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Abstract
Preventing food wastage is a key element of sustainable resource management. But as food waste is still generated at high
volumes, priority is placed on its proper management as a resource, maximising sustainability benefits. This study, by
integrating a multi-criteria decision analysis with a sustainability assessment approach, develops a screening and decision
support framework for comparing the sustainability performance of food waste management options. A structured process
for selecting criteria based on the consideration of environmental, economic and social aspects related to region-specific
food waste system planning, policy and management has been developed. Two food waste management options, namely the
use of food waste disposal units, which grind food waste at the household’s kitchen sink and discharge it to the sewer, and the
anaerobic co-digestion of separately collected food waste with sewage sludge, were selected for comparison due to their
potential to create synergies between local authorities, waste and water companies, with local circumstances determining
which of the two options to adopt. A simplified process used for assessing and comparing the two food waste management
options in the Anglian region in the UK, indicated that there are benefits in using the framework as a screening tool for
identifying which option may be the most sustainable. To support decision-making, a detailed analysis that incorporates
stakeholders’ perspectives is required. An additional use of the framework can be in providing recommendations for
optimising food waste management options in a specific region, maximising their sustainability performance.
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Introduction

Ten million tonnes of food waste (i.e. raw or cooked food
materials discarded before, during or after meal preparation

in the household, and in the post-farm-gate, manufacture, dis-
tribution, retail, wholesale and hospitality and food service
sectors) are estimated to be produced each year in the UK,
60% of which could have been avoided (WRAP 2016).
Despite considerable developments at the post-farm-gate and
manufacture sectors, and households, which have led to a
combined reduction of approximately 2 million tonnes of food
waste in 2015 compared to the production levels of 2007,
progress in reducing food waste arisings in the UK re-
mains slow (WRAP 2016). Modelling suggests that without
any further interventions, food waste may increase by 1.1
million tonnes by 2025 (WRAP 2016).

A number of alternatives such as incineration (Inaba et al.
2010; Khoo et al. 2010), composting (Cerda et al. 2018; Li et
al. 2013) and anaerobic digestion (Andreottola et al. 2012;
Capson-Tojo et al. 2016; Ragazzi et al. 2017) are currently
available for the treatment of food waste, while surplus food
redistribution is also gaining attention (Facchini et al. 2017).
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Incineration and composting are considered to be the least
desirable food waste management options from a sustainabil-
ity perspective (Paritosh et al. 2017) as the high moisture
content and variability in the type and amount of municipal
food waste arisings can be a hindrance to their successful and
efficient performance (Iacovidou et al. 2012b). Anaerobic di-
gestion, despite its prominent place in policy making as a
sustainable energy alternative, is also considered to be a chal-
lenging option, due to the variability of food waste that causes
instability in the performance of the process. Two other less
widespread alternatives used for the management of food
waste are the use of food waste disposal units (FWDs), and
the anaerobic co-digestion of separately collected food waste
with sewage sludge (Hidaka et al. 2015; Wang et al. 2017;
Wickham et al. 2016). The FWD is an electric device placed
under the household sink that grinds food waste at source and
discharges it through a water outlet to the sewer for subse-
quent treatment at wastewater treatment plants (WWTPs).
The anaerobic co-digestion process involves the digestion of
two substrates together as a way to improve digestion efficien-
cy and increase the energy output. It is a well-established
process in Europe (Iacovidou et al. 2012b). These alternatives
are seriously considered by the water industry sector as a way
to retain the value in food waste and maximise its recovery.

Nonetheless, the current debate on the: i) impacts of
the use of FWDs on water consumption, sewerage system
and the WWTPs; ii) value exploitation potential of food
waste and effectiveness of the food waste collection
schemes; and iii) feasibility of co-digesting food waste
with sewage sludge, has made decision-making for local
authorities (LAs) and the water industry a challenging
task. This is because the sustainability potential of the
two food waste management options depends largely on
the area-specific characteristics, household practices, con-
dition of the sewer system and type of treatment at the
receiving WWTP, amongst other factors. A sustainability
tool for assessing and comparing the two options based on
their environmental, economic and social impacts is re-
quired (Iacovidou et al. 2012a; Iacovidou et al. 2012b;
Iacovidou et al. 2012c).

Sustainability assessment is increasingly used in the
decision making and policy development areas. It offers
new perspectives to impact assessment and integrates
scientific- and policy-based research in order to produce
solutions based on a transdisciplinary approach that takes
into account (and potentially involves) all stakeholder re-
quirements (Sala et al. 2015). As the varying options
available for food waste management can perform differ-
ently in terms of sustainability across the environmental,
economic and social pillars, a robust assessment frame-
work that supports multifaceted decision-making in the
selection of the most sustainable management practice is
considered to be key.

Of the various decision tools that are currently avail-
able, multi-criteria analysis (MCA) is considered to be
one of the most appropriate methods, and which has been
extensively used for sustainability assessment processes
(Cinelli et al. 2014; Milutinović et al. 2014). This is be-
cause MCA has the ability to account and evaluate mul-
tiple dimensions of impacts, based on an explicit set of
criteria, in a way that facilitates comparison of a range of
alternatives in a simple manner (Angelo et al. 2017;
Balasubramaniam and Voulvoulis 2005; Kiker et al.
2005). MCA is an evaluation and decision support ap-
proach that is frequently applied to compare and assess
the impact of different policies and waste management
options (Achillas et al. 2013; Keeney and Raiffa 1993;
Kiddee et al. 2013). It is suitable in addressing complex
problems featuring high uncertainty, conflicting objec-
tives, using different forms of data and information, while
acknowledging diverse interests and perspectives, and the
complexity of the evolving biophysical and socio-
economic systems (Balasubramaniam and Voulvoulis
2005; Boggia and Cortina 2010; Ferrarini et al. 2001;
Garfì et al. 2009).

In this study, by integrating the principles of MCAwith
sustainability assessment considerations (Ashley et al.
2008; Gudmundsson et al. 2016), a screening and deci-
sion support framework is developed to assess and com-
pare the sustainability performance of food waste manage-
ment options based on area-specific characteristics. Using
the Anglian water region in the UK as a case study, the
framework developed is used for the comparison of the
use of FWDs and the anaerobic co-digestion of food
waste with sewage sludge in terms of their sustainability
performance, and findings on the potential of the frame-
work to support the selection of the most sustainable food
waste management option are presented. Then, the key
outcomes of the study are discussed, before drawing some
concluding remarks.

The sustainability assessment framework

The key objective of our sustainability assessment frame-
work (SAF) is to compare the performance of food waste
management options in terms of sustainability (Fig. 1).
This, as suggested by others, necessitates a clear under-
standing of what the scope, scale and focus of the assess-
ment is (Cinelli et al. 2014; Iacovidou et al. 2017b), in
order to enable the development of a robust framework
that would streamline the assessment process. The initial
step of the SAF is to specify the geographical scope and
scale (e.g. local, regional or national level) of the system
under assessment and clearly define the system’s bound-
aries. Then, the food waste management alternatives are
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identified, pertained to the specific context set by the
stakeholders (Fig. 1). Measuring sustainability of the se-
lected food waste management alternatives, requires a
carefully selected set of criteria. In our framework,
reflecting sustainability, environmental, social and eco-
nomic criteria are identified (Fig. 1), each of which is
composed by a set of sub-criteria.

The selection of sub-criteria is highly dependent to the
extent at which stakeholders can explicitly incorporate
sustainability considerations into their decision-making
process (based on their requirements, interests and mo-
tives) (Ashley et al. 2008; Cabot et al. 2009), and their
ability to select sub-criteria that enable a comprehensive
and meaningful sustainability assessment of food waste
management options (Milutinović et al. 2014). A rigorous
and transparent sub-criteria selection process can increase
the scientific credibility of the sustainability assessment
framework (SAF) and allow for a proper conceptual un-
derstanding of the system and of the key considerations
associated with each key criterion (e.g. environmental,
economic and social), which is essential for good policy
making. In this study, as shown in Fig. 1, the identifica-
tion of sub-criteria is guided by three clearly outlined
phases: (1) the mass balance configuration, (2) the gover-
nance and institutional context (e.g. policies and other

socio-economic drivers) assessment, and (3) stakeholders’
values. The latter phase is often considered to be the most
important in guiding the selection of key sub-criteria for
assessing the sustainability of the two food waste manage-
ment options, but we regard this as a subjective and intu-
itive way of sub-criteria selection when is used in itself.
In our perspective, an understanding of the system dy-
namics based on geo-spatial practices, institutional set-
ting, economic and social drivers, legislation enforcement,
financial mechanisms, infrastructure availability and so-
cial behaviour and cultural aspects is critical in guiding
sub-criteria selection. Based on that, we consider phases 1
and 2 to be sufficient in guiding sub-criteria selection
when using the framework as a screening tool, and phase
3 is used when a more detailed, holistic analysis is need-
ed, as it can reinforce sub-criteria selection and stipulate
aspects that would otherwise be overlooked.

