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Increasing demand for fuels and chemicals, driven by factors including over-population, the threat of

global warming and the scarcity of fossil resources, strains our resource system and necessitates the

development of sustainable and innovative strategies for the chemical industry. Our society is currently

experiencing constraints imposed by our resource system, which drives industry to increase its overall

efficiency by improving existing processes or finding new uses for waste. Food supply chain waste

emerged as a resource with a significant potential to be employed as a raw material for the production

of fuels and chemicals given the abundant volumes globally generated, its contained diversity of

functionalised chemical components and the opportunity to be utilised for higher value applications.

The present manuscript is aimed to provide a general overview of the current and most innovative uses

of food supply chain waste, providing a range of worldwide case-studies from around the globe. These

studies will focus on examples illustrating the use of citrus peel, waste cooking oil and cashew shell nut

liquid in countries such as China, the UK, Tanzania, Spain, Greece or Morocco. This work emphasises 2nd

generation food waste valorisation and re-use strategies for the production of higher value and

marketable products rather than conventional food waste processing (incineration for energy recovery,

feed or composting) while highlighting issues linked to the use of food waste as a sustainable raw

material. The influence of food regulations on food supply chain waste valorisation will also be

addressed as well as our society's behavior towards food supply chain waste. “There was no ways of
creasingly “hot” topic, as demonstrated by the publication of several reports on the quantities of food wasted along our
cognised need to both avoid waste and nd new renewable resources. The low efficiency of these supply chains has
cts, wasting resources such as water, energy, labour, land and agrochemicals. While 1st generation waste valorisation
ng have some value, the inherent chemical complexity of food waste makes it a very attractive source of higher value
lights initiatives around the globe on 2nd generation use of food supply chain waste as a resource, providing a renewable
emical industry. The review highlights the limitations linked with the use of food waste as a resource, connecting it with
e rst time a complete picture of the state-of-the-art in this multidisciplinary research area and in the light of recent
owards using waste as a raw material to both reduce the environmental burden of disposal and the concerns about future
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dealing with it that have not been known for thousands of years. These ways are essentially four:
dumping it, burning it, converting it into something that can be used again, and minimizing the
volume of material goods – future garbage – that is produced in the rst place.”William Rathje on
waste (1945–2012) – Director of the Tucson Garbage project.
1 Introduction, current context and drivers

Environmental issues and the growing global population
combined with the increasing global demand for energy, chem-
icals and materials in our current society have fostered research
efforts to develop low environmental impact technologies based
on renewable raw materials to meet such global targets. Alter-
native feedstocks to conventional fossil raw materials have
attracted an increasing interest over recent years, contributing to
the creation of a new paradigm: the biorenery concept.

A biorenery is in essence an analogous concept to that of a
conventional renery in that it aims to maximise outputs (i.e.
energy/fuel, chemicals and materials) from the processing of
r Carol Lin carried out her PhD
t the Satake Centre for Grain
rocess Engineering (SCGPE)
University of Manchester, UK)
ollaborating with the Green
hemistry Centre of Excellence
University of York, UK) on novel
heat-based biorening strate-
ies for the production of suc-
inic acid. Her current position
s an assistant professor in the
chool of Energy and Environ-
ent at the City University of

focus on the valorisation of food
as platform molecules (succinic
.

ucie A. Pfaltzgraff is a PhD
raduate student at the Green
hemistry Centre of Excellence
York, UK) under the supervision
f Prof. James H. Clark. Her
esearch interests include the
alorisation of food supply chain
aste as a valuable biorenery
eedstock, mapping the avail-
bility and studying the cost-
ffectiveness of this resource.
er project focuses on the use of
ow temperature microwave
rocesses for the combined
xtraction of citrus peel
ompounds.
raw materials. In this case, biomass and waste (as opposed to
crude oil) are selected as renewable feedstocks and converted
into valuable marketable products by using a series of
sustainable and low environmental impact technologies,1

http://www.legiste.co.uk.
The biorenery concept stimulated a great deal of interac-

tion between scientists from different elds including (bio)
chemistry, biology, environmental sciences, economics and
(bio)chemical engineering in an attempt to switch to a bio-
based industry that can make use of renewable resources for an
increased competitiveness. In this regard, recent studies on the
use of various food crops for biofuels, chemicals and materials
production pointed to several deciencies and concerns for
Lorenzo Herrero Davila is a
Research Associate at Brocklesby
Ltd. His research interests are
the valorisation of oil/fat con-
taining food waste, biofuel co-
products and the development of
processes based on food by-
products. He started to work in
Brocklesby Ltd as a KTP Asso-
ciate while doing a PhD on the
valorisation of biodiesel glyc-
erine in the Green Chemistry
Centre at the University of York.

Lorenzo has won prestigious awards (“Partner for Innovation”,
Innovator 2010) being also co-author of important monographs in
the biofuels and food waste valorisation area.

James Clark is Professor of
Chemistry and Director of the
Green Chemistry Centre of
Excellence and the Bio-
renewables Development Centre
(BDC) at York as well as being
Chief Technical Officer for the
company Starbon Technologies
Ltd. His research with industry
has led to numerous awards
including the 2011 RSC Envi-
ronment Prize, the 2011 SCI
Chemistry for Industry award,

the RSC John Jeyes and SCI Environment medals, the Royal
Academy of Engineering Clean Technology Fellowship, and
distinctions from Universities in countries including Greece, Mex-
ico and France. He has published over 450 original articles and
written or edited over 20 books.
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their implementation in a bio-based economy.2,3 The develop-
ment of a more integrated approach to resource management
based sustainable strategies along the whole supply chain (to
valorise residues, by-products and waste in order to maximise
the ratio products/feedstock) is essential.

Waste is currently a major issue worldwide, becoming more
and more important in developing countries (China, India, etc.)
as well as in Europe. Different types of waste can be categorised
into industrial, agricultural, sanitary and solid urban residues
based on their origin. Solid urban residues can at the same time
be subdivided into glass, paper, plastics, metals, organic matter
and others. The distribution of these may signicantly change
from country to country so that gures have to be studied on a
case to case basis. Waste produced by food processing compa-
nies is a good example of a pre-consumer type of waste gener-
ated on a large scale globally. This type of waste is becoming
increasingly problematic as in some cases it may account for
over 50% of the total waste produced in countries, with 60% of
it belonging to organic matter. The McKinsey Global Institute
announced that FW is ranked third of een identied resource
productivity opportunities as part of its 2011 report entitled
“Resource Revolution: Meeting the world's energy, material,
food and water needs”.4 In spite of these encouraging reports,
many of these food waste residues nd no current uses different
from landlling or rst generation recycling practices (e.g.
composting, animal feed) and/or reuse of organic matter.
However, our current society needs in terms of economic
competitiveness, efficiency and maximisation of prot mini-
mising waste and energy consumption are fostering the design
and development of advanced strategies and approaches to
process food waste residues aiming to produce high added
value end products which can be implemented into existing
markets. In addition to this, society also needs a major change
of mentality and perception on waste as a resource instead of an
issue, which should be steered by Governments and Environ-
mental Agencies worldwide.
Dr Apostolis A. Koutinas is a
Chemical Engineer with a PhD
in Biochemical Engineering. Dr
Koutinas is currently a Lecturer
at the Department of Food
Science and Technology at the
Agricultural University of Athens
(Greece). His research focuses on
valorization of renewable
resources with emphasis given
on industrial waste streams and
by-products, industrial biotech-
nology (e.g. platform chemicals,

microbial oil, polyhydroxyalkanoates) and biorenery develop-
ment including design and techno-economic evaluation. He has
published 35 papers in peer-reviewed scientic journals and 6 book
chapters. He currently participates in 7 research projects funded by
national and international funding bodies.

This journal is ª The Royal Society of Chemistry 2012
The scale and rate at which our food supply chain produces
waste and its putrescible nature represents a problem for the
industry concerned.5 In this context, food supply chain waste
(FSCW) emerges as a truly sustainable feedstock to be employed
in the production of bio-derived chemicals, materials and fuels,
in our current scenario that experienced a “147% increase in
commodity prices since the turn of the century” and increas-
ingly higher price volatility.5

Waste is also becoming increasingly expensive to dispose off.
The EU landll directive has caused landll gate fees to increase
from £40–74 to £68–111 between 2009 and 2011.6,7 Improved
resource utilisation will positively inuence industry's prots,
produce new growth and expand innovation opportunities
through the achievement of a zero waste economy.

In the light of these comments, this contribution is aimed to
provide a comprehensive and multidisciplinary approach on
the basics of advanced and innovative food valorisation prac-
tices providing a variety of case-studies that illustrate the
potential of food waste valorisation and its contribution to a
future bio-based economy.
1.1 Basics and gures of food waste

Food waste (FW) can be dened as the “end products of various
food processing industries that have not been recycled or used
for other purposes. They are the non-product ows of raw
materials whose economic value is less than the cost of collec-
tion and recovery for reuse; therefore discarded as waste”.8

Around 89 million tonnes of FW are generated every year in
the E.U.-27.9 80% of this total gures account for the contribu-
tions of the manufacturing sector (38%) and household sector
(42%), highlighting how FW arises at every stage of food supply
chain. Particularly, domestic waste produced by individuals at
home represents a problem from the logistics viewpoint, making
difficult a multiple collection and concentration in one place.

Comparatively, waste produced by the agricultural and pro-
cessing sectors is generated in amore concentratedmanner and
Prof. Rafael Luque has signi-
cant expertise on biomass/waste
valorisation practices to mate-
rials, fuels and chemicals over
the past 10 years. He has pub-
lished over 140 research articles,
led 3 patent applications and
edited 5 books as well as other
numerous contributions and
invited lectures worldwide. Prof.
Luque is also an Editorial Advi-
sory Board member of Chem.
Soc. Rev., Catal. Commun., COS

and CGC and was recently awarded the Marie Curie Prize in Spain
(2011), the Green Talents award in Germany (2011) and the TR35
Spain award from MIT (2012) as a young entrepreneur of the
company Green Applied Solutions S.L. (GAS).

Energy Environ. Sci.
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would therefore be easier to collect and valorise. Problems
associated with such waste include:

� Severe pollution problems due to high associated chemical
and biological oxygen demand (COD and BOD),10

� Varying pH and chemical composition due to seasonal
variations and changes in food processing,10

� Materials prone to bacterial contamination (e.g. fruit and
vegetable by-products),5

� High accumulation rate leading to disposal management
problems.11,12
1.2 Food supply chain waste (FSCW)

FSCW is the organic material produced for human consump-
tion that is discarded, lost or degraded primarily at the
manufacturing and retail stages, including waste arising from
pest degradation or food spoilage. FW is produced at every stage
of the food supply chain, being more obvious at the retail and
consumer stage. Recent FAO reports estimated that as much as
50% of the food produced is lost or wasted before and aer
reaching the consumer,13 accounting for over 1.3 billion tons
per year of food globally produced for human consumption.
These obviously represent a major environmental, economic
and social problem.14

The agro-food supply chain encompasses a broad variety of
manufacturing processes that generate accumulative quantities
of different waste, especially organic residues.15,16 The increasing
demand for chemicals and fuels, together with other drivers, are
encouraging the re-use and efficient valorisation of organic
waste from the food supply chain for the production of novel
added-value materials, chemicals and fuels, as a complementary
approach to the aforementioned conventional practices (i.e.
animal feed, composting, incineration and landll).

Industry's shi towards higher sustainability to improve
cost-effectiveness, process efficiency and green credentials
makes economically sound the development of sustainable and
Fig. 1 Drivers for a change: FSCW as a renewable feedstock.

Energy Environ. Sci.
innovative strategies for the reuse of food waste. Industry is
nevertheless not the only driver promoting advanced waste
valorisation practices. The increasingly strict European regula-
tions and standards as well as costs associated with their
compliance (in relation to the Landll Directive in Europe for
example ref. 17) are also major drivers of the use of FSCW as
feedstock to valuable products (Fig. 1).

Several reasons can be taken into account to develop
advanced valorisation practices on residues and by-products of
FW. These comprise signicant quantities of functionalised
molecules (i.e. carbohydrates, proteins, triglycerides, fatty acids,
phenolics as shown in Fig. 2), being at the same time abundant,
readily available, under-utilised and renewable. Various waste
streams even contain valuable compounds including antioxi-
dants which could be recovered, concentrated and re-used in
functional foods and lubricants additives. Fig. 2 illustrates how
daily used compounds in common consumer applications are
present in FSCW. Examples of types of FSCW and associated
“corresponding target ingredient for recovery” have been listed
by Galanakis in an effort to highlight the potential of FSCW as a
source of sought-aer chemical components.18 Shieber et al.
emphasized the favourable technological or nutritional prop-
erties of fruit and sugar processing by-products a decade
earlier.5 The next step would be to identify associated volumes
available of different types of FSCW.

The development of such valorisation routes may address
the main weakness of the food processing industry, aiming to
develop more sustainable supply chain and waste management
systems. They can solve both a resource and waste management
problem, as the issues associated with agro-food waste are
important, including:

� Decreasing landll options,
� Uncontrolled greenhouse gas (GHG) emissions,
� Contamination of water supplies through leaching of

inorganic matter and
� Low efficiency of conventional waste management

methods (i.e. incineration and composting).
Good examples of schemes likely to be successful are the

development of closed-loop supply chain models.19 In such
models, all types of waste residues are fed back into the value
chain (such as packaging waste being re-used), food graded as
Fig. 2 Components present in FSCW and their uses in common consumer
applications.

