modelling, application of a consequential modelling could
both increase as well as decrease the environmental benefits from
the different waste management alternatives compared in the pre-
sent study, depending on the processes included in the consequen-
tial modelling. The many uncertainties related to identification of
processes affected by the changes investigated in the specific LCA
should not limit the use of a consequential modelling. Rather, sys-
tematic investigation of alternative processes can present the
range in which results are most likely to be found, and the most
relevant factors for different outcomes can be identified. The pre-
sent study clearly shows that different approaches in identifying
affected processes can affect overall results vastly. In order to facil-
itate the interpretation of gained results, a multi-criteria analysis
could be performed, using relevant methods for weighting of dif-
ferent environmental impact categories. This will be developed in
a second phase of the present project.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.wasman.2017.07.
002.
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