Following the selection of the sub-criteria, the quantitative
and qualitative data collection and assessment is performed.
An evaluation matrix that contains the estimates (scores) of each
sub-criterion used in the assessment of the food waste manage-
ment alternatives is created. Then, both the criteria and sub-
criteria are normalised and evaluated using weights, which indi-
cate the relative contribution and importance of each criterion/
sub-criterion in the evaluation process. Weights are numerical

Fig. 1 Sustainability decision-
making framework using multi-
criteria approach to evaluation of
the problem
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scores on a scale extending from 0 to 100, where 0 represents the
lowest relative importance, and 100 is associated with the
highest relative importance. Based on their aggregated weights,
the food waste management alternatives are finally ranked.
There are various MCA methods that could be employed to
perform the criteria/sub-criteria weighting, aggregation and
ranking, e.g. elementary process (Wang et al. 2009); MAVT,
multi attribute value theory (Kiker et al. 2005); AHP, analytical
hierarchy process (Milutinović et al. 2014); ELECTRE, elimi-
nation and choice expressing the reality (Hokkanen and
Salminen 1997; Karagiannidis and Moussiopoulos 1997);
PROMETHEE, preference ranking organisation method for en-
richment of evaluations (Rousis et al. 2008); selection of the
most appropriate method must be consistent with decision-
makers’ needs (Rowley et al. 2012). Exploration on which
MCA method is the most robust is beyond the scope of this
study, and relevant information can be found elsewhere
(Achillas et al. 2013; Cinelli et al. 2014; Mendoza and Martins
2006; Wang et al. 2009).

After the evaluation of the alternatives, a sensitivity and
uncertainty analysis of the weights of criteria/sub-criteria is
performed for facilitating an insightful selection of the best
performing process across all criteria/sub-criteria.

Pool of sub-criteria used in food waste management
systems assessment

An important component of the SAF is the selection of sub-
criteria that would streamline the sustainability assessment of
the food waste management alternatives. In our study, this list
was compiled by critically examining the scientific literature
to determine which environmental, economic and social as-
pects of food waste management systems were reportedly the
most effective at capturing aspects associated with food waste
management systems, and at improving their performance.
Aspects pertained to life cycle assessment (LCA) and life
cycle costing (LCC) of food waste management, food waste
system planning, food waste policy, food waste technologies
used and sustainability assessment of food waste management
systems relevant to region-specific characteristics and stake-
holder preferences were considered.

Presented across the three sustainability pillars (i.e. envi-
ronmental, economic and social), the criteria identified are
summarised in Table 1.

FWM food waste management
Measuring the sustainability of foodwaste management sys-

tems is a complex task. Although selection and use of a large
number of sub-criteria is perceived to be the only way of cap-
turing the fundamental aspects of each food waste management
option assessed, it can make it difficult to evaluate their sus-
tainability in a comprehensive manner (Diaz-Balteiro et al.
2017). Besides sub-criteria from the three sustainability pillars,
technical aspects such as technologies used and their maturity

state, as well as their reliability, efficiency and resilience over
time, and non-technical ones such as regulatory framework and
policy measures, must also be included in the analysis
(Bernstad and la Cour Jansen 2011; Iacovidou et al. 2017b).
The following section demonstrates the applicability of the
framework in assessing the performance of the two food waste
management alternatives in the Anglian water region in the
UK.

Application of SAF to evaluate
the performance of the use of FWDs
and anaerobic co-digestion of food waste
with sewage sludge in the Anglian water
region

Constraints in holding the participatory approach as a prerequi-
site of Phase 3: stakeholders’ perceptions, interests and drivers,
meant that the framework developed in this study was used as a
screening tool. As a result, a good understanding of the region-
specific characteristics was considered to be key. To evaluate the
sustainability performance of the use of FWDs and the anaerobic
co-digestion of separately collected food waste with sewage
sludge, the following considerations were made:

Geographical scope and scale: the Anglian water re-
gion in the UK was used as a case study because of the
good understanding of the issues pertained to this region
gained from the authors’ previous work (Iacovidou et al.
2012a, 2012b, 2012c). This region is one of the areas
with the fastest growing population in the UK.
According to the Environment Agency, it is also one of
the driest regions with an average of 600 mm of rainfall
each year, in contrast to the average 900 mm for the rest
of England and Wales (Anglian Water Services Ltd.
2017). Anglian Water is the largest water and wastewater
treatment provider in England and Wales covering 20%
of the land area (27,476 km2) and provides services to 22
local authorities (LAs) (county and unitary) (Anglian
Water Services Ltd. 2017).
Identification of alternatives: the use of FWDs and the an-
aerobic co-digestion of separately collected food waste with
sewage sludge, as defined in the BIntroduction^ section.
Selection of sub-criteria: conceptualisation of the food
waste flow from source to final treatment and disposal
was performed for each of the alternatives as a prerequi-
site of Phase 1 of the sub-criteria selection process of the
framework. This is illustrated in Fig. 2. Conceptual con-
figurations enable a better understanding of the steps and
processes involved in a food waste management system,
and the implications of those in the sustainability of the
entire system.
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In Phase 2, we reflected on the governance and institutional
considerations associated with both options. Legislations such as
the EU Landfill Directive (1999/31/EC) and the revised EU
Waste Framework Directive (2008/98/EC) currently mandate
the UK, to not only divert biodegradable waste, such as food
waste, from landfill, but to promote food waste prevention, reuse
and recycling (European Parliament and Council 2008;
European Union 1999). As a result, the UK government has
commited to diverting food waste from landfill and increasing
renewable energy generation, which are considered to be key
drivers in increasing the uptake of the use of FWDs and the
anaerobic co-digestion with sewage sludge for the treatment of

food waste (DECC and Defra 2011). For a robust distribution of
impacts when assessing the sustainability performance of the
two food waste management options in the Anglian region (as
well as in any region in the UK), systemic factors associated with
population and/or number of households served (and the number
of occupants per household) by each option in the region, the
amount of food waste managed by each option compared to the
amount generated in the region, and the potential need for addi-
tional food waste management options due to each technology’s
penetration/use rate, are important attributes that must be taken
into account. Moreover, the ratio of households served by the
same water company for both the water supply (which is needed

Table 1 Typical (sub-) criteria
used in food waste management
systems assessment

Criterion Sub-criteria References

Environmental Non-energy (abiotic) resource consumption
(e.g. water, minerals, etc.)

[1–4,14,15]

Energy resource consumption [2–11,14,15]

Global warming potential (or else known as greenhouse
gas emissions, GHG)

[1–6,8–12,15]

Human toxicity potential (HTP) [1, 4, 5, 10, 12,14,15]

Photochemical ozone formation potential (POFP) [1, 3, 5, 6, 10, 11,15]

Acidification potential [1–6, 9–12, 15]

Eutrophication potential [1–6, 10–12, 15]

Ozone depletion potential [2, 3, 5, 9, 10, 15]

Ecotoxicity potential [4, 5, 12, 15]

Land use (incl. transformation) [1, 15]

Diversion of organic waste fraction from landfilling [1, 13]

Chemical fertilisers/peat substitution [2–4, 6, 13]

Renewable energy generation [3, 6, 7, 12, 13, 15]

Economic Cost of raw materials and intermediates [1, 9, 14]

Capital costs (e.g. land, equipment, etc.) [1, 4, 9,14]

Operational and maintenance costs (e.g. depreciation
costs of trucks, repair fees, licence tax, inspection fee;
labour cost, such as wage, retirement pay; insurance
cost of industrial disaster, health, annuity, etc.)

[1, 4, 9, 14]

Net profit/loss (e.g. net sales from goods sold, general
and administrative expenses, amortisation and adjustment
of intangible assets, income tax, etc.)