This journal is ª The Royal Society of Chemistry 2012
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lower quality for cosmetic reasons and food that is surplus to
retailers or manufacturers to be made available through alter-
native routes (e.g. Fareshare or as cheaper alternatives), while
unavoidable FW would be utilised as a by-product, e.g. in
providing energy from waste using the appropriate technology.
Several additional initiatives are currently ongoing which will be
detailed in the next sections.
1.3 Current food waste valorisation practices

Current waste management practices for FSCW (Fig. 3) in
decreasing order of added value waste include:

� Animal feed
� Composting
� Incineration and
� Landll.
Animal feed is generally the most cost effective route for

FSCW, however it is sometimes limited by regulatory issues as
well as the nature of the co-product generated in the process.20

Composting, generally as land spread/land injection, is the
most popular and extended practice. It is environmentally
acceptable as it diverts waste from landll and reduces farmers'
needs for fertilisers and fresh water from the use of effluent and
solid waste from factories. However, this type of practice is still
carried out at a relatively elevated cost, with the exception of
some digestates from anaerobic digestion (AD).21

Studies by the UK Department of Environmental, Food and
Rural Affairs (DEFRA) in a number of facilities of members of
the Federation of Food and Drink (FDF) showed that over 90%
(2010) of food waste from the sites was utilised in some form
[animal feed (10%), land spread agents (around 75%), by
anaerobic digestion (around 1%) or incineration (4%)] from the
total quantities of food waste, with ca. 9% going to landll.
These gures showed an overall waste reduction from previous
years and demonstrate that the food sector in the UK is making
good progress towards zero organic and packaging waste going
to landll by 2015.25

Waste management strategies for FW raise signicant envi-
ronmental concerns. Disposal of FW in landll is both costly
and has a large environmental impact, with direct and indirect
emission of GHG (CH4 and CO2). As an example, 4.2 tonnes of
CO2 are emitted along the supply chain for every tonne of FW
generated in addition to further emissions to soil, air and
water.19 Energy recovery through incineration is not always
feasible,26 typically due to the energy loss to evaporate the large
water content in FW. The use of FW as a compost/soil enhancer
is likely to be reviewed in years to come.27 Tuck et al. recently
Fig. 3 Animal feed, land injection and incineration, current alternatives to landfill

This journal is ª The Royal Society of Chemistry 2012
demonstrated the economical advantage linked to the valor-
isation of waste biomass to bulk chemicals. The average value of
bulk chemicals and transportation fuels produced from waste
biomass was estimated to be around 1000 and 200–400 $ per
tonne of biomass, respectively. Comparatively, cattle feed or
electricity were evaluated to be in the range of 70–200 and 60–
150 $ per tonne of biomass respectively, which in any case
highlights the signicant differences in value between nal
produced outputs.28
1.4 Food supply chain waste (FSCW) as a raw material

Current management practices for FW could be complemented
with lower environmental impact strategies that will have the
potential to generate valuable products with current and novel
applications, thus offering added value for companies and/or
research institutions.29 This is in essence the proposed concept
of a waste-based biorenery. Here research has a considerable
emphasis on the recovery, recycling and upgrading of wastes.16

Despite clear benets, utilisation of FW currently represents a
challenge due to several drawbacks and limitations. These
include its inherent heterogeneously variable composition
(lipids, carbohydrates, proteins),29,30 uctuating volumes in
seasons,29–31 high water content and low caloric value,15 which
constitutes a challenge for the development of robust large
scale, consistent industrial processes.30 Technological limita-
tions and knowledge-based processing and efficient and cost-
competitive ways to convert it into valuable products as well as
insufficient legislative and infrastructure support for the use of
perishable feedstocks in industry will also make their imple-
mentation at large scale facilities challenging. Industry and
public perception as well as acceptance will be also important
barriers to overcome in the future.

Fig. 4 and 5 illustrate the occurrence of FSCW in several
locations across the globe. Up-to-date and accurate data on the
production of FW at every stage of the food supply chain are still
missing, making comparisons very difficult. Nonetheless, there
are strong drivers for stakeholders and public organisations in
the food processing and other sectors to reduce costs, and to
develop suitable strategies for the conversion and valorisation
of side streams. The development of knowledge-based strate-
gies to unlock the enormous potential of FW should also satisfy
an increasing demand for renewably sourced products, leading
to sustainable, bio-derived chemicals, fuels and materials, and
effecting waste management regulations over the years to come.
The valorisation of FSCW is rendered absolutely necessary
in order to improve the food chain's sustainability and
for food waste.22–24

Energy Environ. Sci.
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Fig. 4 Examples of FSCW volumes available across the world.

Fig. 5 Examples of waste streams generated by the food manufacturing sector
(spent coffee grounds, pea pods and waste citrus peel, from left to right) in front
of a 30 kg per hour pilot scale microwave at the Biorenewable Development
Center of the University of York.

Fig. 6 Illustration of processing steps of the food supply chain.
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cost-effectiveness together with its ethical and environmental
issues, especially in the light of recent technological advances
and the drive towards re-using waste as a raw material to
improve process efficiency in general.
2 Overview of waste generated in the food
supply chain

FW generates at various points in the food supply chain, start-
ing at the farm even before a commodity moves into the
marketing system (Fig. 6).31–33 Periodic pre-harvest losses take
place due to extreme weather conditions (i.e. droughts) or pest
infestations. FSCW generated at the harvesting stage is gener-
ally subjected to technical variables including increased
Energy Environ. Sci.
mechanization, equipment malfunction and new management
practices.32 Economic factors, which affect producers' willing-
ness to bring their product to market, are also a common cause
of FSCW production.

Food is also subjected to additional losses as it leaves the
farm and enters the food marketing system. Examples of such
losses include meat, bread and related foodstuffs prepared by
restaurants or caterers that are never served as well as the
disposal of blemished, badly labelled/packaged, inappropri-
ately storage/transported or over-riped products which cannot
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2ee23440h


Table 1 Types of FW available in the food supply chain

Stages Characteristics of food waste

Pre-consumer Production Crop residues, crop waste
through poor harvest
techniques, pest and diseases,
poor transport infrastructure
and severe weather conditions

Processing and
manufacturing

Waste through packaging
damages, contamination,
storage and cold storage,
poor transport

Retail Stock management and
compliance to regulation,
storage, and packaging

Post-consumer Consumer Stock management at home,
poor food preparation,
confusion over ‘use by’ dates
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be marketed but are otherwise nutritious and safe. An impor-
tant component of food loss at the retail end of the supply chain
is stock removed from retail shelves when it reaches its “sell-by”
date.31,32 Freshly produced dairy products and other perishable
items make up the largest share of retail food losses. Kader
estimated that about one-third of all fresh fruit and vegetables
produced worldwide are lost before it reaches consumers.34 This
gure has been estimated to account for 9% in the UK.35 Table 1
summarises the different forms that food waste may have in a
food supply chain.

Table 2 provides a summary of total waste arising at different
stages of the food supply chain, and separated into the types of
waste generated. The total amount of FW generated in the UK
every year and arising from the supply chain and households
amounts to 11.3 million tonnes, and total packaging amounts
to 5.1 million tonnes.36 In addition, there are 2.2 million tonnes
of by-product sent to animal feed from the manufacturing stage
of the supply chain.

Retail and distribution packaged surplus production
contributes to a signicant proportion of FW at this stage;
however, the food and drinks sector efficiently manages to reuse
Table 2 Contribution of food industry to industrial and commercial waste37

Contribution of food industry to industrial and commercial waste

Type

Percentage
amount
of total

Percentage
of type

Amount
(Mtonnes p.a.)

Industrial waste 69% 48–69
Food, drink and tobacco 16% 7.7–11.0
Other industrial 84% 40.6–58.0

Commercial waste 31% 22–31
Hotels and catering 16% 3.5–5.0
Wholesale (inc. food
and drink)

39% 8.5–12.0

Other commercial 45% 9.8–14.0

Total industrial and
commercial waste

70–100

This journal is ª The Royal Society of Chemistry 2012
a large proportion of FW generated.37,38 Increased consumer
choices as well as an improved proportion of disposable income
spent on food had the tendency to increase the wasteful
behaviour at the consumer end of the supply chain.

FW is also an important component of the household waste
stream, making up a signicant proportion (around 20%) of
domestic waste.39,40 FW also has a high carbon impact relative to
other types of waste, which is expected to be one of the fastest
growing household streams in future.41 Given that 61% of all
FW is avoidable, better management could lead to signicant
reductions in FW.31 Domestic FW prevention also appears to be
an area of waste prevention where there is little public resis-
tance, at least in principle, with 9 out of 10 people agreeing to
reduce their FW footprint.31 However, there is a dilemma with
regard to the perception of domestic FW. Consumers in general
do not perceive FW as an environmental problem, although two
thirds of the population claim to be concerned about FW,
highlighting a lack of personal responsibility in relation to
FW.42 Exploring this issue further highlights that there are no
social and ethical pressures to avoid FW in today's society,
which seems to be related to the fact that the majority of the
population in the developed world have not experienced food
shortages in their lifetime.42
3 Influence of food regulations on food
waste reduction and valorisation
3.1 Legislation current overview: denitions and
background

From a legal perspective, any analysis of FW should begin with
the laws applicable to its country of origin, treatment or
disposal, although supranational considerations may arise (e.g.
if international transportation is contemplated for the treat-
ment or disposal of waste).43

Legislation applicable within the European Union (EU)
provides an interesting case study with regard to the treatment
or disposal of FW for the following reasons. Firstly, the EU has
considerable experience in developing policy measures and
regulations to address the environmental problems of waste44

and is currently developing policies aimed at ensuring the
efficient use of resources45 and sustainable patterns of
consumption and production.46 Secondly, EU waste legislation
and regulations apply throughout all twenty seven Member
States, thus providing a reasonable degree of geographical
coverage for the purpose of a comparison in a global context.
Last, but not least, environmental policies and regulations
developed in the EU play an increasingly important role in
shaping policies and regulations in other countries.47

The European Economic Community (EEC), the precursor to
the EU, rst engaged with the issue of waste in the early 1970s,44

developing a uniform denition of “waste” as the basis of a
range of policies and laws aimed at regulating the production,
handling, storage, transfer, treatment and disposal of waste
with the overriding objective of avoiding and/or minimising the
negative effects of waste generation on human health and the
environment. The essence of that denition (”substances or
objects that the holder discards or intends or is required to
Energy Environ. Sci.
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discard”)48 has remained largely unchanged in subsequent
years, although there have been many attempts to clarify it as
well as to ensure its uniform application throughout the EU.
Differentiating waste from by-products and residues as well as
waste from substances that have been fully recovered (the ‘end-
of-waste’ issue) are recurring themes that the European Court of
Justice (ECJ, now the Court of Justice of the European Union)
has been asked to consider. These are critical issues to address
in order to develop and implement advanced valorisation routes
different from common current valorisation practices for FW
(animal feed, composting and AD).

Assuming a particular FW stream is indeed waste in its legal
sense and it does not exhibit any of the properties that would
render it "hazardous", then within the EU at least FW is broadly
subjected to the same management principles and controls as
other types of “non-hazardous waste” within the EU, with the
notable exception of animal by-product wastes. These are
subject to uniform and stringent controls with respect to their
storage, transport, treatment and disposal, principally through
Regulation (EC) no. 1069/2009 (which replaces Regulation (EC)
no. 1774/2002 and others),49 in order to prevent associated risks
to animal and public health (except where animal by-products,
including processed products are destined for incineration,
landlling or use in biogas or composting plant).
3.2 The waste framework directive and waste hierarchy

Fig. 7 depicts the current version of the waste hierarchy, initially
set out in Directive 75/442/EEC50 (amended by 91/156/EC and re-
cast as 2006/12/EC), andmost recently revised through Directive
2008/98/EC (the ‘rWFD’).

The hierarchy places priority on preventing waste arising in
therst instance and relegates disposal, a term that encompasses
landlling to the least favouredwastemanagement option.Of the
intermediate waste management options, reuse and recycling
(i.e. for instance into chemicals and materials) is preferred to
energy recovery in that it is more environmentally sound.

The introduction of a policy approach to waste management
that takes account the whole life-cycle of products and
Fig. 7 The waste hierarchy.

Energy Environ. Sci.
materials,51 not just the waste phase, was a signicant devel-
opment in the 2008 revision of the WFD, along with an
emphasis on managing wastes so as to conserve natural
resources and strengthen the economic value of waste.

‘Biowaste’, a term which includes FW, was also singled out in
rWFD for the rst time as a special case, with the Commission
being tasked to carry out an assessment of biowaste and, if
appropriate, to bring forward proposals for legislative
measures.52 This assessment focused on three points: the
separate collection of biowaste with a view to its composting
and digestion; the treatment of biowaste so as to ensure a high
level of environmental protection; and the use of environmen-
tally safe materials (in particular compost and digestate)
produced from biowaste. A Green Paper has been published on
biowaste management in the EU53 and various studies have
been carried out to support an Impact Assessment of a potential
legislative proposal.54

Member States are required under the rWFD to draw up
waste prevention programmes by the end of 2013 with a view to
breaking the link between economic growth and waste
generation.55

EU guidelines on the preparation of food waste prevention
programmes identify two main approaches to FW prevention:

� behavioural change (following a motivate, enable, engage,
exemplify, encourage model); and

� sectoral based approaches (targeted at: food manufacturing
and processing; food retailing and distribution; food services,
restaurants, caterers; businesses and institutions, hospitals,
schools; and households).

The lowest priority afforded in the waste hierarchy to
disposal by landll is reected in the Landll Directive (99/31/
EC), one aspect of which seeks to divert biodegradable munic-
ipal waste (i.e. mainly waste of household origin) away from
landll through imposing stringent reduction targets on
Member States (65% by weight by 2016 against 1995 levels with
intermediate reduction targets).56 FW is considered as biode-
gradable waste for the purpose of the Directive. Another factor
driving the diversion of biodegradable/FW from landll towards
other waste management options, particularly towards AD with
biogas recovery, is the imperative of reducing greenhouse gas
(GHG) emissions.
3.3 Future practices towards valorisation of biowaste/FSCW

The valorisation of biowaste (or any waste) is not explicitely
mentioned or dened in the WFD, but the concept of trans-
forming waste into valuable materials and energy is within the
spirit of the Directive's policy objectives.57 In a later communi-
cation of 18 May 2010 on future steps in bio-waste management
in Europe, the Commission concluded that composting and AD
offered the most promising environmental and economic
results for biowaste that cannot be prevented. At present, the
majority of FW produced in the UK is either landlled, com-
posted or incinerated. AD is a methodology that is still in its
commercial infancy, with only three dedicated AD food waste
treatment plants presently operating in the UK treating catering
wastes and waste from food retailers and manufacturers.
This journal is ª The Royal Society of Chemistry 2012
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However, the rst small-scale commercial AD system for
domestic, localised FW treatment, which creates heat, power
and bio-fertiliser, has recently been unveiled and there are
plans for it to provide a template for similar developments
elsewhere.58

In relation to the waste hierarchy, the status of ‘composting’
has been amatter of uncertainty. It appears that the Commission
is heading towards regarding only compost and digestate that
meet ‘end-of-waste’ criteria as having undergone ‘recycling’. A
Compost Quality Protocol (CQP) and a Digestate Quality Protocol
(DQP) have been notied by theUK to the EuropeanCommission
under the Technical Standards Directive (98/34/EC) further to the
end-of-waste criteria in the rWFD.59 These Protocols require
compliance with an “approved standard”. At present, the only
approved standard for source-separated biowaste in the UK is
PAS 100 (for compost) and PAS 110 (for digestate).21 Only
compost and digestate that meets those standards can be prop-
erly regarded as fully recycled waste. Until CQP or DQP certi-
cation is achieved, treated biowaste therefore remains ‘waste’
and accordingly continues to be subjected to waste controls.

The Quality Protocol approach has been adopted in relation
to other (non-bio) forms of waste as a means of enabling busi-
nesses to demonstrate to customers and regulators alike that
waste has been fully recycled and that waste regulations cease to
apply.60 This can have very signicant commercial implications,
and the extension of the Quality Protocols approach would be a
positive step towards strengthening the economic potential of
waste where there is uncertainty over end-of-waste status.
3.4 Legislation issues

3.4.1 Biowaste treatment – feedstock supply. In its afore-
mentioned 2010 Communication, the Commission also noted
the importance of “good quality input into these processes”.61

According to the Commission, this could be best achieved by
separate collection, and Member States were recommended to
“make the fullest possible use” of the options provided by
Articles 11 and 22 of the WFD to “introduce separate collection
systems as a matter of priority in line with the competition rules
of the Treaty on the Functioning of the European Union”.

Where international transportation is contemplated for the
treatment of waste (which includes transportation to other EU
Member States), transfrontier shipment of waste rules will also
need to be considered (further to the Basel Convention).62 In
general, most shipments of waste for disposal are prohibited.
The rules applicable to shipments of waste for recovery depend
on the classication of the waste concerned and its destination.
Waste from agro-food industries is generally found on the
‘green list’ subjected to the conditions that it is not infectious.63

Examples include wine lees, dried and sterilised vegetable
waste, residues and by-products and cocoa shells, husks, skins
and other cocoa waste. In broad terms, only certain specied
non-hazardous wastes can be exported to non-OECD countries
under ‘green list’ controls. For example, whilst ‘green list’
controls would apply to the export of vegetable waste to Ireland,
they would not apply if the country of export was Romania (and
full prior notication procedures need to be followed).
This journal is ª The Royal Society of Chemistry 2012
3.4.2 End-of-waste and chemicals regulation. A potential
policy and regulatory disincentive to the reprocessing of food
wastes into chemical substances is the dovetailing of end-of-
waste status and chemical substances legislation, most notably
through Regulation (EC) no. 2006/1907 on the Registration
Evaluation Authorisation and Restriction of Chemicals
(REACH).64 This requires all those who manufacture in the EU
in quantities of one tonne or more per annum per manufacturer
(or who meet the threshold criteria in an importer capacity) to
obtain a registration for the chemical concerned, without which
the substance cannot be placed on the market within the EU.
Despite provisions that enable producers/importers to share the
cost of obtaining all the necessary hazard and risk data required
to register the same substance, the testing and administrative
costs of achieving a registration are nonetheless considerable.
Small(er) scale producers in the EU, particularly of any novel
substances/mixtures resulting from food waste reprocessing,
may ultimately nd the compliance costs of REACH legislation
a major barrier to the commercial viability of the process. With
other major economies outside the EU also showing interest in
adopting similar legislation to REACH (including the US and
China),65 even manufacturing and distribution outside of the
EU may at some point become unfeasible.

The situation in the EU with regard to FW/Biowaste/FSCW
exemplies the potential impact that research in the area may
have into the development of future policies in directions that
favour a move away from current practices (AD, composting,
animal feed and energy recovery) towards the valorisation of
FSCW. There would though be many challenges to overcome in
order to favour such a change in policy, in view of, for example,
“grey areas” such as the distinction between waste and by-
products, strong political drives for the diversion of FW into AD
and the disincentive of REACH legislation to the application of
the waste hierarchy and the full recovery of waste.

4 Classification of food waste and roadmap
for valorisation

A multidisciplinary classication that takes into consideration
the limitations and opportunities for FW valorisation at various
supply chain levels, based on various pieces of legislation, waste
properties and scientic literature, is proposed for FW, FSCW
and domestic waste12,14,28,50,51,66–69 (Fig. 8). This classication
establishes an increasing potential to utilise different FW
feedstocks, deeply rooted in the Landll Directive Hierarchy
(see Section 3.2) giving some guidelines for responsible and
sustainable practice, primarily for FSCW. The understanding of
this rWFD hierarchy and of the proposed classications are key
aspects in order to set up roadmaps for food waste mini-
misation and valorisation, in the EU and worldwide.

Co-products with a high potential for valorisation are vege-
table-derived waste, due to regulatory and technical reasons
(consistency, traceability, health and safety issues).16,20a,b Val-
orisation routes include extraction of valuable components for
nutraceutical applications or conversion to co-products into
chemicals, materials or biofuels.16 Catering waste and animal
by-products are highly regulated in the EU50 with justied
Energy Environ. Sci.
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Fig. 8 Classification of FW types.
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concerns, limiting their valorisation potential to non-feed/non-
pharma applications. The focus for packaging and household
waste valorisation should be recycling, volume reduction,
composting or conversion into biogas via AD.

From the proposed classication, a series of FW streams and
general valorisation strategies have been identied, which will
be described in subsequent sections.
4.1 Organic crop residues

Organic crop residues include grain, fruit and vegetable har-
vested feedstocks and processing by-products such as husks,
straw, stover, peels, pomace, stones, factory vegetable oil and
oleochemical residues. Off-spec production, packaging,
canning, freezing, frying and drying operations are mostly
responsible for the production of those residues.10 These frac-
tions comprise important sources of sugars, lipids, carbohy-
drates, mineral acids, inorganic compounds (i.e. silica), dietary
bres or phytochemicals including phenolics, carotenoids and
tocopherols. Phytochemicals represent a particularly promising
opportunity as highly demanded compounds for the food,
pharmaceutical and cosmetic sectors.70

The beverage industry, for example, generates large quanti-
ties of fruit pomace (5 to 9 million and 3 to 4.2 million tonnes
per year from grapes and apples, respectively) on the basis of
percentage of by-product generated upon crop processing.70 As
these types of waste are prone to microbial spoilage, drying
operations are required prior to the implementation of further
valorisation strategies. Alternatively, the residues can be
immediately valorised aer waste generation using clean tech-
nologies compatible to high moisture content. Organic crop
residues are oen used as animal feed14 as transport and
rening costs render any other alternative use economically
ineffective.
Energy Environ. Sci.
Attempts to valorise organic crop residues for the production
of chemical compounds have also been reported. The two
examples below describe the development of an integrated
wheat straw biorenery, with the aim of maximising the valor-
isation of side-streams.

The slag and y ash originating from the combustion of
wheat straw have been extracted to yield solubilised K2O and
SiO2 (up to 24%). The latter can be used in formulations for bio-
derived adhesives utilised in bio-boards, offering an alternative
to formaldehyde-based adhesives, andmeeting at the same time
all the specications in terms of re and moisture resistance for
that application.71 Wheat straw surface waxes can also be
extracted using supercritical CO2 (1 wt% yield). The process can
be followed by char production (29 wt%, CV¼ 27.2 kJ g�1) by low
temperaturemicrowave pyrolysis, also yielding a bio-oil (21 wt%)
and a gaseous fraction (14 wt%) composed of CO and CH4.72

Bio-derived surfactants from sugars, peptides, amino acids,
fatty acids, hydroxy acids and lipids can all be derived from
FSCW including agricultural residues and food processing
waste. Some commercialised surfactants (e.g. pentose sugars
combined with fatty alcohols) are already derived from agri-
cultural residues such as wheat bran and straw.73 Amino acids
are also used for the synthesis of agrochemicals as well as for
the production of bio-compatible and biodegradable surfac-
tants.74 The combination of amino acids with hydrocarbon
chains found in fatty acids, alcohols or amines has been
proposed as an alternative to common sodium lauryl sulphate
(SLS) fossil oil-derived surfactants used in home and personal
care products. Lysine derived surfactants (Na,N3-dioctanoyl
lysine) show no phytotoxicity and less cytotoxicity than that of
SLS, so that these can offer an excellent alternative in specialty
applications where toxicity is regulated (e.g. pharmaceuticals).
Ethyl lauroyl arginate (ethyl-N-lauroyl-L-arginate HCl or LAE) is
another bio-derived surfactant from arginine. This cationic
This journal is ª The Royal Society of Chemistry 2012
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surfactant has antimicrobial properties against Gram positive
and negative bacteria, yeasts and moulds75 and has been
commercially employed in the cosmetics and pharmaceutical
industries as a replacement to antimicrobials such as cetyl tri-
methyl ammonium bromide (CTAB) and preservatives
including sulphites, benzoates and sorbates.76

Sugar-based surfactants (e.g. alkyl polyglucosides, APGs) are
another family of renewable surfactants with good detergent
properties and low toxicity as compared to traditional fossil oil-
derived surfactants.77 Starch and vegetable oils are among the
main feedstocks from which these can be derived. APGs have
been extensively utilised for many years but their stability in
acidic environments as well as the expensive nature of their
synthetic pathways still need to be addressed.

4.2 Catering waste and derivatives

Catering waste comprises residues generated in restaurants,
pubs, coffee shops and certain food production facilities, no
longer intended for human consumption.78 90% of catering
waste produced in these facilities is potentially recyclable.79

Nonetheless, due to various reasons including logistics, opera-
tions within business, and health and safety issues, they may be
regarded as poorly traceable and quantiable. Catering waste
(Fig. 9) is broadly composed of:

� used cooking oil (UCO),
� mixed waste from food preparation, packaging and

servicing and
� separated waste, organic, glass, cardboard and plastic.
The valorisation of catering waste focuses on three key areas,

namely the utilisation of used cooking oil in non-feed/technical
applications (conversion into biofuels and other products),
treatment of organic waste and animal by-products (generally
by microbiological means for composting and/or AD) as well as
recycling of clean packaging waste.78,80

4.2.1 Used cooking oil (UCO). The worldwide production of
virgin oils and fats has a total market volume of ca. 160 million
tonnes per year (Fig. 10, breakdown of oil types).81

Fats and oils are mainly dedicated for human food
consumption (80% of the total).82 The remaining 20% is
essentially devoted for animal feed (5–6%), production of
oleochemicals (surfactants, coatings and lubricants)83 and
Fig. 9 Breakdown of the type of waste generated in catering facilities.

This journal is ª The Royal Society of Chemistry 2012
biodiesel84 (16.2 million metric tonnes per year produced
worldwide). These gures illustrate the quantities of waste oils
that may be potentially generated from food processing facili-
ties in processes including frying or fat rendering. Estimations
on the amounts of annually generated UCO worldwide have
proven to be difficult but previous reports indicate 0.7–1 million
tonnes per year generated at the EU,85 with 75–150 000 tonnes
per year coming from the UK.86 According to the University of
Minnesota, the US alone roughly produces 1.5 million tonnes
per year (including yellow and brown grease)87 and reports
estimate a 2–3 million tonnes per year UCO generated in
China.88 These gures would account for a total UCO generation
worldwide of ca. 5 million tonnes per year.

Frying used cooking oil has been traditionally valorised into
animal feed products. This is still the case only in fully traceable
types of oils such as those which have not been in contact with
meat products (generally known as factory vegetable oil (FVO) in
contrast to catering oils which also generally designed as UCO).
This differentiation is a consequence of animal by-product
regulations which led to radical changes in legislation for the
reutilisation of catering UCO.50,89 Consequently, UCO have to be
valorised to non-feed applications different from the human
food supply chain. Current and potential applications of this
promising FW feedstock include its utilisation in fuel boilers,
lubricants/surfactant precursors and biodiesel production.90

UCO conversion to biodiesel is the most economical from the
feedstock viewpoint; it can be sold at £550–750 per tonne to
large biofuel producers, as compared to the product (biodiesel)
which can be marketed at £1000 per tonne.91

4.2.2 Used cooking oil: transformation into fatty acid
methyl esters and valorisation of glycerine. The use of virgin oils
for biofuel production has generated in past years a signicant
controversy known as “food versus fuel issue”.3 In this regard,
recovered oils and fats as feedstock for biodiesel can offer an
interesting alternative to achieve a more sustainable biodiesel
production worldwide,92 avoiding the use of food virgin crops in
fuel applications. However, the potential for biodiesel produc-
tion from UCO is still limited, as UCO valorisation canmeet less
than 30% of the world's biodiesel demand, with the remaining
amounts having to be sourced from other feedstocks.

UCO mainly comprise triglycerides, monoglycerides, diglyc-
erides and variable quantities of free fatty acids (5–20% w/w)
generated during the frying process.93 Waste oils can be effec-
tively converted, via transesterication with methanol or
ethanol, into fatty acid methyl esters (FAME; biodiesel)
(Schemes 1 and 2) using a range of catalysts including solid
acids and bases. UCO has a much larger free fatty acids (FFAs)
and water content than those of virgin oils, both of which are
detrimental in FAME production.94 The most widely extended
biodiesel production process from UCO is the homogeneous
based catalysed transesterication of glycerides, which requires
a pre-treatment of the FFA with MeOH/H2SO4 (Fig. 11).

There are also literature reports on the use of heterogeneous
catalysts which can efficiently catalyse the simultaneous ester-
ication of the FFA as well as the transesterication of the
triglycerides present in the waste oils.95,96 Heterogeneous cata-
lysts such as alkaline oxides,97 supported enzymes and
Energy Environ. Sci.
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Fig. 10 World market of oils and fats.

Scheme 1 Esterification reaction for acid pretreatment.

Scheme 2 Transesterification reaction of triglycerides.

Fig. 11 Biodiesel production from UCO.
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carbonaceous materials have also received increasing attention
in recent times due to the more environmentally sound
credentials than their homogenous equivalent.98 The major
issues with the utilisation of heterogenous catalysts for bio-
diesel production from UCO are linked to lower conversion,
deactivation of active sites due to the presence of FFA and
moisture and reusasility issues, which is one of the major
drawbacks of the most widely utilised heterogeneous catalyst
for biodiesel production (CaO).