[14]

Utilities cost (e.g. energy and water services, discharge
of end products)

[4, 9]

Revenue from secondary resource sale [1, 9]

Subsidy and incentives (e.g. carbon credit offset) [9,13]

Social Social acceptability (e.g. of the FWM alternative) [1,14]

Social equity (e.g. equitable distribution of benefits
from the FWM to citizens)

[1]

Odours (e.g. nuisance caused by the FWM alternative) [1]

Noise (e.g. caused by the FWM alternative) [1]

Job creation (e.g. due to implementation
of the FWM alternative)

[1]

Employment quality (e.g. during each stage
of FWM alternative)

[1]

Sources: [1] (den Boer et al. 2007); [2] (Bernstad and la Cour Jansen 2011); [3] (Righi et al. 2013); [4] (Lundie and
Peters 2005); [5] (Saer et al. 2013); [6] (Khoo et al. 2010); [7] (Inaba et al. 2010); [8] (Kim and Kim 2010); [9]
(Kim et al. 2011); [10] (Sonesson et al. 2000); [11] (Padeyanda et al. 2016); [12] (Lee et al. 2007); [13] (Levis et al.
2010); [14] (Hung et al. 2007); [15] (Manfredi, 2012 #79)
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for the use of FWDs) and sewage treatment (where grinded food
waste ends up) is particularly important in assessing the sustain-
ability performance of the use of FWDs. In the case of anaerobic
co-digestion of food waste with sewage sludge, the composition
of the food waste produced in the region, and of the sewage
sludge produced at the WWTP, are key features that need to be
considered for ensuring the feasibility of the co-digestion process
in the first place; whilst, the ability of the 22 LAs served by the
AnglianWater industry to provide separate food waste collection
schemes and the identification of the WWTPs at which the co-
digestion process could be implemented are additional aspects
that a sound decision-making analysis should include. These
systemic aspects can influence the outcome of the comparison
between food waste management options. In this study, a simpli-
fied approach was used in comparing the two food waste man-
agement options, and many of these challenges have not been
taken into account.

The degree at which environmental permitting regulations,
landfill tax and financial incentives can affect the prevalence of
the one option over the other in the Anglian region was consid-
ered. Anaerobic co-digestion of food waste with sewage sludge
is controlled under the environmental permitting regulations to
ensure (i) the use of resulting biogas, and the storage and spread-
ing of co-digestate to land is attained in a way that is safe to the
environment and human health, and (ii) the size of the combined
heat and power (CHP) plants is appropriately scaledwhenwastes
other than sewage sludge would be added to the water
company’s anaerobic digesters. This, together with the need to
comply with the Animal By-Products Regulations that require
food waste to be pasteurised or sterilised before and/or after the
anaerobic co-digestion process, and the end-of-waste (EoW)
criteria certification for digestate, present additional challenges
to the water industry. These challenges can be partly compensat-
ed by the financial incentives provided from renewable energy

Use of FWDs Anaerobic co-diges�on with sewage sludge
Fig. 2 Conceptual configuration of the food waste flow in each of the two food waste management alternatives
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generation and the dilution of some potentially toxic compounds
such as heavy and lightmetal ions and organic compounds found
in sewage sludge, which can make the digestate produced of
higher value. The carbon credits attained by the industry and
the potential gate fees applied could also be considered additional
benefits of the co-digestion alternative.

The use of FWDs is regarded a more flexible solution as it is
used as a household appliance, and no regulations are currently in
place to control its installation rate. At household level, implica-
tions with the use of FWDs can be associated to blockage of
pipes often due to their size and configuration, and to materials
caught in the FWD unit; evidence of such blockages are limited
in the literature. The most pronounced implications of FWDs are
those associated with sewer blockages due to fat, oil and grease
(FOG) deposition of food waste particles, and the increase in
water consumption and wastewater generation; both of which
imply increased pressures to LAs and the water industry. An
increase in the wastewater generation would require additional
costs due to an increase in the intensity of wastewater treatment
processes for the removal of the additional organic load and
substances up to the stringent requirements set by the Water
Framework Directive (WFD). A high penetration rate of FWDs
would also require the water industry to cater for changes in the
capacity ofWWTPs, and the seasonality of the organic load they
receive for treatment, as a result of changes in the amount and
type of food waste produced and on tourism patterns.

The anaerobic co-digestion of food waste with sewage sludge
is a solution of which viability and sustainability depends largely
on the separate collection and segregation of food waste at
source. Impurities found in food waste, such as plastics, metals,
glass and other packaging parts are likely to cause tremendous
technical problems in the wastewater treatment line and co-
digestion performance (Iacovidou et al. 2012b). This adds pres-
sure on LAs that may have to make provisions for raising aware-
ness on the quality of the food waste collected from household
and catering establishments. The waste contractor responsible for
the separate collection of food waste on behalf of the LAs in the
Anglian Water region will have to make provisions for the right
infrastructure (e.g. truck fleet, personnel, licences) to be put in
place. Separate collection of food waste by LAs can be regarded
as an opportunity to increase job creation which is amongst the
top priorities of the UK government’s agenda. However, food
waste prevention and redistribution initiatives can bring the in-
vestment in the anaerobic co-digestion of food waste with sew-
age sludge, as well as the benefits accruing from it (e.g., job
creation, separate collection infrastructure, etc.), at risk for both
the waste and water industry. Thus, considerations on feedstock
availability over the investment’s lifetime and potential depreci-
ation plans will have to be put in place.

Uncertainty due to inadequate legislative frameworks and
limited institutional capacity, coupled with governance insta-
bilities due to political reforms, must also be accounted over
the lifetime of each option in order to gauge how these

potential changes might affect their long-term sustainability.
For a robust sustainability assessment process, attention must
also be given on the lifetime of the equipment used, as well as
on the end-of-life (EoL) management of each technology.
While anaerobic digestion has a lifetime of around 20–
25 years (Gebrezgabher et al. 2010), FWD units have a life-
time of approximately 10–12 years (Diggelman and Ham
2003; InSinkErator 2011) and their replacement costs and
other impacts (e.g. non-energy resource consumption, energy
resource consumption, etc.) would have to be accounted in
order to be comparable with the digester’s lifetime.
Although technological advances have increased the life ex-
pectancy of FWDs, their EoL management fate is currently
unknown. Durability and EoL considerations of the equip-
ment used for the pre-treatment, digestion and post-treatment
of food waste are important to be included in the analysis, yet
information on these aspects is still lacking.

The core environmental, economic and social sub-criteria
for assessing the sustainability of the two options were
narrowed down, as described below.

& Environmental sub-criteria include non-energy resource
consumption, energy resource consumption and GHG
emissions (direct and indirect) produced at the acquisition
(e.g. manufacturing, transporting and installing), use and
EoL management of FWDs, and during the treatment of
the increased strength wastewater at WWTP, which may
vary depending on the technical configuration of the
WWTP, operating conditions and available capacity. In
regards to the latter, it was reported that the use of
FWDs cause little change in the additional loadings to
the WWTP and thus capacity may not be an issue
(Iacovidou et al. 2012a). In the case of anaerobic co-
digestion of food waste with sewage sludge, energy and
non-energy resource consumption and GHG emissions
must be accounted during the separate collection, trans-
portation, construction of a food waste mechanical pre-
treatment facility (e.g. mechanical, thermal, chemical,
and biological prior to anaerobic co-digestion), co-
digestion and post-treatment, including biogas cleaning/
scrubbing processes and transportation and disposal/use
of digestate (Møller et al. 2009). The latter may vary based
on the type of digester used and the distribution/utilisation
routes and marketability of the end products. Fugitive
losses from the anaerobic reactor and utilisation of the
biogas produced through the combined heat and power
(CHP) engines, as well as land use due to the construction
of food waste pre-treatment facility at the WWTP, need
also to be included in the assessment. Land requirements
for the construction of the food waste pre-treatment and
storage facilities for the digestate produced can create a
negative impact to the surrounding environment.
However, the degree of this impact may vary depending
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on the area-specific characteristics, and the technologies
adopted, as some technologies require less space than
others. Anaerobic co-digestion’s GHG emissions can be
offset by renewable energy generation (via biogas produc-
tion) and partly from chemical fertiliser substitution due to
the use of the digestate produced, although the degree to
which the latter is used in the UK is currently constraint by
the lack of a coherent regulatory framework in regard to
certifying its quality status (Iacovidou et al. 2012b). Both
alternatives are reported to contribute minimally to acidi-
fication, ozone depletion potential, photochemical ozone
formation potential and ecotoxicity, although some nitrous
oxide (NOx) emissions via manufacturing processes, com-
bustion of the biogas in the combined heat and power
(CHP) engines and emissions from digestate storage have
been reported (Iacovidou et al. 2017a; Sonesson et al.
2000; Whiting and Azapagic 2014). The eutrophication
potential may prevail due to the risk of nutrient leaching
to surface and ground water from the wastewater effluents
and or digestate application to land (Di Maria and Micale
2015). Risks to human health from the storage and decom-
position of food waste in the household may occur via the
inhalation of substances such as volatile organic com-
pounds (VOCs) (e.g. methane thiol, MeSH; hydrogen sul-
phide, H2S), sulphur compounds, amines and aromatic
hydrocarbons, which can cause nausea, bronchitis and
gastrointestinal problems (Defra 2007a). Risks to human
health may also result through the animal by-products
present in food waste, although pasteurisation prior to di-
gestion with sewage sludge is sought to be employed to
ensure destruction of communicable diseases such as
spongiform encephalopathy and foot and mouth disease,
and weed seeds, reducing the need for herbicide use
(Lukehurst et al. 2010). In the case of FWDs, regular
cleaning and maintenance of the unit is reported to prevent
fouling and disease spread.