An interesting example reported in the literature obtained
CaO from FW (e.g. eggshell and mollusc shells by calcination)
which could catalyse the production of FAME from pre-esteri-
ed UCOs into biodiesel.99 The use of an inexpensive source for
the production of an active catalyst can improve the cost-
competitiveness of the process. Enzymatic conversion has also
been successfully evaluated showing a great potential for the
development of commercially available lipase-based processing
for the conversion into biodiesel of high FFA content UCOs.100

Employed feedstocks include waste frying, olive, rapeseed or
sunower oil, rendered animal fats as well as others sourced
from food industries,101 restaurants and catering facilities
which are largely exposed to air, high temperatures and mois-
ture,102 all parameters which increase FFA content in oil.103

In summary, UCO is currently one of the most attractive
feedstocks for the production of biodiesel. Lower market value
in comparison with virgin oils and recovered factory oil,
favourable government incentives104 plus the possibility to
recycle waste from the catering sectors make UCO derived
FAME a commercially and environmentally acceptable feed-
stock for biofuel production.105

4.2.3 Biodiesel glycerine. Glycerol generated as a by-
product in conventional biodiesel production emulsies with
soaps, methanol, esteriable fatty material (FA material) and
This journal is ª The Royal Society of Chemistry 2012
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Fig. 12 Different uses of glycerol by market volumes.
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water to form a denser phase known as biodiesel soapstock.106

FA material and methanol might be recovered from soapstock
for reprocessing.94,107 The remaining mixture is generally known
as glycerine, effectively another food co-product. The quality of
glycerine will largely depend on the feedstock and the type of
biodiesel processing employed.108 UCO-derived biodiesel glyc-
erine can be rened into commercial grades (above 60 wt% of
glycerol content) to be primarily employed in non-food, non-
pharma applications, due to regulatory provisions in the EU/UK.
This valorisation route is favoured because of its availability
from biodiesel producers and the low cost of the raw material
(about £100 per tonne). By contrast, other highly rened grades
of glycerine (derived from soap/FFA production, synthetic glyc-
erol) are employed in a broader range of applications (Fig. 12).109

4.2.4 Glycerine applications. Glycerine, as a catering oil by-
product, has found treatment routes as a land spread agent.
Although environmentally acceptable, this is a costly activity. In
the UK, the type of glycerine most suitable for this purpose
should contain less than 3% methanol (above this threshold,
methanol glycerine will be considered as toxic and am-
mable)110 and contains potassium phosphates as the major
inorganic component, derived from the use of KOH as a
homogeneous catalyst in the transesterication reaction and
phosphoric acid in the purication of biodiesel.111 Despite these
limitations, there are a number of possibilities for glycerine
which have been increasingly attractive in recent years
including its use as a co-substrate for AD, combustion in
combined heat and power (CHP) engines, a cement additive or
as a co-substrate for fermentation bioreactions.
Table 3 Description of animal by-products

Category/risk Denition/type of waste

Category 1 (very high risk) Animal parts or animal types unsui
human consumption (carcasses and
disease-infected materials)

Category 2 (high risk) Dead animals, manure and digestiv
other materials different to categor

Category 3 (low risk) Suitable for human consumption b
for commercial reasons (packaging
transport, expire date, etc.)

This journal is ª The Royal Society of Chemistry 2012
4.3 Animal by-products

The meat, poultry and sh industries produce the largest
quantities of waste within the food industry.80 Waste from these
industries varies in type and composition but in general it is
highly polluting (e.g. blood, fats, residues from intestines,
partially digested grass or manure). In addition, industrial
processing water is discharged as a liquid effluent which may
have high nitrogen content or high levels of BOD/COD (Bio-
logical and Chemical Oxygen Demands, respectively). Various
treatments for pathogens and pollutant removal are required
for these streams, with common processes including thermal,
biological or chemical treatments.112 For some animal by-
products, it may be challenging to develop routes toward recy-
cling or reutilisation due to health and environmental concerns.
The regulation on the use of animal derived by-products is very
strict in the EU, establishing three different categories which
dene the fate of most of these co-products (Table 3).50
4.4 Mixed domestic waste and waste packaging

Organic waste and packaging from catering and domestic waste
have been subjected to biological treatment, composting or
eventually ended up in landll sites. However, there is an
increasing trend to their reutilisation either by the extraction of
valuable components, packaging recycling or production of
biogas for AD in the case of organic waste.42,116 Food and
packaging waste constitute respectively 73% and 71% of
household waste (as compared with the total of food and
packaging wastes generated).36 The variable proportion pack-
aging waste (i.e. plastics and cardboard) and FW in municipal
solid waste hinders the use of this particular waste stream
compared to concentrated pre-consumer waste streams issued
from the food processing sector. At the retail and distribution
stage, packaged surplus production that cannot be sold else-
where contributes to a signicant proportion of FW; however,
the food and drinks sector efficiently manages to reuse a large
proportion of FW generated.25
5 Overview of current uses of food supply
chain waste in different areas around the
globe

The following case-studies are snapshots of the situation in
different countries around the globe and recent developments
Prescribed treatment

table for
BSE/other

Destruction by incineration, recovery of
valuable components for fuel applications,
(rendered fat)113

e material,
ies 1 and 3

Biological treatment, Anaerobic digestion,114

recovery of valuable inorganic and organic
components115

ut discarded
, wrong

Recovery of valuable components for a range of
applications: pet food, biofuel production and
cosmetics

Energy Environ. Sci.
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in the area of FSCW valorisation. Some examples of accumu-
lative types of waste, common to several regions around the
globe and related to current or planned valorisation strategies,
are discussed.
Fig. 13 Valorisation of orange residues to valuable products.
5.1 Citrus peel residues

Citrus fruits are considered as commodity products similar to
coffee and tea in terms of international trade. Citrus fruits
mainly include oranges, lemons, limes, grapefruits and
tangerines. Major citrus producing countries include the US,
Brazil, China, India, Japan, Spain, Italy, Egypt, South Africa,
Turkey andMorocco, with Brazil being the world leader in citrus
production. These countries account for over 70% of the world's
supply of citrus fruits. Processing operations are important for
citrus fruits, with residual peels accounting for 50 wt% of the
fruit.117,118 With high volumes of citrus production (over 94.8
million tonnes globally118), it is estimated that 31.2 million
metric tonnes of citrus fruits are processed every year in the
world, yielding 15.6 million metric tonnes of waste annually
(50 wt%, wet basis of waste).84

Major components of wet waste orange peels are water
(80 wt%), soluble sugars, cellulose and hemicellulose, pectin
and D-limonene, highlighting an interesting market for future
development around waste valorisation practices, especially
targeting 2nd generation FSCW valorisation strategies.119 Several
attempts have beenmade to fully valorise citrus peels, especially
concerning orange peels. The major environmental problem
associated with citrus peel is its highly fermentable carbohy-
drate content,120 which accelerates its degradation when not
carefully managed.121 Citrus peel residues can be employed as
cattle feed, upon drying, but with a protein content of only
6 wt%, this not a high protein source feedstock.122 Additionally,
decreasing its moisture content from 80 to 10 wt% is highly
energy-intensive and costly, rendering feed applications for
waste citrus peels only marginally protable.122,123

Several valorisation strategies have been reported for citrus
peel waste. Existing valorisation strategies include:

� Pectin extraction by acid hydrolysis and production of
activated carbon,124

� Pectic enzyme production117

� Dietary bre extraction123

� Methane (biogas) production125

� Fermentation substrate for single-cell protein production126

� Bio-ethanol production by a variety of microorganisms and
including simultaneous saccharication and fermenta-
tion117,119,127 and

� Succinic acid production.128

D-Limonene (3.8 wt% of dry weight, $1–2 kg�1)123 can be used
as a building block to generate compounds with similar struc-
tures (i.e. carveol, carvone, a-terpineol, perrillyl alcohol and
perillic acid). D-Limonene is also a valuable renewable bio-
solvent that can be used as an alternative environmentally
unacceptable halocarbon solvent.129 D-Limonene is mainly used
as a avour and fragrance compound for the production of
adhesive terpene resins via polymerisation.130 This compound
can be distilled off from the essential oil found in the peel
Energy Environ. Sci.
which is currently performed on-site in large scale citrus juicing
operations in Brazil or Florida.131 Extraction of D-limonene by
steam distillation (90% of D-limonene extracted)128 or micro-
wave assisted steam diffusion132 has also been reported. Pectin
($10–12 kg�1), one of the most important food additives, is a
complex structural heteropolysaccharide found in non-woody
plant tissues. It is used as a gelling agent and a thickener. Citrus
fruits contain roughly 20–30% extractable pectin (10–15% for
dry apple).133 Pectin is traditionally extracted by acidic hydro-
lysis using nitric, sulphuric or hydrochloric acid, between 50
and 100 �C and at pH 2–3 for several hours, with a nal
precipitation step using isopropanol, generally yielding 3%
pectin in relation to the peel weight.

Two unique examples of an integrated approach to the val-
orisation of citrus peel have been recently reported.134,135 Pour-
bafrani et al. demonstrated that bio-ethanol, methane and
D-limonene could be produced upon sulphuric acid treatment
of orange peels at 150 �C, using a cost-effective biorenery
process.134 Balu et al. have also recently developed a microwave-
assisted approach to valorise orange peel residues into a range
of valuable products ranging from chemicals (D-limonene and
a-terpineol) and polysaccharides (pectin) to a novel and most
unique form of mesoporous cellulose.135 The advantage and
superiority of the microwave protocol compared to other tech-
niques lies in the ability to simultaneously produce several
valuable products coupled with a unique in situ exibility. Other
valorisation strategies have always focused on the production of
one single component from orange peel, while these two
examples are the only cases of an integrated biorenery using
citrus peels (Fig. 13). These examples highlight the need for a
sustainable and integrated process for the combined extraction
of citrus peel components using clean, green and transportable
technology, such as microwaves.

Transformation of citrus peel residues into higher value
products would allow companies to increase competitiveness by
generating additional prots and reducing disposal costs
together with improving the resource efficiency of the citrus
supply chain. Novel processes could further benet the valor-
isation, especially a fast and one-step process that allows for in
situ transformation of limonene to higher value products (i.e.
a-terpineol). Citrus fruits are grown around the globe in the
region of the equator, and even though the harvesting season is
This journal is ª The Royal Society of Chemistry 2012
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xed in specic locations around, they spread around the globe
throughout the year, ensuring a constant supply of citrus and
citrus waste for valorisation purposes.136

Citrus fruits constitute by large the principal group of fruits
in Spain in terms of cultivated land (over 60% of the total fruit
crops, almost 1% of the total geographic surface of Spain).137

From these, oranges (50%) and mandarins (36%) account for
the majority of the citrus fruit crops, as compared to lemon
(13%). Around 6million tonnes of citrus fruits were produced in
Spain during the 2010/2011 campaign, ever increasing gures
compared to the past few years, with over a 25% estimated
increase for the 2015/2016 campaign.137 40% of the aforemen-
tioned citrus fruits production goes to the food industry, mostly
for the production of juice.137 However, less than half of the raw
material is utilised in the juice industry, leaving largely under-
utilised citrus peel, pulp and pith, which at this point become a
residue and thus a problem for the food industry and society. In
Spain alone, over 600 000 tonnes of citrus waste (with over
500 000 tonnes corresponding to orange residues) were gener-
ated in 2010.137 The disposal of such residues is also highly
regulated at both European and national levels.

Morocco is the third largest exporter of citrus fruits aer
Spain and the USA.Morocco's total citrus production for 2010/11
was estimated to be around 1.7 million million tonnes. The
average citrus fruit yield is estimated at 21 million tonnes per
year. Morocco's citrus production continues to be dominated by
the traditional clementine, navels and specic varieties of the
country. Moroccan government policy predicted a 70 percent
increase over current production level by 2018. The citrus pro-
cessing sector in Morocco is facing stiff competition in sourcing
rawmaterials in the fresh citrusmarket. This ismainly due to the
low prices offered by orange juice processors compared to prices
offered in the fresh market. There are four citrus processing
plants currently operating in Morocco, three of which are
producers of single strength orange juice that can hardly meet
demand from local market buyers. Fresh oranges delivered to
juice processors are currently estimated at about 40 000 million
tonnes annually.138 Factories work at 20% of their production
capacities and operators even fear for the future of the sector.

Waste valorization for this industry in Morocco focuses on
two approaches: (i) the extraction of essential oils, which are
utilised in the food industry or cosmetics, and (ii) animal
feedstuffs (cattle or sheep). The differences in processing,
source and variety of fruit as well as type of canning may
produce a variation in the physical characteristics and nutritive
value of citrus pulp.136,139,140 The utilisation of agro-industrial by-
products is economically worthwhile and would increase the
revenue of the citrus juice industry in Morocco, especially since
conventional feedstuffs are oen expensive in this country.

In view of the case-studies and the potential of the feedstock,
we can conclude that citrus residues are currently very prom-
ising biowaste feedstocks which can potentially have many ways
to be valorised to high added value chemicals and biofuels.141,142

Currently, most of the proposed valorisation technologies are
under development but some interesting results have been
already reported for each one of them. In the particular case of
orange waste residues, the company Citrotecno at Comunidad
This journal is ª The Royal Society of Chemistry 2012
Valenciana in Spain has developed a revolutionary and unique
cascade-type valorisation approach aimed to convert 120–
150 000 tonnes of citrus residues into cattle feed pellets (con-
taining over 40 wt% bre and 8 wt% proteins), essential oils
(limonene from the peel, which the company plans to market as
solvents, fragrances, food additives and semiochemicals), bio-
fuels (second generation bioethanol via fermentation of the
sugars from the pith and pulp, which could produce over
100 000 m3 bioethanol per year) and puried water from the
process via a pervaporation/condensation approach.141
5.2 Cashew, cashew nut shell oil and derivatives. The African
case

Cashew (Anacardium occidentale L.) is indigenous to Brazil, but
has spread to other parts of tropical South and Central America,
Mexico and the West Indies143 and currently widely cultivated in
the coastal regions of South Africa, Madagascar, Mozambique,
the Ivory Coast, Nigeria, Guinea Bissau, Tanzania as well as in
South Asia (from Sri Lanka to the Philippines) and India.
Currently, the four main cashew producing regions are India,
Brazil, Nigeria and Tanzania with India accounting for about 40
percent of the International market in cashew production.
About ten years ago, the world production of cashew nuts was
close to 2 million tonnes of nuts-in-shell with an estimated
value in excess of $2 billion US dollars. India and Brazil are the
major cashew exporters, with 60 percent and 31 percent
respectively of world market share.

Cashew nut farming has always been a small holder activity
in Kenya and Tanzania. Culturally, cashew nuts are inter-
cropped with mangoes, coconuts, or food crops such as millets
and maize. During the 1970s, Kenya produced over 22 000
tonnes of cashews, but unlike its neighbours, which has never
recovered production since the decline in the 1980s. The
implementation of the Cashew Productivity Enhancement
Program in Kenya led to a cashew nut production reaching
14 000 tons in 2007, later declining to 8000 tons in 2010.144 A
production of 40 000 tonnes is however projected by 2015.

In Tanzania, cashew is the fourth most valuable export crop
aer coffee, cotton and tea, in spite of a considerable uctua-
tion of its production.145 The area under production ranges
from 80–90 000 hectares during the past years, accounting for a
total production of raw cashew nut in Tanzania above 100 000
tonnes per annum (Fig. 14). With around 20% recovery by
weight of cashew nut shell liquid (CNSL), the production
potential for CNSL is estimated to be about 20 000 tonnes per
year. Interestingly, the past two years seem to have marked a
substantial upward trend.

High cashew prices are one of the reasons for increased
production of these valuable fruits, but such production would
dramatically increase if additional revenues and value added
products were to be obtained by processing the raw cashew. In
general, there are a number of systemic constraints which
prevent Tanzania from increasing its cashew production. These
include complex socio-economic factors such as high levels of
taxation at the farmgate and on processed cashews, low farmer
protability leading to a lack of investment in the crop, limited
Energy Environ. Sci.

http://dx.doi.org/10.1039/c2ee23440h


Fig. 14 Production of raw cashew nuts in Tanzania (1961–2010). Source: Cashew nut Board of Tanzania (CBT).

Fig. 15 Cashew (a), cashew apple (b), cashew nut (c) and cashew nut shell liquid (d) obtained from cashew nut shells.
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processing experience and a lack of an established international
reputation for Tanzanian processed kernels.145 Moreover, a lack
of nancing for raw material purchases as well as a lack of
kernel buyers are some additional problems the industry is
currently facing.

Four main products (Fig. 15) can be obtained from cashew,
namely raw nuts, cashew kernels, cashew apple (apple shaped
swollen peduncle) and cashew nut shell liquid (CNSL).

Harvesting of cashew nuts in Tanzania is generally done
manually on a daily basis over a period of 60 days. The tree also
produces an edible false fruit, the cashew apple to which the nut
is attached (Fig. 15b). The apple ferments within 24 hours of
harvesting and leads to the production of local brews by cashew
growers. Five tonnes of cashew apple are roughly harvested for
every tonne of cashew nut obtained. Based on this estimate,
Tanzania produces about 500 000 tonnes of cashew apples per
annum. Despite the large amounts produced, most of this
product is wasted, although the fruits can be made suitable for
consumption by removing the undesirable tannins to produce
juice, syrup, squish, pickles, jam, chutneys, candy and canned
fruit jelly. The waste derived from such rich nutritious cashew
apples is a signicant economic loss. The production of ethanol
from cashew apples appears to be an attractive strategy to val-
orise this important FW in Tanzania.

5.2.1 Cashew nut shell liquid (CNSL). In the search for cost
effective modern materials from renewable resources, CNSL
and derived products may have a signicant role to play. CNSL
is a versatile renewable material and offers interesting
Energy Environ. Sci.
opportunities for the production of speciality chemicals, high
value products and polymers. Recent research and ndings
have shown that the constituents of CNSL possess special
structural features to be transformed into speciality chemicals
including keiromone and high value polymers.146–149 The world
availability of CNSL is about 50 000 tonnes per year with India
being the main producer.150

CNSL is a dark reddish brown viscous liquid (pericap uid)
found in the so honeycomb structure of the cashew nut. It is a
by-product of the cashew industry, oen considered as an
optimum and cheaper natural source of unsaturated phenols
(ca. 30–35 wt%). CNSL has multiple applications in polymer
based industries including friction linings, clutch disks, paints
and varnishes, laminating resins, rubber compounding resins,
cashew cements, polyurethane based polymers, surfactants,
epoxy resins, foundry chemicals and intermediates for the
chemical industry.151–153 In tropical medicine, CNSL has tradi-
tionally been used in treating leprosy, elephantiasis, psoriasis,
ringworm, warts and corns.

On the basis of themode of extraction from cashew nut shell,
CNSL can be classied into two types, solvent-extracted CNSL
and technical CNSL (Table 4 and Scheme 3).

A novel and cheaper liquid crystalline polyester has been
synthesised from CNSL, to substitute polymer bres and lms
in speciality applications. Generally, liquid crystalline polymers
have attracted much attention in recent years because of their
potential use as high performance materials and their low
carbon footprint.155
This journal is ª The Royal Society of Chemistry 2012
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Table 4 Description of solvent extracted and technical CNSL154

Production method

Solvent-extracted CNSL Technical CNSL

Solvent extraction Shell roasting

Anacardic acid
content (%)

60–65 None or traces of
polymeric material

Cardol content (%) 15–20 15–20
Cardanol content (%) 10 60–65
Methylcardol (%) Traces Traces

Scheme 3 Major components of CNSL.

Perspective Energy & Environmental Science

D
ow

nl
oa

de
d 

by
 H

K
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

T
ec

hn
ol

og
y 

on
 0

4 
Ja

nu
ar

y 
20

13
Pu

bl
is

he
d 

on
 3

0 
O

ct
ob

er
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2E

E
23

44
0H

View Article Online
CNSL has also been tested as a structure directing agent to
develop silica-based supports for invertase and trypsin enzymes
as well as for novel heterogeneous copper(II) Schiff base cata-
lysts. Catalysts prepared using CNSL templates were more effi-
cient than those prepared using the commercially available
templates.156 In addition, Spherical Polymeric Particles (SPP)
have been prepared from Tanzanian CNSL by means of a
suspension-polymerization technique involving either step-
growth or chain growth polymerization mechanisms. Particles
showed variable surface areas, indicative of the presence of
pores in some of the preparations, and the highest surface area
recorded was about 260 m2 g�1. Particles were found to exhibit
Langmuir-type adsorption isotherms with a saturation capacity
of about 9.0 and 44.2 mg g�1 for Na+ and Ca2+, respectively.157

Cardanol has also been polymerized using an Fe–salt
complex as the catalyst to give a soluble polyphenol containing
the unsaturated alkyl group in the side chain. The polymer was
subjected to hardening by a cobalt naphthenate catalyst158 or by
thermal treatment, yielding crosslinked lms with a high gloss
surface.159 Similar polymers from cardanol have been recently
synthesized, which are expected to be biodegradable.160 The
monomers were synthesized using an appropriate catalytic
system which involved carbonylation to move the double bonds
of cardanol followed by the introduction of the methox-
ycarbonyl group to the terminal end of a molecule. Monomers
having an ester group at one end and a hydroxyl at the other end
were easily polymerized (Scheme 4).
Scheme 4 Synthesis of renewable biodegradable polymers from cardanol.

This journal is ª The Royal Society of Chemistry 2012
The synthesis of polyesters using cardol and a monomer,
8-(3-hydroxyphenyl) octanol (HPO) derived from cardanol, has
also been recently attempted.161 Preliminary results on these
synthesized polymers indicate they may be promising candi-
dates to substitute polymer bres and lms currently produced
from non-renewable sources in speciality applications.

Fine chemicals have also been synthesised starting from
CNSL. Sodium cardanol sulfonate as a renewable surfactant has
been synthesized from cardanol contained in CNSL. The
surfactant properties of cardanol sulfonate were determined
and compared with dodecylbenzene sulfonate. Comparatively,
the relative detergency of cardanol sulfonate was calculated to
be 93.7%. Results suggested that cardanol sulfonate can be
potentially utilised as an alternative anionic surfactant.162 In
another development, novel important target chemicals such as
a kairomone component of the tsetse y and a detergent
precursor [3-(non-8 enyl) phenol] have been synthesized from
CNSL renewable components.163 Kairomone (3-propylphenol), a
component of the natural tsetse y attractant, was obtained via
hydrogenation of 3-(prop-1-enyl) phenol synthesized from the
metathesis of monoene cardanol (Scheme 5). These promising
compounds are currently in the process of commercialisation
and production at an industrial scale.

Eco-friendly wood preservatives have also been developed
from CNSL formulations with sulted wattle tannin and cop-
per(II) chloride.164 CNSL and Neem seed oil have also been used
as wood preservatives by other researchers.165 In this formula-
tion, copper was incorporated into CNSL and Neem seed oil.
Rubber wood samples were treated with these solutions utilis-
ing dipping and pressure techniques with different levels. Final
materials were found to be effective as wood preservatives
against fungi and termites. The combinations of copper/CNSL
and copper/Neem in pressure treatment have resulted in
interesting high protection against wood termites.

So nanomaterials of various shapes and forms have also
been prepared from cashew nut shell liquid (CNSL) by various
Scheme 5 A synthetic route to Kairomone (a tse-tse fly attractant) from
cardanol.

Energy Environ. Sci.
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Scheme 6 A facile route for semiconductor quantum dots (QDs) synthesis using anarcadic acid as a capping agent.

Fig. 16 TEM and HRTEM images of anacardic acid capped PbTe nanoparticles
synthesised at 160 �C when PbCl2 was used as a lead source (1 h).

Fig. 17 Percentage distribution of waste residues in Spain. Organic matter
(60%), paper (13%), plastics (10%), glass (3%), metals (3%) and others (11%).170
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researchers.166–168 The amphiphiles produced from CNSL are
so nanoarchitectures including lipid nanotubes, twisted or
helical nanobers, low-molecular weight hydro- or organogels,
and liquid crystals which are promising for their industrial use
as well as a range of applications. More recently, a facile route
for semiconductor quantum dots (QDs) synthesis involving the
use of anacardic acid, a component of cashew nut shell liquid
(CNSL) as a capping agent, has also been accomplished
(Scheme 6).169

Anacardic acid could be employed as a capping agent to
efficiently generate nanoparticles with improved properties
behaving in a quantum manner, of comparable structural
quality to that of pure nanocrystals (Fig. 16).

From these examples, the potential to develop novel meth-
odologies to convert naturally occurring oils (in this case
obtained from cashew nut shells) into building blocks for
pharmaceuticals, agrochemicals, paints and plastics, speciality
Energy Environ. Sci.
chemicals and other functional materials has been clearly
highlighted to be extremely high and offers many different
possibilities for a range of chemistries and products.

5.3 Valorization of oils and fats from food waste in the UK
and Spain

5.3.1 Food waste in Spain: focus on food UCOs and enzy-
matic transesterication. Taking Spain as a case study, the
different types of waste can be categorised into industrial,
agricultural, sanitary and solid urban residues depending on
their origin. Solid urban residues can at the same time be
subdivided into glass, paper, plastics, metals, organic matter
and others. Their distribution is presented in Fig. 17. Currently,
around 15 million tonnes of FW residues are generated per year
in Spain. This gure includes expired products, residues and
FW itself but more and more frequently foodstuffs that have
either been badly labelled or with similar issues completely
unrelated to their quality.

Generally, the most widely exploited and extended way to
deal with FW residues in Spain is the use of composters in order
to minimize the amount of waste for disposal. Several com-
posting plants can be found all over Spain but these are
generally considered as rst generation recycling and/or reuse
of organic matter. In terms of FW feedstocks in Spain, waste oils
This journal is ª The Royal Society of Chemistry 2012
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(from both households and restaurants) can be considered as
one of the main and most interesting FW residues in Spain. The
country is indeed, together with Greece and Italy, a leading
worldwide producer and consumer of vegetable oils (e.g. olive
and sunower), with its production accounting for a third
(>30%) of the total olive oil production worldwide. Particularly,
the south part of Spain (Andalucia) is one of the major
producers and exports olive oil to many countries worldwide.171

Traditionally, this olive oil nds several uses in the food
industry but it is also widely consumed for cooking purposes
(e.g. frying). Upon frying, the waste oil becomes a problem in
society as until very recently it was disposed as such, without
nding any alternative uses for further valorisation. The
inherent issues in the management of these residues have
caused signicant pollution in rivers and inland waters. Few
initiatives have been ongoing to collect some of the waste oils
from restaurants and houses but this requires an important
Fig. 19 Business model scheme for food waste processing.

Fig. 18 Biofuel pilot plant at Seneca Green Catalyst.

This journal is ª The Royal Society of Chemistry 2012
infrastructure and logistics which in turn makes it difficult
unless some sort of high added value products can be derived
from the oil residues. A proof of concept of the aforementioned
principle was demonstrated by SENECA Green Catalyst S.L.
(Fig. 18), a spin-off company created in 2007 from Departa-
mento de Quimica Organica at Universidad de Cordoba in
Spain to valorise waste frying oils into biodiesel.172

The company uses a novel dual technology which can
combine work under conventional homogeneous conditions
(NaOH, MeOH), implementing a pre-esterication step to
convert the FFA into FAME and then subsequently to carry out
the transesterication process, with the use of an enzymatic
methodology which allows the simultaneous esterication/
transesterication of the waste oils. This novel approach facil-
itates the implementation of either technology depending on
several factors including the quality and variability of the waste
feedstocks (analysis is always carried out prior to reaction),
industry and market demands, cost-competitiveness of the
process, etc. The company is able to work on amultiton scale (3–
5 tonnes biodiesel per day) and it is likely to expand in the next
few years depending on market needs. Furthermore, the
company has also developed an adsorbant which can be used to
clean the nal biodiesel to remove all impurities without the
need of any washing with water, considered as precious in a dry
region such as the south of Spain.

5.3.2 Food waste in the UK: focus on recovery of fats and
oils from food waste for biodiesel production. Around 3 million
tonnes per annum of rendered animal fat and grease, mainly
obtained from animal by-products, are being produced in the
EU.173 Traditional uses for these tallow and lard included fuel,
cosmetic precursors and components of pet food supplements.
Due to changing regulations, biofuel production from rendered
Energy Environ. Sci.
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Fig. 20 Centrifuging step for oil recovery.
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fats has recently increased in importance in the EU and the
UK.174 Brocklesby Ltd is a UK company based in North Cave,
East Yorkshire that has developed a process which recovers oil
and fats from miscellaneous FW (Fig. 19), including animal by-
products employed in biodiesel production with up to 30%
triglyceride content. The process currently under operation has
the potential to process 2000 metric tonnes per year of FW
sources (solid waste, triglyceride rich waste, processed as
Category 3 animal by-products). The recovery of triglycerides is
carried out under a process largely based on wet rendering
technologies,175 with high efficiencies (up to 98% yields). The
novelty of the process is the exibility of the approach where a
number of various products can be processed due to the
possibility to work under wet and semisolid conditions. Despite
the high process efficiency, a starchy/brous co-product is sent
off-site for composting. The company is currently working on
the reduction of the waste volumes through various alternative
treatments including the use of microwave pyrolysis, with a
signicant potential to employ the co-products as solid fuels.
The extraction process involves particle reduction in a rst stage
by means of mincing, followed by thermal treatment at
temperatures below 100 �C, in order to break down the brous/
lipid cells, freeing the melted oil adsorbed/present inside the
Fig. 21 Compacted waste sludge.

Energy Environ. Sci.
cells. This is followed by a mechanical separation via tricanter
centrifuge (Fig. 20) where the oil/fat is separated from the solids
(wet sludge) and the processing water, which is recirculated in
the system.

Applications for the wet residue are currently being investi-
gated, with possible uses as substrate for fermentations and
feedstocks for microwave pyrolysis. The latter have the potential
to produce biofuel and chemicals.176 Preliminary work looked
into the possibility to combine an effective way of drying waste
from oil extraction (Fig. 21) with a simultaneous methodology
to obtain bio-oil and a high caloric value biochar. For instance,
the gross caloric value found in the dried char was 27.4 kJ g�1,
22% higher to that of the dried parent material. The main
components found in the bio-oil were levoglucosan and FFAs,
showing the potential of microwave pyrolysis as a suitable
treatment for oil extraction, homogenisation and conversion of
FW into added value chemicals.