& Economic sub-criteria include costs associated with the
acquisition, operation and maintenance/replacement costs
of the unit; sewer cleansing and maintenance associated
with increased fat, oil, and grease (FOG) related to food
waste flow to the WWTP and additional capital, opera-
tional and utility costs associated with the treatment of
increased organic load in WWTP (e.g. capacity, aeration
and nutrient control measures) (Iacovidou et al. 2012a). In
the anaerobic co-digestion of food waste with sewage
sludge, caddies/bins, vehicles and labour costs associated
with the separate collection and transportation of food
waste, alongside capital (e.g. planning, land, process
equipment and set-up), operational/maintenance costs
(e.g. pre-treatment costs for food waste preparation, diges-
tion costs, post-treatment costs associated with biogas
cleaning/scrubbing processes, feeding into the national
gas grid or storing and digestate preliminary post-

treatment and enhancement) and utility costs need to be
accounted. Biogas that is used on site, or is cleaned and
exported to the grid, may be eligible for a number of fi-
nancial incentives which vary depending on the type of
technologies used and the capacity of the anaerobic diges-
tion plant. When biogas is used on site, it can replace grid-
supplied heat and/or electricity, thus reducing associated
utility costs. Biogas that is used to generate electricity/heat
and exported to the grid is eligible for revenues (e.g.
Renewable Obligation Certificates, ROCs; Renewable
Heat Incentives, RHIs) and financial incentives for allevi-
ating global warming impacts (e.g. Levy Exemption cer-
tificates, LEC). Carbon credits for avoided GHG emis-
sions are debatable in regard to their ownership; thus, dis-
cussion of this is outside the scope of this study. In the case
of the use of FWDs, significant savings can be achieved
from fossil fuel reduction in the collection and transport of
food waste (den Boer et al. 2007; Iacovidou et al. 2013).
Digestate that fails to meet the EoW criteria is still
regarded as a waste, and additional costs are incurred for
its disposal.

& Social sub-criteria include social–cultural considerations
towards the adoption of a new food waste handling con-
cept at household (e.g. assurance in using the FWDs tech-
nology) or separation of food waste at source, which
shows the degree of acceptance of each food waste prac-
tice (Balkema et al. 2002). The use of FWDs was reported
to be associated with some opposition, as a number of
people found their use annoying due to noise implications,
or laziness (Evans 2007), but technological advancement
of the units has enhanced their adaptability. In the anaer-
obic co-digestion of food waste with sewage sludge, atti-
tudes and issues around source-separation of food waste at
source depends on personal health and hygiene standards
in the household, sensitivity and cultural and social back-
ground (Defra 2007b). Health and safety of the staff in-
volved in each food waste management option is another
important consideration, as they can be exposed to high
level of volatile organic compounds (VOCs), sulphur
compounds, amines and aromatic hydrocarbons emissions
during the collection and pre-treatment of food waste, or
its disposal into the sewer and its thereafter cleaning and
maintenance (Evans 2007). The storage of food waste in
households and its subsequent collection and handling can
be associated with odour implications (CECED 2003).
Food waste grinding into the FWDs has not been reported
to release any kind of unpleasant odours, though food
waste disposed into the sewer has the possibility of pro-
ducing some. The anaerobic degradation of food waste
particles in the sewer may however lead to the production
of H2S even at very low concentrations (Iacovidou et al.
2012a). Noise associated with the use of FWDs inside
households can be of a greater magnitude as opposed to
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those coming from the outside and can be a limiting factor
to the use of each alternative (Evans 2007). Job creation
can be associated with an increase in staff responsible for
the installation and maintenance of FWDs, whereas in the
anaerobic co-digestion process, staff for the collection,
transportation and pre-treatment is needed.

Following the above, the sub-criteria selected from
assessing the performance of the two food waste management
alternatives under each criterion are presented in Fig. 3.

Due to data availability and time constraints at the time of
the study, only a few of the identified sub-criteria were in-
cluded in the analysis. More specifically, in the environ-
mental criterion, we looked at the non-energy and energy
resource consumption, which were grouped together into
‘net resource consumption’, the GHG emissions and the
renewable energy generation; in the economic criterion,
we accounted the ‘net costs’ (i.e. aggregate of capital, oper-
ational and maintenance, and utility costs) and revenues;
and in the social criterion, the acceptability of the food
waste management option, health and safety, odour and
noise implications (den Boer et al. 2007).

Data collection and assessment In order to assess the two food
waste management options against the sub-criteria selected for
the analysis, data from Anglian Water services reports, and
reports regarding the use of FWDs and the collection of food
waste from LAs in the Anglian region, were collected and
used. When these were not available, data based on UK fig-
ures were adopted from the scientific literature. Qualitative
scores were measured on a plus scale of two degrees of mea-
surement (+/++), with + being used for the process with the
least positive response and ++ for the process with the higher
positive response. Details on data collected and the way this
were processed are summarised in Supplementary Material.

The overall assessment was performed based on a tonne of
food waste grinded/collected and managed. The scoring of the
alternatives against the selected sub-criteria is presented in the
evaluation matrix (San Cristobal 2012), shown in Table 2.

Evaluation of the alternatives To evaluate the performance of
the two food waste management alternatives based on the
scores presented in Table 2, the DEFINITE (ver. 3.0) decision
support software was employed (Janssen and van Herwijnen
1994). With this software, it was possible to evaluate the per-
formance of criteria/sub-criteria using a range of analytical
methods, while it was also possible to carry out uncertainty
and sensitivity analyses related to variations in the criteria/
sub-criteria weightings (Chon et al. 2012). In this study, we
used the elementary MCA analysis based on the weighted
summation method. Weighted summation is a well-
established and widely used method, detailed information on
which can be found in Janssen (2001).

The sub-criteria used in the analysis are measured in dif-
ferent units and scales. As such, for the ranking of the alter-
natives to be performed, the scores of the sub-criteria need to
be transformed into comparable values. To achieve that, a
process called standardisation or normalisation is employed,
where the sub-criteria scores lose their dimension and mea-
surement unit and attain a uniform, non-dimensional value
(van Herwijnen 2005). In the weighted summation method,
a linear function between the lowest and the highest score of a
sub-criterion between the alternatives compared is often used
to standardise scores. Hence, the scores are transformed ac-
cording to their relative position on the interval between the
lowest and highest score [min, max] and to their relative po-
sition on the interval [0, 1] (Janssen 2001). This analysis in our
study was conducted through DEFINITE, and the alternatives
were then evaluated via weighting assignment (Janssen and
van Herwijnen 1994).

Fig. 3 Selected sub-criteria for
the sustainability assessment of
the use of FWDs and the
anaerobic co-digestion of food
waste with sewage sludge in the
Anglian water region in the UK
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In the weighted summation method, the weights are usually
assigned to the criteria/sub-criteria using the equal weight or the
rank-order weight methods. Because of the lack of information
regarding stakeholders’ priorities and interests, and considering
that environmental, economic and social criteria and their sub-
criteria in a sustainability assessment should be of equal impor-
tance, we used the equal weights method as proposed in other
studies (Balasubramaniam and Voulvoulis 2005; Gasparatos
2010; van den Hove 2006). Using this method, the sum of the
weights of criteria and the partial contribution of the sub-criteria
to each criterion should be equal to 1 (or 100%). The
standardised score of each criterion/sub-criterion is multiplied
by its assigned weight, and a matrix of criteria/sub-criteria scores
expressed as ratios is generated (Table S2, Supplementary
Material). The ranking of each food waste management alterna-
tive is then determined based on a linear additive model (i.e.
weighted sum of standardised scores) (Angelis and Kanavos
2017; Boggia and Cortina 2010). The final result is the scoring
of the alternatives between 0 and 1, with the highest score
representing the best net benefit and thus better sustainability
performance (Cinelli et al. 2014). According to this process, the
score of the anaerobic co-digestion of food waste with sewage
sludge is 0.54, indicating that it could be a more sustainable
option than the use of FWDs in the Anglian water region which
has scored 0.48 (Fig. 4).

Sensitivity analysis The difference between the overall score of
the two food waste management options is very small, and a
sensitivity analysis was carried out to look at which sub-criteria
could have reversed the sustainability performance of the two
food waste management alternatives. This analysis was carried
out by changing the weights for the sub-criteria scores on food
waste management assessment options within a deviation of ±
50% from the initial ones. This was used as a way to reflect the
response of the alternatives to the relative importance of the sub-
criteria to the criteria, and identify the sub-criteria which could
result in a ranking reversal, using a stochastic method based on a
Monte Carlo approach (Boggia and Cortina 2010; Bottero et al.
2011). This analysis was carried out via DEFINITE and helped

to gain a better understanding of the impact of these variations on
the overall comparison (Boggia and Cortina 2010).

The sub-criteria of net resource consumption, net costs and
odour implications and health and safety impacts were the most
sensitive to changes in their importance (weights) and could cause
a reversal in the ranking of the alternatives, with the use of FWDs
becoming more preferable to the anaerobic co-digestion of food
waste with sewage sludge. This emphasises that a major compo-
nent of the developed framework lies on the subjectivity of
assessing the contribution of the sub-criteria to the selected
criteria, as changes in the relative importance of some sub-
criteria could really change the outcome of the analysis.

Discussion

A comparison between the use of FWDs and the anaerobic co-
digestion of separately collected food waste with sewage
sludge in the Anglian water region in the UK, was performed
using the framework developed in this study as a screening
tool due to the lack of stakeholders participation. As a re-
sult, our analysis could not be used to support decision-mak-
ing. Nonetheless, it highlighted that the different characteris-
tics of each option and their prevalence in the selected region
are important in identifying and understanding the potential
sustainability outcomes of their short-, medium- and long-
term implementation. Some underlying important outcomes
also aroused from the analysis. These are as follows:

& Food waste management presents an opportunity for re-
covering value when properly managed. This value may
vary from one treatment process to another; for example,
biogas and digestate can be produced from the anaerobic
co-digestion of food waste with sewage sludge, but an
improved wastewater treatment process due to increased
organic load can be achieved when FWDs are used.
Notwithstanding these benefits, investigation into which
solution may result in the best possible overall outcome is
important, and must be properly assessed in pursuing

Table 2 Evaluation matrix of the
two food waste management
options used in the case study

Criteria Sub-criteria Unit (per tonne FW) FWDs Anaerobic co-digestion

Environmental Net resource consumption kWh 188.34 265.71

GHG emissions kgCO2 99.26 84.27

Renewable energy generation kWh − 668.64 − 2173.08
Economic Net costs £ 68.47 192.97

Revenues £ − 66.86 − 217.31
Social Acceptability +/++ + ++

Health & safety +/++ ++ +

Odour implications +/++ ++ +

Noise implications +/++ + ++

Note: Negative values indicate savings/net benefits
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sustainability. Yet, it is evident that creating a water-
energy-food nexus generates opportunities for increased
resource efficiency, building the foundations of a greener
and more sustainable future.

& In sustainability assessment processes, consideration of the
environmental, economic and social impacts based on the
area-specific characteristics (this may include national, re-
gional or local boundaries) and practices are key to the se-
lection of the sub-criteria used in assessing the performance
of food waste management alternatives. This process can
help to uncover economically feasible and socially accept-
able practices, along with key environmental considerations
that need to be taken into account to ensure protection of the
environment and human health in a concerted manner, such
that consideration of the one pillar does not undermine the
importance of the other. Challenges related to the selection
and implementation of the most sustainable food waste
management alternative will continue to exist as a result of
increasing population, urbanisation, ageing infrastructure
and technological development. As such, stakeholders in-
volved in decision-making processes must be ready to adapt
to the changing circumstances and be able to include options
that may now seem far-fetching (e.g. surplus food redistri-
bution and avoidable food waste reduction), and select the
sub-criteria that can properly address the situation at hand.

& Stakeholders’ perceptions, interests and drivers are important
prerequisites in supporting a sound decision-making process.
A participatory approach that requires all stakeholders, which
affect and are affected by the implementation of a food waste
management option, to be involved in the selection of sub-
criteria and the overall decision-making process is funda-
mental in using the sustainability assessment framework up
to its full potential. This participatory process may trigger
controversies between different stakeholders (as a result of
opposing interests and business objectives), but will also
uncover important aspects that must be taken into account
when selecting a food waste management option that could

become mainstream. Such transparent methods of reflection,
deliberation and selection of sub-criteria, and their potential
importance to the overall evaluation process by the stake-
holders involved, are yet to be developed.

Taking into account the relationship between water provi-
sion, energy security and resource efficiency, and implications
both in terms of availability and demand, water and environ-
mental challenges often prove complex to address.
Nonetheless, these links provide the potential to convey ben-
eficial synergies for the water industry and LAs, or the con-
tractors operating on their behalf, which could deliver real
benefits and cross-sectorial solutions, if carefully applied.

Although the SAF presented in this study was designed for
food waste management options assessment, its generic ap-
proach in grasping systemic challenges means that it may be
possible for it to be extended to other waste systems, such as
municipal solid wastes, construction and demolition wastes or
commercial and industrial waste. A frequent review of the
framework, and expansion on some of the key aspects includ-
ed in the process, would make it a user-friendly tool and en-
able its uptake by various stakeholders.

Conclusions

Food waste is a valuable resource that can be turned into an
opportunity, if the area-specific characteristics and practices im-
plemented for its treatment are taken into account. This is the
basic principle that underpins the sustainability assessment
framework (SAF) developed in this study, which can be effec-
tively used as a screening as well as an analytical tool for
supporting decision-making regarding the selection of a food
waste management option based on case-specific contexts. An
important component of the SAF is the sub-criteria selection
process, which emphasises that the conceptualisation of the
food waste flows, the governance, institutional, and socio-

(a) (b)

Fig. 4 a Overall score of the
evaluation of the two food waste
management alternatives with the
highest score indicating a better
sustainability performance. b
Criterion-specific scores of the
two food waste management
alternatives. The higher the score,
the better the sustainability
performance of the food waste
management option against the
respective criterion
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cultural aspects that define food waste management systems, as
well as the stakeholders’ perspectives are critical in streamlining
the selection of useful sub-criteria and their evaluation, yielding
a comprehensive view of the food waste management system.

The use of FWDs and the anaerobic co-digestion of food
waste with sewage sludge are important precedents in demon-
strating the applicability of the SAF as they are considered to
be two of the most powerful options in recovering value from
food waste. This is partly because they can create synergies
between the LAs, waste and water industries enabling sustain-
able food waste management in the long run. In this study, a
number of systemic simplifications associated with both op-
tions were made for demonstrating the applicability of the
SAF, and as such, conclusions on the selection of the one food
waste management option over the other could not be
rationalised—yet the framework was successfully used in
comparing the two options.

Data availability was found to be a major challenge asso-
ciated with the robustness of the framework. Data is important
in getting a holistic perspective of the potential positive and
negative impacts of the food waste management alternatives.
Hence, lack and inconsistency in the data used may substan-
tially limit the assessment process, and create gaps in under-
standing the potential effects of adopting the one alternative
over the other. Another challenge is related to changes in the
national and regional planning and policy, institutional re-
forms, population increase and urbanisation, socio-technical
aspects, economic drivers, ageing infrastructure and techno-
logical development all of which would have implications on
the practices implemented by LAs, the water and the waste
industry. These changes may cause instability in the system
and alter stakeholders’ preferences and agendas. Thus, in
assessing the sustainability of a food waste management op-
tion, these aspects must be taken into account together with
the specificities of the region, in order to enable the selection
of the process that can better support the efficient management
of resources in the long-term.

Flexibility is highly required in using the SAF, so that data
availability and systemic changes can be properly accounted
for, to allow the unequivocal identification of the best food
waste management alternative, thereby supporting informed
decision-making. For flexibility to be embedded in the frame-
work, further research is required. The environmental, eco-
nomic, social aspects may need to be expanded to include
institutional and technical aspects, utilising both top-down
(national-specific) and bottom-up (area-specific) approaches
for formulating relevant sub-criteria.

Resource efficiency, and food waste management in partic-
ular, is a multi-faceted problem, requiring different kinds of
mechanisms and strategies for it to be solved. The framework
developed in this study is only but a piece of the puzzle that
may allow us to move a bit closer in promoting sustainable
waste management solutions.