5.3.3 Chemical conversions of glycerine. The mentioned
applications for biodiesel glycerine allow various stakeholders
(catering producers, biofuel companies and end users) to
develop supply chains based on UCO. A more challenging and
exciting area of research is the conversion of glycerine into high
added value products as a long term objective for the biodiesel
industry. In 2004, the US DOE designated glycerol as one of the
top 10 platform chemicals for the production of added value
chemicals, which repeated in a revisited version of the platform
chemical list.177 The structure of the compound, versatility of its
chemistry and potential for bio-transformations make this
molecule a versatile raw material for the chemical industry
since its availability, quality and consistency are increasing.

A number of processes and transformations are described in
the literature and are summarised in Scheme 7.178–183 The most
successful processes developed with UCO-derived glycerine are
the Solvay process (Epicerol�) for the production of epichloro-
hydrin184 based on a chlorination process using HCl and its
hydrogenolysis to 1,2-PDO using Cu catalysts.185

In addition, biosynthesis of 1,3-propanediol, butanol and
succinic acid amongst other chemicals from glycerine are
generally another interesting area of research currently under
development (Scheme 8)186 to biobased commercial routes
including that patented by the company Bioamber for succinic
acid.187 This process employs agricultural and FW residues as
rawmaterials for the bioconversion of glucose into succinic acid.

5.3.4 Alternative biofuels: hydrotreatment of UCOs. Apart
from biodiesel related research, there are some other inter-
esting catalytic routes to biofuels from waste oils. One of them
is the production of bio-hydrogenated diesel.188–190 These routes
involve the treatment of oils with hydrogen using heteroge-
neous catalysts (typically Ni–Mo and/or Co–Mo and related
desulfurised catalysts) as well as solid acid catalysts to generate
a paraffin mixture upon removal of oxygen and hydrogenation
of all C]C double bonds. Preliminary reports in the eld have
looked into the utilisation of low quality oil feedstocks for the
production of gasoline (>30%) and gas oil (>30%) using
heterogeneous catalysis including zeolites (HZSM-5) and
sulphated zirconias.191–193 Optimum yields of gasoline were
obtained between 400 and 430 �C, at a pressure of 10 bar of
This journal is ª The Royal Society of Chemistry 2012
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Scheme 7 Summary of key chemistries for glycerol.
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hydrogen and 90 minutes of reaction in a batch reactor. This
route is particularly interesting as glycerin is not generated as a
co-product in the systems, with all the triglycerides and FFA
being converted into hydrocarbons. Biohydrogenated diesel has
been proposed as the next generation biodiesel and has been
commercially demonstrated by Neste Oil.194,195

A recent study from Norwegian researchers reviewed and
compared the environmental impact, life cycle assessments and
costs between different bio-diesel fuels (transesteried lipids,
hydrotreated vegetable oils and woody biomass-to-liquid
Fischer-Tropsch diesel). The conclusion of this work pointed
out that hydrotreated oils from waste or by-products including
tall oil, tallow or waste cooking oils outperform any other diesel
products in terms of environmental LCA impact and costs.196

In Greece, Bezergianni et al. have recently described how the
production of hydrogenated green diesel from waste oils can
take place in high yields (>95%) using typical commercially
sulded Ni–Mo catalysts.197 Low pressure values generally
maximise bio-hydrogenated diesel production as opposed to
This journal is ª The Royal Society of Chemistry 2012
high temperatures, which favour cracking reactions. In all
cases, the heteroatom removal in the systems was efficient,
exceeding 99% for sulphur and nitrogen and over 90% for
oxygen (Fig. 22).195

The main drawback of this methodology is the use of
hydrogen in the systems (Scheme 9) which generally require
high pressures. Unless it can be obtained from a renewable
resource (e.g. via aqueous phase reforming of another waste
residue/renewable feedstock), the proposed approach cannot be
commercially feasible. In this regard, coupling an APR
approach with oil hydrotreatment processes could be the ideal
sustainable solution for the valorisation of waste oils.

5.3.5 Non-fuel applications of UCOs. A range of sophisti-
cated production lines have been recently developed based on
oils and fats. Products include surfactants, lubricants, coatings,
polymers from either food and non-food triglycerides and fatty
acids. Selected examples reported the use of vegetable oils and
fats in lubrication,198 paints and drying applications,199 which
can potentially be economically attractive and sustainable
Energy Environ. Sci.
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Scheme 8 Key biotransformation from glycerol.
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“end-of-waste” routes for UCO and recovered fats200 in addition
to their conversion into biofuels.

Vegetable oil, fats and UCOs as lubricants. Bio-renewable, non-
hazardous and biodegradable components for lubrication are
expected to considerably increase in future years, driven by
environmental and health concerns (toxicity, not being readily
biodegradable, etc.) as well as by the large demand of mineral-
based lubricants worldwide (37.5 million tonnes per year).200,201

Vegetable oils, greases and fats either as neat, in blends as
well as chemically modied or with additives have become a
promising alternative to mineral and synthetic based oils, with
a large number of examples reported in the literature.202 The
preferred applications for vegetable oils in lubrications are
those in which thermal/oxidative stability is not a critical issue.
These include cutting uids,203 low working temperature
hydrolic uids204 and others. The reported examples for UCO as
lubricant are in any case limited205 due to their physico-chem-
ical properties particularly related to thermal and oxidative
stabilities. These properties have been found to be acceptable
for high oleic acid-containing varieties of sunower oil
Energy Environ. Sci.
(HOSO)206 or corn oil and its derivatives.207 HOSO and corn oil
are rich in monounsaturated fatty acids (primarily oleic),
conferring them a good thermal and oxidative stability with a
suitable lubricity to be employed as base oils for a certain type of
lubrication uses.

However, additives are required to improve their oxidative
stability and viscosity at high and low temperatures to achieve a
similar performance to those of their synthetic/mineral equiv-
alents.198 These include anti-wearing agents (zinc dia-
lkyldithiophosphates: ZDDPs), antioxidants (hindered phenols,
aromatic amines and others), detergents/dispersants (sulpho-
nates, salicylates and others), chemical modication208 (i.e.
improvements in thermal/oxidative stability, viscosity modi-
cation boundary lubrication, etc.), deodorisation209 (via distil-
lation to improve ash point properties) or/and blending with
mineral products to meet the specications.210

A large scope for research in the area is therefore needed to
achieve further developments in this eld. For instance, the free
fatty acids available in large contents on acid oils/UCOs could
be rectied by conversion into soaps, amides (i.e., partial
This journal is ª The Royal Society of Chemistry 2012
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Fig. 22 Hydrotreatment concept – from waste oils to valuable products. Reproduced with permission from ref. 195.

Scheme 9 General reaction pathway for the catalytic cracking of oils to gasoline
and gas-oil type products.

Scheme 10 Useful conversions in lubrication chemistry.
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emulsication of water in cutting uids),208a fatty acid alkyl
esters (FAAE) or neopentyl triol esters (resulting in increased
thermal/oxidative stability in hydrolic uids) (Scheme 10).211

Other modications likely to improve properties such as
viscosity index or oxidative stability are the conversion into
estolides,212 epoxidation and partial oxidation.206

In summary, UCOs and derivatives have a signicant
potential to become environmentally friendly alternatives to
mineral-based lubricants, with low volatility, high viscosity
index, high biodegradability and lower production costs. The
utilisation of UCO in this area is however not exempt of chal-
lenges, due to variability of composition and lower oxidative
and thermal stability in comparison to currently available virgin
oils and mineral products.

Potential for the use of UCO in other applications. UCOs have
also been proposed for the production of bio-derived coatings,
paints and varnishes. These industries are moving towards
safer (i.e. non-ammable, non-VOC containing) alternatives as
the mineral base of those products is a large source of
contaminants. Most varnishes are a blend of resin, drying oil
and volatile solvent, from which alkyds are the most important
class of resin in the coatings industry.

Alkyds are made of an alcohol such as glycerol, a dibasic acid
and oils including castor, coconut, linseed or soybean. Vege-
table oils with high levels of unsaturated fatty acids have been
This journal is ª The Royal Society of Chemistry 2012 Energy Environ. Sci.
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tested as varnish agents (i.e. linseed, soy bean, high linoleum
sunower and castor oil), by chemical tranformations under
controlled mechanisms of polymerisation.213 Condensation
with polyols for the formation of alkyd resins, radical poly-
merisation and oxidation are required to form a solid poly-
merised matrix from UCOs. The main challenge with the use of
these types of UCOs within these applications is their relatively
low shell life and poor oxidative stability. Oils degrade upon
frying leading to an increase in the FFA content and polymeri-
sation reactions, which could be overcome by the introduction
of functionalities in the carbon chain of the parent oil (epoxy-
dation,214 ozonolysis/introduction of carboxylic groups to
increase hydrophilic properties of paints, insertion of
olens, etc.).215
5.4 Food waste and legislation in Greece

The food industry in Greece includes enterprises that manu-
facture meat, sheries, fruits and vegetables, dairy, grain mill
Table 5 Production quantities of food products (rounded numbers as reported fr
inventories for liquid and solid waste production

Product

Quantity of
production
(tonnes, tn) Unit (U)

Production of
waste (m3 U�1)

B
(

Meat from cattle,
pigs, sheep

40 000 tn living
weight
per year

5.3–7.4 (6.9) 6

Meat from chicken 81 300 1000 heads
per year

37.5 1

Fish and shery products,
(processed/preserved)

11 700 tn product
per year

24 7

Processed fruit
and vegetables

645 000 tn raw
material
per year

0.43–89.4
(17.5)

1
(

Virgin olive oil 13 100 tn product
per year

7 9

Rened oil and fats 206 500 tn product
per year

3.4 1

Dairy (liquid) products 470 300 L tn product
per year

3.1 3

Butter 900 tn product
per year

2.6 1

Yogurt 139 600 tn product
per year

3.9 3

Cheese 111 000 tn product
per year

2.3–7.7 2

Grain mill products 773 500 tn product
per year

0.29–1.5
(0.750)

0

Sugar production
of beets

170 000 tn product
per year

23 2

Beverages
(distillation)

29 700 m3 m3 alcohol
per year

36–63 2

Wines 150 000 m3 tn grapes
per year

2 1

Beer 435 200 m3 m3 product
per year

5.4–11 1

So drinks 556 200 m3 m3 product
per year

2.15–6.4 2

a Blood, hooves, paunch, etc. b Feathers, hooves, and inedible parts. c Ine
f Spent hops, grain, residues, and yeast.

Energy Environ. Sci.
based products as well as animal food, sugar based foods, coffee
and beverages such as wines, beers and so drinks. In order to
estimate the production of wastewater from food industries,
data from the Hellenic Statistical Authority were used con-
cerning the production quantities of food products in 2007 and
the emission inventories adjusted to the local conditions (as
reported in the deliverables of the aforementioned project) as
summarized in Table 5.

Anaerobic digestion (AD) is a mature technology to convert
biodegradable organic matter of waste into biogas. Generally,
anaerobic digestion in Greece is considered to be a treatment
method rather than an energy producing process. As a result,
AD has not been extensively applied for energy production and
use of the digestate as a soil conditioner. Biogas can be utilized
for electricity co-production and thermal energy in Combined
Heat Power units as well as fed directly into the natural gas grid
if the required specications are met. The obstacles to the
widespread use of AD are summarised in Fig. 23, which high-
light the reluctancy of food producers to utilise this technology.
om the Hellenic Statistic Authority for the year 2007) and the relevant emission

OD5

kg U�1)
TSS
(kg U�1)

Tot. N
(kg U�1)

Tot P
(kg/U)

Fats and
oil (kg U�1)

Putrescible
waste (kg U�1)

–10.9 (9) 5.6–9.6
(7.7)

0.7–0.84
(0.75)

0.05–0.33
(0.14)

2.1–5.9 (4) 35a

1.9–17 12.7 N/A N/A 5.6 35b

.3 9.4 0.65 N/A 4.7 280–570c

.2–43.7
11.8)

0.2–19.4
(4.2)

N/A N/A N/A 80–660d

5 455 N/A N/A N/A N/A

2.45 12.3 N/A N/A 14.05 N/A

.21 1.5 0.31 0.68 N/A N/A

.1 0.4 1.95 0.42 N/A N/A

.21 1.5 0.31 0.68 N/A N/A

.2–21.7 0.2 1.56 0.34 N/A N/A

.1–1.8 0.2–1.6 N/A N/A N/A N/A

0 75 N/A N/A N/A N/A

10–216 75–257 N/A N/A N/A 300e

.6 0.3 N/A N/A N/A N/A

0.5–18.8 3.9–7.3 N/A N/A N/A 20f

.1–3.1 0.7–4.3 N/A N/A N/A N/A

dible sh part. d Peels, cores, and seeds. e Spent resins, gs, and canes.

This journal is ª The Royal Society of Chemistry 2012
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Table 6 lists the biogas plants operating in Greece as recor-
ded by the Centre for Renewable Energy Sources and Saving
(CRES) in 2007. The biogas plants treating landll leachate
accounted for 75% of the installed electrical power, while 25%
came from sewage sludge treatment. In the case of thermal
energy, 6% of the installed thermal energy power was produced
from FW, while the remaining 94% was produced in sewage
treatment plants.216

FW can also be valorised to marketable products via
bioconversion. Table 7 presents the approximate composition
of specic industrial food waste streams. The classication is
based on major components (i.e. carbohydrates, protein, oil or
fat) in each type of FW. Carbohydrate and protein-rich FW
Fig. 23 Barriers to the use of anaerobic digestion (AD).