References

Achillas C, Moussiopoulos N, Karagiannidis A, Banias G, Perkoulidis G
(2013) The use of multi-criteria decision analysis to tackle waste
management problems: a literature review. Waste Manag Res 31:
115–129. https://doi.org/10.1177/0734242X12470203

Andreottola G, Ragazzi M, Foladori P, Villa R, Langone M, Rada EC
(2012) The unit intregrated approch for OFMSW treatment
University BPolitehnica^ of Bucharest Scientific Bulletin, Series C.
Electr Eng 74:19–26

Angelis A, Kanavos P (2017)Multiple criteria decision analysis (MCDA)
for evaluating new medicines in health technology assessment and
beyond: the advance value framework. Soc Sci Med 188:137–156.
https://doi.org/10.1016/j.socscimed.2017.06.024

Angelo ACM, Saraiva AB, Clímaco JCN, Infante CE, Valle R (2017) Life
cycle assessment and multi-criteria decision analysis: selection of a
strategy for domestic food waste management in Rio de Janeiro. J
Clean Prod 143:744–756. https://doi.org/10.1016/j.jclepro.2016.12.049

Anglian Water Services Ltd. (2017) Fast facts. http://www.anglianwater.
co.uk/about-us/fast-facts-file.aspx. 2017

Ashley R et al (2008) Making asset investment decisions for wastewater
systems that include sustainability. J Environ Eng 134:200–209.
https://doi.org/10.1061/(ASCE)0733-9372(2008)134:3(200

Balasubramaniam A, Voulvoulis N (2005) The appropriateness of
multicriteria analysis in environmental decision-making problems.
Environ Technol 26:951–962. https://doi.org/10.1080/
09593332608618484

BalkemaAJ, Preisig HA, Otterpohl R, Lambert FJD (2002) Indicators for the
sustainability assessment of wastewater treatment systems. UrbanWater
4:153–161. https://doi.org/10.1016/s1462-0758(02)00014-6

BernstadA, la Cour Jansen J (2011) A life cycle approach to themanagement
of household food waste—a Swedish full-scale case study. Waste
Manag 31:1879–1896. https://doi.org/10.1016/j.wasman.2011.02.026

Boggia A, Cortina C (2010) Measuring sustainable development using a
multi-criteria model: a case study. J Environ Manag 91:2301–2306.
https://doi.org/10.1016/j.jenvman.2010.06.009

Bottero M, Comino E, Riggio V (2011) Application of the analytic hier-
archy process and the analytic network process for the assessment of
different wastewater treatment systems. Environ Model Softw 26:
1211–1224. https://doi.org/10.1016/j.envsoft.2011.04.002

Cabot J, Easterbrook S, Horkoff J, Lessard L, Liaskos S, Mazon JN
(2009) Integrating sustainability in decision-making processes: a
modelling strategy. In: 31st international conference on software
engineering companion, pp 207–210

Capson-Tojo G, Rouez M, Crest M, Steyer J-P, Delgenès J-P, Escudié R
(2016) Food waste valorization via anaerobic processes: a review.
Rev Environ Sci Biotechnol 15:499–547. https://doi.org/10.1007/
s11157-016-9405-y

CECED (2003) Food waste disposers—an integral part of the EU’s future
Waste Manag Strategy CECED–European Committee of
Manufacturers of Domestic Appliances, Brussels, Belgium

Cerda A, Artola A, Font X, Barrena R, Gea T, Sánchez A (2018)
Composting of food wastes: status and challenges. Bioresour
Technol 248:57–67. https://doi.org/10.1016/j.biortech.2017.06.133

Chon H-S, Ohandja D-G, Voulvoulis N (2012) A risk-based approach to
prioritise catchments for diffuse metal pollution management. Sci Total
Environ 437:42–52. https://doi.org/10.1016/j.scitotenv.2012.07.045

Cinelli M, Coles SR, Kirwan K (2014) Analysis of the potentials of multi
criteria decision analysis methods to conduct sustainability assess-
ment. Ecol Indic 46:138–148. https://doi.org/10.1016/j.ecolind.
2014.06.011

DECC, Defra (2011) Anaerobic Digestion Strategy and Action Plan. The
Department of Energy and Climate Change (DECC) and the
Department for Environment, Food & Rural Affairs (Defra),
London, UK,

35832 Environ Sci Pollut Res (2018) 25:35821–35834

https://doi.org/10.1177/0734242X12470203
https://doi.org/10.1016/j.socscimed.2017.06.024
https://doi.org/10.1016/j.jclepro.2016.12.049
http://www.anglianwater.co.uk/about-us/fast-facts-file.aspx
http://www.anglianwater.co.uk/about-us/fast-facts-file.aspx
https://doi.org/10.1061/(ASCE)0733-9372(2008)134:3(200
https://doi.org/10.1080/09593332608618484
https://doi.org/10.1080/09593332608618484
https://doi.org/10.1016/s1462-0758(02)00014-6
https://doi.org/10.1016/j.wasman.2011.02.026
https://doi.org/10.1016/j.jenvman.2010.06.009
https://doi.org/10.1016/j.envsoft.2011.04.002
https://doi.org/10.1007/s11157-016-9405-y
https://doi.org/10.1007/s11157-016-9405-y
https://doi.org/10.1016/j.biortech.2017.06.133
https://doi.org/10.1016/j.scitotenv.2012.07.045
https://doi.org/10.1016/j.ecolind.2014.06.011
https://doi.org/10.1016/j.ecolind.2014.06.011


Defra (2007a) Health impact assessment of alternate week waste collec-
tions of biodegradable waste

Defra (2007b) Health impact assessment of alternate week waste collec-
tions of biodegradable waste. Department for Environment, Food
and Rural Affairs. http://www.enviros.com/PDF/Defra%20HIA%
20Alternate%20Week%20Collections.pdf

den Boer J, den Boer E, Jager J (2007) LCA-IWM: a decision support
tool for sustainability assessment of waste management systems.
Waste Manag 27:1032–1045. https://doi.org/10.1016/j.wasman.
2007.02.022

DiMaria F, Micale C (2015) Life cycle analysis of incineration compared
to anaerobic digestion followed by composting for managing organ-
ic waste: the influence of system components for an Italian district.
Int J Life Cycle Assess 20:377–388. https://doi.org/10.1007/
s11367-014-0833-z

Diaz-Balteiro L, González-Pachón J, Romero C (2017) Measuring sys-
tems sustainability with multi-criteria methods: a critical review. Eur
J Oper Res 258:607–616. https://doi.org/10.1016/j.ejor.2016.08.075

Diggelman C, Ham RK (2003) Household food waste to wastewater or to
solid waste? That is the question. Waste Manag Res 21:501–514.
https://doi.org/10.1177/0734242x0302100603

European Parliament and Council (2008) Directive 2008/98/EC of 19
November 2008 on waste and repealing certain Directives (Waste
Framework Directive). Official Journal of the European Union.
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:
2008:312:0003:0030:en:PDF. L312/3 22.11

European Union (1999) Council directive 1999/31/EC of 26 April 1999
on the landfill of waste vol L 182/1. Official Journal of the European
Communitie

Evans TD (2007) Environmental impact study of foodwaste disposers for the
county surveyors’ society andHerefordshire council andWorcestershire
county council. Worcestershire County Council. http://www.disperator.
se/sites/default/files/public/dokument/rapporter-studier/environmental-
impact-study-v-8-part-1-eis-2007.pdf

Facchini E, Iacovidou E, Gronow J, Voulvoulis N (2017) Food flows in
theUK: the potential of surplus food redistribution to reducewaste. J
Air Waste Manage Assoc:null-null:1–13. https://doi.org/10.1080/
10962247.2017.1405854

Ferrarini A, Bodini A, Becchi M (2001) Environmental quality and sus-
tainability in the province of Reggio Emilia (Italy): usingmulti-criteria
analysis to assess and compare municipal performance. J Environ
Manag 63:117–131. https://doi.org/10.1006/jema.2001.0465

Garfì M, Tondelli S, Bonoli A (2009) Multi-criteria decision analysis for
waste management in Saharawi refugee camps. Waste Manag 29:
2729–2739. https://doi.org/10.1016/j.wasman.2009.05.019

Gasparatos A (2010) Embedded value systems in sustainability assess-
ment tools and their implications. J Environ Manag 91:1613–1622.
https://doi.org/10.1016/j.jenvman.2010.03.014

Gebrezgabher SA, Meuwissen MPM, Prins BAM, Lansink AGJMO
(2010) Economic analysis of anaerobic digestion—a case of green
power biogas plant in the Netherlands. NJAS - Wageningen J Life
Sci 57:109–115. https://doi.org/10.1016/j.njas.2009.07.006

Gudmundsson H, Hall RP, Marsden G, Zietsman J (2016) Sustainable
transportation: indicators, frameworks, and performance manage-
ment. Springer-Verlag., Berlin

Hidaka T, Wang F, Tsumori J (2015) Comparative evaluation of anaerobic
digestion for sewage sludge and various organic wastes with simple
modeling. Waste Manag 43:144–151. https://doi.org/10.1016/j.
wasman.2015.04.026

Hokkanen J, Salminen P (1997) Choosing a solid waste management
system using multicriteria decision analysis. Eur J Oper Res 98:
19–36. https://doi.org/10.1016/0377-2217(95)00325-8

Hung M-L, Ma H-w, Yang W-F (2007) A novel sustainable decision mak-
ing model for municipal solid waste management. Waste Manag 27:
209–219. https://doi.org/10.1016/j.wasman.2006.01.008

Iacovidou E, Busch J, Hahladakis J, Baxter H, NgK,Herbert B (2017a) A
parameter selection framework for sustainability assessment.
Sustainability 9:1497

Iacovidou E, Ohandja D-G, Gronow J, Voulvoulis N (2012a) The house-
hold use of food waste disposal units as a waste management option:
a review. Crit Rev Environ Sci Technol 42:1485–1508. https://doi.
org/10.1080/10643389.2011.556897

Iacovidou E, Ohandja D-G, Voulvoulis N (2012b) Food waste co-
digestion with sewage sludge – Realising its potential in the UK. J
Environ Manag 112:267–274. https://doi.org/10.1016/j.jenvman.
2012.07.029

Iacovidou E, Ohandja D-G, Voulvoulis N (2012c) Food waste disposal
units in UK households: the need for policy intervention. Sci Total
Environ 423:1–7. https://doi.org/10.1016/j.scitotenv.2012.01.048

Iacovidou E, Velis CA, Purnell P, Zwirner O, Brown A, Hahladakis J,
Millward-Hopkins J, Williams PT (2017b) Metrics for optimising
the multi-dimensional value of resources recovered from waste in a
circular economy: a critical review. J Clean Prod 166:910–938.
https://doi.org/10.1016/j.jclepro.2017.07.100

Iacovidou E, Vlachopoulou M, Mallapaty S, Ohandja DG, Gronow J,
Voulvoulis N (2013) Anaerobic digestion inmunicipal solid wasteman-
agement: part of an integrated, holistic and sustainable solution. Waste
Manag 33:1035–1036. https://doi.org/10.1016/j.wasman.2013.03.010

Inaba R, Nansai K, Fujii M, Hashimoto S (2010) Hybrid life-cycle as-
sessment (LCA) of CO2 emission with management alternatives for
household food wastes in Japan. Waste Manag Res 28:496–507.
https://doi.org/10.1177/0734242x09348528

InSinkErator (2011) Systems for the management and disposal of food
waste. InSinkErator, A division of Emerson Electric co. https://
www.insinkerator.com/Media/Default/localized-media/FiftyFifty/
418f964c-b08b-4303-baa8-226058c58393/ISE-Life-Cycle-
Summary.pdf

Janssen R (2001) On the use ofmulti-criteria analysis in environmental impact
assessment in the Netherlands. J Multi-Criteria Decis Anal 10:101–109

Janssen R, van Herwijnen M (1994) Definite a system to support deci-
sions on a finite set of alternatives. User Manual

Karagiannidis A, Moussiopoulos N (1997) Application of ELECTRE III
for the integrated management of municipal solid wastes in the
greater Athens area. Eur J Oper Res 97:439–449. https://doi.org/
10.1016/S0377-2217(96)00252-4

Keeney RL, Raiffa H (1993) Decisions with multiple objectives: prefer-
ences and value trade-offs. Cambridge university press

Khoo HH, Lim TZ, Tan RBH (2010) Food waste conversion options in
Singapore: environmental impacts based on an LCA perspective.
Sci Total Environ 408:1367–1373. https://doi.org/10.1016/j.
scitotenv.2009.10.072

Kiddee P, Naidu R, Wong MH (2013) Electronic waste management
approaches: an overview. Waste Manag 33:1237–1250. https://doi.
org/10.1016/j.wasman.2013.01.006

Kiker GA, Bridges TS, Varghese A, Seager TP, Linkov I (2005)
Application of multicriteria decision analysis in environmental de-
cision making. Integr Environ Assess Manag 1:95–108. https://doi.
org/10.1897/IEAM_2004a-015.1

KimM-H, Kim J-W (2010) Comparison through a LCA evaluation anal-
ysis of food waste disposal options from the perspective of global
warming and resource recovery. Sci Total Environ 408:3998–4006.
https://doi.org/10.1016/j.scitotenv.2010.04.049

KimM-H, Song Y-E, Song H-B, Kim J-W, Hwang S-J (2011) Evaluation
of food waste disposal options by LCC analysis from the perspective
of global warming: Jungnang case, South Korea. Waste Manag 31:
2112–2120. https://doi.org/10.1016/j.wasman.2011.04.019

Lee S-H, Choi K-I, Osako M, Dong J-I (2007) Evaluation of environ-
mental burdens caused by changes of food waste management sys-
tems in Seoul, Korea. Sci Total Environ 387:42–53. https://doi.org/
10.1016/j.scitotenv.2007.06.037

Environ Sci Pollut Res (2018) 25:35821–35834 35833

http://www.enviros.com/PDF/Defra%20HIA%20Alternate%20Week%20Collections.pdf
http://www.enviros.com/PDF/Defra%20HIA%20Alternate%20Week%20Collections.pdf
https://doi.org/10.1016/j.wasman.2007.02.022
https://doi.org/10.1016/j.wasman.2007.02.022
https://doi.org/10.1007/s11367-014-0833-z
https://doi.org/10.1007/s11367-014-0833-z
https://doi.org/10.1016/j.ejor.2016.08.075
https://doi.org/10.1177/0734242x0302100603
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri
http://www.disperator.se/sites/default/files/public/dokument/rapporter-studier/environmental-impact-study-v-8-part-1-eis-2007.pdf
http://www.disperator.se/sites/default/files/public/dokument/rapporter-studier/environmental-impact-study-v-8-part-1-eis-2007.pdf
http://www.disperator.se/sites/default/files/public/dokument/rapporter-studier/environmental-impact-study-v-8-part-1-eis-2007.pdf
https://doi.org/10.1080/10962247.2017.1405854
https://doi.org/10.1080/10962247.2017.1405854
https://doi.org/10.1006/jema.2001.0465
https://doi.org/10.1016/j.wasman.2009.05.019
https://doi.org/10.1016/j.jenvman.2010.03.014
https://doi.org/10.1016/j.njas.2009.07.006
https://doi.org/10.1016/j.wasman.2015.04.026
https://doi.org/10.1016/j.wasman.2015.04.026
https://doi.org/10.1016/0377-2217(95)00325-8
https://doi.org/10.1016/j.wasman.2006.01.008
https://doi.org/10.1080/10643389.2011.556897
https://doi.org/10.1080/10643389.2011.556897
https://doi.org/10.1016/j.jenvman.2012.07.029
https://doi.org/10.1016/j.jenvman.2012.07.029
https://doi.org/10.1016/j.scitotenv.2012.01.048
https://doi.org/10.1016/j.jclepro.2017.07.100
https://doi.org/10.1016/j.wasman.2013.03.010
https://doi.org/10.1177/0734242x09348528
https://www.insinkerator.com/Media/Default/localized-media/FiftyFifty/418f964c-b08b-4303-baa8-226058c58393/ISE-Life-Cycle-Summary.pdf
https://www.insinkerator.com/Media/Default/localized-media/FiftyFifty/418f964c-b08b-4303-baa8-226058c58393/ISE-Life-Cycle-Summary.pdf
https://www.insinkerator.com/Media/Default/localized-media/FiftyFifty/418f964c-b08b-4303-baa8-226058c58393/ISE-Life-Cycle-Summary.pdf
https://www.insinkerator.com/Media/Default/localized-media/FiftyFifty/418f964c-b08b-4303-baa8-226058c58393/ISE-Life-Cycle-Summary.pdf
https://doi.org/10.1016/S0377-2217(96)00252-4
https://doi.org/10.1016/S0377-2217(96)00252-4
https://doi.org/10.1016/j.scitotenv.2009.10.072
https://doi.org/10.1016/j.scitotenv.2009.10.072
https://doi.org/10.1016/j.wasman.2013.01.006
https://doi.org/10.1016/j.wasman.2013.01.006
https://doi.org/10.1897/IEAM_2004a-015.1
https://doi.org/10.1897/IEAM_2004a-015.1
https://doi.org/10.1016/j.scitotenv.2010.04.049
https://doi.org/10.1016/j.wasman.2011.04.019
https://doi.org/10.1016/j.scitotenv.2007.06.037
https://doi.org/10.1016/j.scitotenv.2007.06.037