Table 6 Biogas plants in Greece (2007)

Waste type

ZANAE Food wastes
Tasty foods Food wastes
Landll in Tagarades Municipal wastes
Sewage treatment plant (STP) in Larisa Activated sludge
STP in Patras Activated sludge
STP in Chalkida Activated sludge
STP in Alexandroupolis Activated sludge
STP in Rodos Activated sludge
STP in Heraklion Activated sludge
STP in Chania Activated sludge
STP in Psitalia Activated sludge
Landll in Ano Liosia Municipal wastes
STP in Metamorphosis Activated sludge
STP in Volos Activated sludge
STP in Thessaloniki Activated sludge
Landll in Xanthi Municipal wastes
Landll in Volos Municipal wastes
STP in Larisa Activated sludge

This journal is ª The Royal Society of Chemistry 2012
streams could be employed for the production of generic
fermentation media that may contain sufficient amounts of
nutrients to consequently reduce the use of commercial
nutrient supplements. The production of crude hydrolysates
from FW will be based on the utilisation of commercial enzyme
formulations or the production of crude enzymes via solid state
or submerged fermentations. Many FW may contain directly
assimilable mono- or di-saccharides. However, most FW
contain polysaccharides that should be hydrolysed in order to
be used in fermentation processes. Ongoing research at the
Agricultural University of Athens (Greece) focusses on the
bioconversion of our-rich waste streams from confectionary
industries for the production of single cell oil that can be used
as raw material for biodiesel and oleochemical production. In
addition, protein-rich food waste could be used for the
production of media rich in sources of nitrogen (e.g. amino
acids, peptides) using proteolytic enzymes. For instance, oilseed
meals produced as by-products from biodiesel production
plants could be hydrolysed into a nutrient rich supplement for
various microbial fermentations using crude enzymes produced
by solid state fermentation.217 Ongoing research at the Agri-
cultural University of Athens focusses on the valorisation of
crude glycerol and protein-rich sunower meal generated from
a biodiesel production plant for the production of an antioxi-
dant fraction, a protein isolate fraction for application as
adhesive and polyxydroxybutyrate (PHB) for packaging appli-
cations. Wheat our milling by-products have also been
employed for the production of succinic acid aer enzymatic
hydrolysis of starch and protein.218
5.5 Food waste in Hong Kong

Hong Kong is one of the most densely populated places in the
world and has an average population density of about 6480
people per km2 in 2009.235 In some urban districts, the pop-
ulation density reaches 50 000 people per km2. With such high
Biogas production, kNm3 per annum Capacity

396 0.64 MWth

91 0.76 MWth

666 5.28 MWe

350 0.57 MWth

505 1.05 MWth

310 1.50 MWth

300 0.33 MWth

90 0.35 MWth

1.042 0.19/0.53 MWe/th

420 0.17/0.29 MWe/th

20.501 10.35/7.14 MWe/th

67.613 23.5 MWe

1.647 1.63 MWth

590 0.35/0.70 MWe/th

2.200 2.5/6.74 MWe/th

Under construction 9.5 MWe

Under construction 1.72 MWe

Under construction 0.6 MWth

Energy Environ. Sci.
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Table 7 Composition of major food processing and municipal wastes and by-products

Type of food waste
Water
content (%)

Carbohydrate
content (%)

Protein
content (%)

Oil/fat
content (%) References

Carbohydrate-rich wastes
Molasses, beet 23 65.1 6.7 — Greasham, 1993 (ref. 219)
Spent grains from breweries 80–83 9–11.6 3.2–4.6 1.5–2.4 Russ and Meyer-Pittroff, 2004

(ref. 220)
Whey 92.7 4.9 0.9 0.9 Waldron et al., 2004 (ref. 221)
Apple pomace 3.9–10.8 48–62 2.9–5.7 1.2–3.9 Bhushan et al., 2008 (ref. 222)
Orange waste (peel, pulp and seeds)
(dry basis)

79 47 6.5 — Mahmood et al., 1998 (ref. 223)

Cassava pulp (dry basis) 6.8 69.9 1.55 0.12 Sriroth et al., 2000 (ref. 224)
Waste bread (whole wheat and
white bread)

33–43 41–51 8–13 3 Lin et al., 2012 (ref. 225)

Rice our (e.g. waste streams from
confectionary industries originally
produced as food for infants)

5 86.1 7.3 1.1 Lin et al., 2012 (ref. 225)

Wheat bran (crude) 11 64.5 15.5 4.2 Du et al. 2009 (ref. 226)
Pear pulp (dry matter) 62.8 5.1 1 El Kossori et al., 1998 (ref. 227)
Tomato pomace (dry basis) 25.4–50 (ber) 15.4–23.7 5.4–20.5 Del Valle et al., 2006 (ref. 228)
Grape pomace without seeds
(dry basis)

58.2–78.9 12.5–48.8 11.0–11.4 4.47–5.19 Saunders et al., 1982 (ref. 229)

Lees from sherry wine 4.1 (sugars) 15.1 5.4 Gomez et al., 2004 (ref. 230)
Potato peel (dry basis) 85 69.7 8 2.6 Arapoglou et al., 2010 (ref. 231)
Potato tuber 83.3 12.5 2.6 0.1 USDA, 2008 (ref. 232)

Protein- and/or fat/oil rich wastes
Municipal meat waste (dry basis) 41 24.6 69.9 Garcia et al., 2005 (ref. 233)
Municipal sh waste (dry basis) 73.9 57 19.1 Garcia et al., 2005 (ref. 233)
Soybean meal 10 29.9 42 4 Greasham, 1993 (ref. 219)
Linseed meal 8 38 36 0.5 Greasham, 1993 (ref. 219)
Yeast from breweries 5 39.5 43 1.5 Greasham, 1993 (ref. 219)
Yeast, hydrolysate 5.5 — 52.5 — Greasham, 1993 (ref. 219)
Corn steep liquor 50 5.8 24 1 Greasham, 1993 (ref. 219)
Dried distillers soluble 8 45 26 9 Greasham, 1993 (ref. 219)
Fish meal (anchovy), 65% 8 — 65 3.8 Greasham, 1993 (ref. 219)
Blood 86 — 12 0.3 Russ and Meyer-Pittroff, 2004

(ref. 220)
Meat and bone meal 8 — 50 8 Kampen, 1997 (ref. 234)
Pharmamedia (derived
from cottonseed embryo)

1 24.1 59.2 4 Kampen, 1997 (ref. 234)

Peanut meal and hulls 9.5 23 45 5 Kampen, 1997 (ref. 234)
Slaughterhouse waste 74 — 9 14 Russ and Meyer-Pittroff, 2004

(ref. 220)

Table 8 Types of waste disposed at landfills in Hong Kong in 2010 (adapted
from the Advisory Council on the environment238)

Waste Volume (tonnes per day)

Municipal solid waste 4942
Food waste 3237
Construction waste 3584
Sludge 935
Other waste 1119
Total 13 817
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compactness, the majority of households in Hong Kong are
resided in multi-storey multi-tenant buildings. Similar to many
other metropolitan cities, Hong Kong is facing an imminent
waste management problem.
Energy Environ. Sci.
Table 8 and Fig. 24 show the types of commercial and
industrial waste disposed at landlls in Hong Kong in 2010.236

Among the 13 817 tonnes of waste disposed daily, 3237 tonnes
are FW, constituting about 23% of the waste disposed, and it is
the second largest waste category. Of the 3237 tonnes of FW
generated daily, around 960 tonnes originate from commercial
and industrial food production operations (i.e. bakery industry,
bean curd industry, catering industry, food production
industry, hotels, wholesale market, yard waste and restau-
rants).237 In recent years, the amount of FW arising from the
commercial and industrial sectors has been steadily increasing,
as seen in Fig. 25. The quantities of FW in 2010 were doubled as
compared to the amount in 2002.

According to the Policy Framework for the Management of
Municipal Solid Waste (2005–2014), the Government of Hong
Kong SAR has suggested to adopt an integrated waste
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2ee23440h


Fig. 24 Types of commercial and industrial waste disposed at landfills in Hong
Kong (2010).

Fig. 25 Evolution of food waste production from commercial and industrial
sectors from 2002 to 2010.
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management facility for waste treatment, including FW. Alter-
native options including a centralized plant have been consid-
ered to treat FW to be generated in Hong Kong but the
transportation of FW in large quantities across the territory for
treatment may not be viable due to the high transportation
costs, as well as the possible odour and leachate contamination
Fig. 26 Food composters to handle food waste.

This journal is ª The Royal Society of Chemistry 2012
issues during transportation. At the moment, Hong Kong relies
mainly on landlls for waste disposal. However, these three
landlls will reach full capacity by 2014, 2016 and 2018.239 In the
light of these important issues, there is an imminent need to
reduce the quantity of organic waste disposal to landlls. At the
same time, the development of effective FW conversion
processes/technologies aiming at waste processing at the source
is highly desirable, particularly in a densely populated state
such as Hong Kong.

In Hong Kong, restaurants as well as the food and beverage
industries have employed composters to treat FW in order to
minimize the amount of waste for disposal (Fig. 26). Continued
Fig. 27 Biorefinery concept for the fermentative succinic acid production from
bakery waste.237

Energy Environ. Sci.
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education and publicity efforts have been devoted to encour-
aging further household FW reduction. Collection of FW from
domestic households for treatment is difficult at this stage. As
previously mentioned, the majority of households in Hong
Kong reside in multi-storey multi-tenant buildings which lack
available space for dedicated FW containers at both household
and building levels. Furthermore, these issues add to the hot
and humid weather in Hong Kong that could easily cause
potential hygiene and odour problems, making the whole
scenario even more complicated. In view of the above difficul-
ties, targets have been aimed at source separated FW from the
commercial and industrial sectors, as the separation of food
waste can be much easier done. Nevertheless, the Hong Kong
Government is currently dealing with the FW issue in the
domestic sector and would work closely with the relevant
stakeholders, including the domestic sector, property manage-
ment companies and green groups, to encourage households to
generate less FW and to develop trial schemes to explore how
FW could be effectively collected and disposed through on-site
FW treatment facilities.

The School of Energy and Environment at the City University
of Hong Kong has been recently started collaborating with the
coffee retailer giant ‘Starbucks Hong Kong’ from March 2012.240

The partnership, facilitated by the NGO Climate Group Hong
Kong, focuses on the valorisation of spent coffee grounds and
unconsumed bakeries to valuable products via bio-processing.
The collaboration is based on a support scheme as part of the
“Care for Our Planet” campaign from April 2012 consisting in a
donation of HK$8 (US$1) for every set of Care For Our Planet
Cookies Charity Set sold to support research on valorisation of
FW for the sustainable production of chemicals and materials.
This project was cocurrently funded by the Innovation and
Technology Commission from the Government of HKSAR.241

Research has been focused on the production of bio-plastics
and detergents from unconsumed bakeries via enzymatic
hydrolysis of non pre-treated bakery waste, followed by fungal
solid state fermentation to break down carbohydrates into
simple sugars for subsequent succinic acid fermentation
(Fig. 27). A mixture of fungi comprising Asperillus awamori and
Asperillus oryzae was utilised for the production of amylolytic
and proteolytic enzymes, respectively. Macromolecules
including starch and proteins contained in bakery waste were
then hydrolysed into a bakery hydrolysate enriched in glucose
and free amino nitrogen (FAN). This hydrolysate was
Fig. 28 Succinic acid crystals (left: pointed with red arrow) produced from
Starbucks bakery waste (right: in a glass beaker).238

Energy Environ. Sci.
subsequently employed as generic feedstock in a bioreaction to
produce succinic acid (SA) by Actinobacillus succinogenes. Fig. 28
shows the isolated succinic acid crystals from the fermentation
broth which utilised the bakery hydrolysate from FW.241 Suc-
cinic acid crystals were separated using a novel resin based
distillation-crystallisation method previously developed by
Lin et al.242

In summary, this project is currently mediating in the
development of advanced FW valorisation practices used in
Hong Kong to valuable products, reducing at the same time the
release of GHG and other air pollutants into the atmosphere.
Such a synergistic solution can then be adopted by the Hong
Kong Government as part of their strategy for tackling the FW
issue and for the environmentally friendly production of alter-
native platform chemicals.
6 Valorisation of food supply chain waste:
towards integrated biorefineries

The implementation of the biorenery concept is an essential
part of the successful valorisation of FSCW. Phase III or
“product-driven” biorenery targets the production of several
product outputs (chemicals and energy) using a range of
combined technologies.243 Typically, Phase III bioreneries
focus on valorising a whole crop for example (i.e. Miscanthus)
by extracting surface waxes as well as using the residue to
generate energy via pyrolysis or gasication. Such a concept
should not however be focused on the single valorisation of
dedicated biorenery crops. Phase III bioreneries also have a
role to play in valorise FSCW.

In the case of industrial FW, suitable processing schemes
that valorise waste into added-value products should be inte-
grated into existing food industry facilities. Technologies
already implemented in the food industry are preferred
including microwave heating (used for commercial pasteurisa-
tion and sterilisation244 of prepared food) or supercritical CO2

(used for the decaffeination of coffee245). These strategies aim to
maximise prots from different process outputs reducing in
parallel long term production costs. Process integration is
obviously a preferred alternative to setting up a new plant,
where some technologies still entail a signicant capital
investment.

In some cases, the exploitation of local or regional food
industries may lead to decentralisation of biofuels, chemicals
and biomaterials production and could therefore offer a solu-
tion to specic local demands, lowering associated transport
costs and emissions. In the case of biofuels production from FW
(including other biomass feedstocks), a local food industry
could exploit its waste for biofuel production (i.e. biogas
production from effluent and solid waste in the food industry),
in order to serve the needs of the plant, a local or regional
agricultural community.246 This proposed bio-economy can
signicantly contribute to the future development of rural,
coastal and industrialised regions by improving the sustainable
exploitation of their natural and industrial resources, by
creating supply chains for residues and waste as feedstock or
setting up of networks of bioreneries.
This journal is ª The Royal Society of Chemistry 2012
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6.1 Integrated bioreneries based on specic food waste

For bioreneries to be successful, they have to adapt to the needs
of international markets as well as bulk chemical production
being strongly driven by supply demand issues and “economies
of scale”. In many cases, the production of commodity products
from specic FW may not be economically feasible as low
market prices of commodity products require large production
capacity industrial plants. The establishment of such industries
may not be feasible in many cases because large quantities
of specic types of FW should be transported to a central loca-
tion. This concept will be hindered by major disadvantages of
specic FW including widespread distribution of FW, high water
content and fast deterioration due to contamination. These
important drawbacks could be solved through the development
of a generic processing scheme for bulk FW similar to that
developed by Brocklesby Ltd (Section 5.3.2).