Levis JW, BarlazMA, Themelis NJ, Ulloa P (2010) Assessment of the state
of food waste treatment in the United States and Canada. Waste
Manag 30:1486–1494. https://doi.org/10.1016/j.wasman.2010.01.031

Li Z, Lu H, Ren L, He L (2013) Experimental and modeling approaches
for food waste composting: a review. Chemosphere 93:1247–1257.
https://doi.org/10.1016/j.chemosphere.2013.06.064

Lukehurst CT, Frost P, Al Seadi T (2010) Utilisation of digestate from
biogas plants as biofertiliser IEA bioenergy:1–36

Lundie S, Peters GM (2005) Life cycle assessment of food waste man-
agement options. J Clean Prod 13:275–286. https://doi.org/10.1016/
j.jclepro.2004.02.020

Mendoza GA,Martins H (2006)Multi-criteria decision analysis in natural
resource management: a critical review of methods and new model-
ling paradigms. For Ecol Manag 230:1–22. https://doi.org/10.1016/
j.foreco.2006.03.023

Milutinović B, Stefanović G, Dassisti M, Marković D, Vučković G
(2014) Multi-criteria analysis as a tool for sustainability assessment
of a waste management model. Energy 74:190–201. https://doi.org/
10.1016/j.energy.2014.05.056

Møller J, Boldrin A, Christensen TH (2009) Anaerobic digestion and
digestate use: accounting of greenhouse gases and global warming
contribution. Waste Manag Res 27:813–824

Padeyanda Y, Jang Y-C, Ko Y, Yi S (2016) Evaluation of environmental
impacts of foodwaste management by material flow analysis (MFA)
and life cycle assessment (LCA). J Mater Cycles Waste Manag 18:
493–508. https://doi.org/10.1007/s10163-016-0510-3

Paritosh K, Kushwaha SK, Yadav M, Pareek N, Chawade A, Vivekanand V
(2017) Foodwaste to energy: an overview of sustainable approaches for
food waste management and nutrient recycling. Biomed Res Int 2017:
2370927. https://doi.org/10.1155/2017/2370927

Ragazzi M, Maniscalco M, Torretta V, Ferronato N, Rada EC (2017)
Anaerobic digestion as sustainable source of energy: a dynamic ap-
proach for improving the recovery of organic waste. Energy Procedia
119:602–614. https://doi.org/10.1016/j.egypro.2017.07.086

Righi S, Oliviero L, Pedrini M, Buscaroli A, Della Casa C (2013) Life
cycle assessment of management systems for sewage sludge and
food waste: centralized and decentralized approaches. J Clean
Prod 44:8–17. https://doi.org/10.1016/j.jclepro.2012.12.004

Rousis K, Moustakas K, Malamis S, Papadopoulos A, Loizidou M
(2008) Multi-criteria analysis for the determination of the best
WEEE management scenario in Cyprus. Waste Manag 28:1941–
1954. https://doi.org/10.1016/j.wasman.2007.12.001

Rowley HV, Peters GM, Lundie S, Moore SJ (2012) Aggregating sus-
tainability indicators: beyond the weighted sum. J Environ Manag
111:24–33. https://doi.org/10.1016/j.jenvman.2012.05.004

Saer A, Lansing S, Davitt NH, Graves RE (2013) Life cycle assess-
ment of a food waste composting system: environmental impact
hotspots. J Clean Prod 52:234–244. https://doi.org/10.1016/j.
jclepro.2013.03.022

Sala S, Ciuffo B, Nijkamp P (2015) A systemic framework for sustain-
ability assessment. Ecol Econ 119:314–325. https://doi.org/10.1016/
j.ecolecon.2015.09.015

San Cristobal JR (2012) Multi-criteria analysis. In: multi-criteria analysis
in the renewable energy industry. In: Springer

Sonesson U, Björklund A, CarlssonM, DalemoM (2000) Environmental
and economic analysis of management systems for biodegradable
waste. Resour Conserv Recycl 28:29–53. https://doi.org/10.1016/
S0921-3449(99)00029-4

van den Hove S (2006) Between consensus and compromise: acknowl-
edging the negotiation dimension in participatory approaches Land
Use Policy 23:10–17. https://doi.org/10.1016/j.landusepol.2004.09.
001

van Herwijnen M (2005) Weighted summation (WSum). Institute for
Environmental Studies (IVM),. http://www.ivm.vu.nl/en/Images/
MCA2_tcm234-161528.pdf

Wang J-J, Jing Y-Y, Zhang C-F, Zhao J-H (2009) Review on multi-
criteria decision analysis aid in sustainable energy decision-
making. Renew Sust Energ Rev 13:2263–2278. https://doi.org/
10.1016/j.rser.2009.06.021

Wang Y, Wang C,Wang Y, Xia Y, Chen G, Zhang T (2017) Investigation
on the anaerobic co-digestion of food waste with sewage sludge.
Appl Microbiol Biotechnol 101:7755–7766. https://doi.org/10.
1007/s00253-017-8499-7

Whiting A, Azapagic A (2014) Life cycle environmental impacts of
generating electricity and heat from biogas produced by anaer-
obic digestion. Energy 70:181–193. https://doi.org/10.1016/j.
energy.2014.03.103

Wickham R, Galway B, Bustamante H, Nghiem LD (2016) Biomethane
potential evaluation of co-digestion of sewage sludge and organic
wastes. Int Biodeterior Biodegrad 113:3–8. https://doi.org/10.1016/
j.ibiod.2016.03.018

WRAP (2016) Estimates of food surplus and waste arisings in the UK.
Waste & Resources Action Programme. http://www.wrap.org.uk/
sites/files/wrap/Estimates_%20in_the_UK_Jan17.pdf

35834 Environ Sci Pollut Res (2018) 25:35821–35834

https://doi.org/10.1016/j.wasman.2010.01.031
https://doi.org/10.1016/j.chemosphere.2013.06.064
https://doi.org/10.1016/j.jclepro.2004.02.020
https://doi.org/10.1016/j.jclepro.2004.02.020
https://doi.org/10.1016/j.foreco.2006.03.023
https://doi.org/10.1016/j.foreco.2006.03.023
https://doi.org/10.1016/j.energy.2014.05.056
https://doi.org/10.1016/j.energy.2014.05.056
https://doi.org/10.1007/s10163-016-0510-3
https://doi.org/10.1155/2017/2370927
https://doi.org/10.1016/j.egypro.2017.07.086
https://doi.org/10.1016/j.jclepro.2012.12.004
https://doi.org/10.1016/j.wasman.2007.12.001
https://doi.org/10.1016/j.jenvman.2012.05.004
https://doi.org/10.1016/j.jclepro.2013.03.022
https://doi.org/10.1016/j.jclepro.2013.03.022
https://doi.org/10.1016/j.ecolecon.2015.09.015
https://doi.org/10.1016/j.ecolecon.2015.09.015
https://doi.org/10.1016/S0921-3449(99)00029-4
https://doi.org/10.1016/S0921-3449(99)00029-4
https://doi.org/10.1016/j.landusepol.2004.09.001
https://doi.org/10.1016/j.landusepol.2004.09.001
http://www.ivm.vu.nl/en/Images/MCA2_tcm234-161528.pdf
http://www.ivm.vu.nl/en/Images/MCA2_tcm234-161528.pdf
https://doi.org/10.1016/j.rser.2009.06.021
https://doi.org/10.1016/j.rser.2009.06.021
https://doi.org/10.1007/s00253-017-8499-7
https://doi.org/10.1007/s00253-017-8499-7
https://doi.org/10.1016/j.energy.2014.03.103
https://doi.org/10.1016/j.energy.2014.03.103
https://doi.org/10.1016/j.ibiod.2016.03.018
https://doi.org/10.1016/j.ibiod.2016.03.018
http://www.wrap.org.uk/sites/files/wrap/Estimates_%20in_the_UK_Jan17.pdf
http://www.wrap.org.uk/sites/files/wrap/Estimates_%20in_the_UK_Jan17.pdf

	A...
	Abstract
	Introduction
	The sustainability assessment framework
	Pool of sub-criteria used in food waste management systems assessment

	Application of SAF to evaluate the performance of the use of FWDs and anaerobic co-digestion of food waste with sewage sludge in the Anglian water region
	Discussion
	Conclusions
	References