Specic types of FW should be treated either on-site by the
same producing industry or at least on a local/regional industrial
site. Minimising FW transportation should be one of the main
targets of FW based bioreneries. Novel processes could be
developed combining extraction of high-value products with
subsequent fermentations (or green chemical conversions) for
the production of chemicals, materials and fuels to minimise
production costs. For instance, the utilisation of olive pulp waste
and orange processing waste streams for bioethanol production
could become feasible only in the case that they are combined
with the production of other added-value products (e.g. extraction
of limonene and pectin from orange processing wastes) and
integrated with current food production.247,248 Fractionation of
whey into a lactose-rich and a protein-rich fraction could also be
employed for the production of high-value whey protein hydro-
lysates with various applications (e.g. protein source for individ-
uals with reduced capacity of digestion, or with geneticmetabolic
disorders), while lactose could be used as a carbon source for the
production of various chemicals via fermentation.249

The minimisation and valorisation of these wastes has a
double advantage. It reduces pollutant loadings of agro-food
industries as well as contributing to the sustainable develop-
ment of the agro-food sector through a rational use of FW bio-
derived containing compounds.
6.2 Evaluation of food supply chain waste for the production
of chemicals, materials and fuels using the biorenery
concept

In a local or regional integrated process in an existing food
industry, initial processing steps will extract high value constit-
uents from FW (proteins, oils, sugars, vitamins, waxes, colorants
and avour and fragrance compounds) while the majority of FW
will subsequently be processed for the production of case-
specic fermentation media or treated using chemical or ther-
mochemical methods. Apart from minor constituents (e.g.
antioxidants), even major components including oils and fats
could be used in several applications as previously described in
this perspective article. Oil-rich fractions extracted from FW
could substitute for plant oils as raw materials of the chemical
industry for chemical conversions and synthesis of chemically
This journal is ª The Royal Society of Chemistry 2012
pure compounds. Oil extracted from FW could be employed for
the production of fatty acid esters, surfactants (e.g. sorbitan
ethoxylates), stabilisers, fatty amines, dicarboxylic acids, resins,
plasticizers, soaps, lubricants and polyols.250–252 Additionally,
oils extracted from FW (e.g.sh processing wastes) could be used
as raw material for biofuel production.253

Bioprocessing technologies could be employed for the
production of bio-energy, platform chemicals and biomaterials.
Platform chemicals could be subsequently converted via clean
and green chemical technologies into high added value chem-
icals and polymers. Fermentation media should contain major
and minor nutrients including sources of carbon, nitrogen,
minerals vitamins and trace elements. Specic types of FWmay
not provide all these nutrients. For this reason, it may be
desirable to combine different types of FW that contain
complementary nutrient composition. It should be stressed that
enzymatic hydrolysis of polysaccharides and protein contained
in FW should be achieved by mixed enzyme consortia produced
on-site via solid state fermentations. Crude protein-rich wastes
or hydrolysates have been utilised as substitutes for commercial
nutrient supplements for the production of bio-based polymers,
chemicals or even speciality products.254–260 Carbohydrate- and
protein-rich fractions produced in the above processing
schemes could be employed for the formulation of fermenta-
tion media via enzymatic hydrolysis. This concept has not been
applied extensively yet. However, all chemicals produced from
puried carbon sources via fermentation could be in principle
produced from FW hydrolysates.

Most future platform chemicals (i.e. succinic, fumaric,
malic, 3-hydroxypropionic, glutamic and itaconic acids as well
as sugars including xylitol and arabinitol) could be produced via
fermentation of sugars192,261–263 and subsequently converted into
valuable products such as specialty chemicals, biofuel-precur-
sors and biodegradable polymers. Fermentation processes can
also be employed for the production of bio-based polymers
either through the synthesis of monomers (e.g. lactic acid,
succinic acid) or through direct production of biodegradable
polymers (e.g. polyhydroxyalkanoates, bacterial cellulose).264–272

Fermentations of FW hydrolysates could be also used for the
production of single cell oil (SCO) using various oleaginous
microorganisms. The fatty acid composition of SCO depends on
the selected microorganism. SCO produced by many yeast
strains could be used as a substitute for plant oils due to their
similar fatty acid composition273 or alternatively as raw material
for biodiesel production.274 Another potential application is the
production of oleochemicals either as multi-purpose feedstocks
or case-specic feedstocks. Multi-purpose feedstocks include
oils that contain common fatty acids (e.g. oleic and linoleic
acids) compared to case-specic feedstocks that contain
uncommon fatty acids with special properties derived from
their unique molecular structure.275

Table 9 summarises the potential for the production of
major biofuels, chemicals and biopolymers from FW. Calcula-
tions were based on carbon source requirements (mainly
glucose equivalent) for the production of selected compounds
using conversion yields of 90% of the theoretical value (except
lactic acid and succinic acid). For instance, 0.08 million tonnes
Energy Environ. Sci.
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Table 9 Carbon source requirements for the fermentative production of various chemicals

Chemical
product

Current and future industrial
applications

Worldwide
productiona

(106 tonnes)

Production
yielda,b

(kg kg�1 glucose)

Quantity of
glucose required
(106 tonnes) Quantity of food waste required

Ethanol For industrial use as solvent,
disinfectant, preserving agent
and building block for
chemical synthesis

31c 0.46 67.39 61.26 million tonnes of starchd

that is contained in various
food wastes

1,3-Propanediol Polymeric applications (e.g.
polytrimethylene terephthalate),
malonic acid, polyurethans,
copolyester ethers

0.08 0.54e 0.148 0.148 million tonnes of crude
glycerol or approximately 1.48
million tonnes of waste
cooking oil

Lactic acid Additive in foods and beverages,
industrial applications,
PLA production, pharmaceuticals
and personal care products

0.15 0.95f 0.158 0.319 million tonnes of waste
bread (45% starch content
on average)d

Succinic acid276 Platform molecule for the
production of 1,4-butanediol,
g-butyrolactone, tetrahydrofuran,
pyrrolidinones, polybutylene
succinate, succinic esters,
polyamides, etc.

0.015 1.16 0.013 27 million kg of waste bread
(based on an overall conversion
yield of 0.55 g succinic acid
per g bread)d

Fumaric acid Food acidulant and beverage
ingredient. Platform molecule
for the production of unsaturated
polyester resins, tetrahydrofuran,
1,4-butanediol, g-butyrolactone,
L-aspartic acid etc.

0.012 1.16 0.01 0.021 million tonnes of waste
bread (45% starch content
on average)d

PHB Bio-based polymers, medical
applications, biocomposites,
food packaging materials,
use of the monomers as
platform chemical

z0.4g 0.43 0.93 1.879 million tonnes of waste
bread (45% starch content
on average)d

a Taken from Patel et al. (2006).261 b 90% of theoretical conversion yield. c Utilisation of starch and sucrose as carbon sources. d A starch to glucose
conversion yield of 1.1 has been assumed. e The carbon source is glycerol. f A 95% conversion yield may be feasible for lactic acid in the future.
g Projected worldwide production capacity for 2013.277
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of 1,3-propanediol could be produced from approximately 1.48
million tonnes of waste cooking oil. The annual worldwide
production of waste cooking oil is approximately 0.7–1 million
tonnes.85 This means that the crude glycerol generated during
biodiesel production from waste cooking oil could provide up to
67.6% of the raw material required for 1,3-propanediol world-
wide production. The annual production of household waste
from bakery products and dried food is more than 1 million
tonnes only in the UK.42 According to Table 9, signicant
quantities of lactic acid, fumaric acid, succinic acid and/or
polyhydroxybutyrate (PHB) could be produced via fermentation
from only bakery products and dried food that are disposed as
waste from households. These examples highlight the potential
of platform chemical production in future bioreneries utilis-
ing exclusively starch-based FW.

7 How can our society's attitude be
changed towards the use of food supply
chain waste as a resource?

At the global level, waste will increasingly be used as inputs into
other processes, by either composting or through energy recovery
and recapture of all non-biodegradable material. Achieving zero
Energy Environ. Sci.
waste will not be dependent on regulations alone; consumer
demand and markets for recycled material will combine to
ensure that products, processes, and business models are
designed around maximum efficiency and minimal waste,
regardless of the geographic location or cultural context.278

A signicant potential for the reduction of FW in the devel-
oped world lies within retailers, food services and consumers.
Consumers and businesses need to realise how our resources
are constrained and comply with the reality of our situation.
Cultural shis in the way consumers value food, stimulated
through education, increased awareness of the food supply
chain and FW impact on the environment have a signicant
potential to reduce waste production, at least for food wasted at
the post-consumer stage. Improved food labelling and a better
consumer understanding of labelling and food storage will have
a high potential to reduce the produced quantities of FW.

An example of a leading practice to improve sustainability of
the food industry is the Waste and Resources Action Pro-
gramme (WRAP), a UK government initiative to reduce FW
which has focused mainly on waste packaging. As a result of the
‘love-food hate-waste’ campaign launched by WRAP, 22% of
households store more food in the refrigerator rather than in
fruit bowls and 14% waste less food due to improved storage.42
This journal is ª The Royal Society of Chemistry 2012
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Similarly the Courtauld Commitment is a voluntary agreement
in the UK between WRAP and major retailers that is leading to
new solutions and technologies to reduce food, packaging and
household waste entering landll.

Food supply chains will continue to be developed in
response to the continuous increase in new challenges posed by
the development of new technologies at the manufacturing and
retail end (e.g. identication and labelling of products and
better demand forecasting).279 For example, Norway's largest
food supplier, Nortura, is using radio frequency identication
(RFID) technologies to trace poultry and meat products from
farm to supermarket shelves, ensuring that meat and poultry
products are kept in optimal conditions minimising waste
along the supply chain.

It is quite evident that the manufacturing and retailer end of
the food supply chain have been working on reducing waste in
their operations. However, there are foods and food products
that are still being wasted but not counted in traditional waste
disposal streams. Government policies and regulations can also
act as barriers. For example, European Food Information
Regulations on date labelling do not necessarily balance the
health regulations with environmental factors. It is essential
that businesses engage and collaborate with Governments
throughout the whole lifecycle of products and services.

At the consumer end of the food supply chain, consumers
oen lack the knowledge to consume in a less wasteful manner.
Given the consumers' current relationship with FW, a package
of measures including effective communication or intensive
personal engagement may serve as a way forward to bring
behaviour change in the absence of motivation or conscious-
ness on FW issues. WRAP believes that “the way forward is to
create a positive climate around encouraging good behaviours
in relation to food management” and to “provide persuasive
arguments for a change in behaviour together with simple but
effective steps and tools to manage our food better”.280 They also
highlight the importance of making consumers aware of the
environmental impacts of FW, and in particular its contribution
to carbon emissions. People need to be educated about the
resource-constrained world we live in today.

A study conducted by Thøgersen and Ölander examining the
impact of recycling on the values and behaviours of Danish
consumers conrmed that behaviour is driven by the values
people hold and ‘behavioural inertia’, created by forces (such as
established habits) that are independent of values.281

Changing consumer behaviour can therefore be challenging
for most stakeholders in a supply chain as they face a difficult
task if they are to inuence environmentally friendly behaviour
without rst addressing values. While attempts to shi
consumer behaviour may result in reduction in FW in devel-
oped countries, changes in legislation and business behaviour
towards more sustainable food production and consumption
will be necessary to reduce waste from its current high levels.
8 Concluding remarks and future prospects

This contribution has been aimed to demonstrate the potential
of advanced FW valorization practices for our current society.
This journal is ª The Royal Society of Chemistry 2012
FW is inevitable, especially at a pre-consumer stage, but the
environmental damage caused by GHG emissions and ground
water contamination via FW decomposition in landll sites, to
name only one, can largely be avoided. Nevertheless, in this
perspective article we have highlighted the complexity to tackle
this important problem of the current society that involves
governments, policies, regulations, stakeholders, companies,
products and most importantly consumers and public opinion.
Several strategies to valorize FW have been implemented
including recycling, composting and related practices, which
however cannot achieve a sufficient processing of FW residues,
being in all cases of limited value.

In this regard, advanced FW valorization practices aiming to
achieve sustainable development and a circular economy should
focus on innovative low environmental impact legislation-
compliant technologies able to convert waste into value-added
products. These include AD (hailed as the future of FW
management), low environmental impact chemical technolo-
gies (including smart chemical separation technologies), inte-
grated bio-chemical processing approaches (e.g. fermentation
and chemical transformations of converted platform molecules
to high-added value chemicals and biofuel precursors), extrac-
tive processes for the recovery of valuable compounds (e.g.
antioxidants, terpenes) using benign methodologies including
the use of microwave irradiation and related approaches. A
multidisciplinary approach is necessary to fully understand
these processes, allowing us to reach the level of innovation
necessary to achieve a zero-waste economy and a more
sustainable bio-based society. Among these, cross-industry and
public-private collaborations are needed along the food supply
chain but also between industries given the potential of FSCW to
be used as a feedstock for different industries, ensuring that this
strategy has a maximal impact. Since data on FW generation
from public research are limited, collaboration and investment
in monitoring would be a good starting point, allowing scien-
tic, industrial and governmental bodies to interact from the
start. This rst step is especially important when selecting types
of FSCW to focus on for valorisation, availability, location and
chemical content being crucial to set up a protable biorenery.

Steering changes that can have wide sustainable impacts on
the environment will require several approaches to lead to
sufficiently rapid changes and legislation can certainly support
these efforts. Legislation can have a powerful impact on driving
positive behaviour change along with another essential
approach (education) which is a valuable agent to facilitate the
proposed change. Findings reported in this manuscript clearly
show how this area is attracting increasing interest. However,
policy makers must play a full role in this, especially with regard
to restrictions on the transport of bioresources, which coud
become an important feedstock in the future. We envisage an
increasing awareness of the valorisation of FW feedstocks
worldwide. FSCW will play a key role in the near future around
the biorenery concept to contribute to a greener and more
sustainable future society.

In any case, the aforementioned complexity of the FW issue
should not however restrict the development of innovative
practices to deal with this important under-utilised source of
Energy Environ. Sci.

http://dx.doi.org/10.1039/c2ee23440h


Fig. 29 Sectors of the chemical industry that could benefit from the use of FSCW
as a raw material.
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valuable compounds. In contrast, it should encourage every
single institution involved in any part of the food supply chain
to redouble efforts aiming to minimize FW production in each
step of the chain, maximizing at the same time the value of
products and additional revenues that can be obtained by
means of a rational and well understood utilisation of raw
materials and feedstocks. Such a strategy would benet the
chemical industry by allowing it to increase its use of renewable
raw material, helping the food and chemical industry to form a
symbiotic relationship. The diversity of compounds found in
FSCW reects the variety of sectors in the chemical industry
that could benet from using such a renewable feedstock,
improving its green credentials (Fig. 29).

All of these should be done in parallel to well designed re-
education and awareness campaigns throughout the world's
population in order to change the perception of FW as a
problem instead of a valuable resource to produce chemicals,
materials and fuels.

It is possible that through the increased and well-publicised
use of FW for non-food applications such as chemicals, the
consumer may learn to overcome any behaviour inertia and
help establish the new supply chains we need to achieve for a
future sustainable society.

A new European COST Action led by the York team will start
at the end of the year 2012 (http://www.cost.eu/
domains_actions/fa/Actions/TD1203) and will help us to move
towards the new supply chains by bringing together industry
and academia from a range of disciplines with technology and
policy experts.
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R. Höfer, in Sustainable Solutions for Modern Economies, ed.
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