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ARTICLE INFO ABSTRACT

Wastewater treatment plants in many countries use anaerobic digesters for biosolids management and biogas
generation. Opportunities exist to utilise the spare capacity of these digesters to co-digest food waste and sludge
for energy recovery and a range of other economic and environmental benefits. This paper provides a critical
perspective for full-scale implementation of co-digestion of food waste and wastewater sludge. Data compiled
from full-scale facilities and the peer-reviewed literature revealed several key bottlenecks hindering full-scale
implementation of co-digestion. Indeed, co-digestion applications remain concentrated mostly in countries or
regions with favourable energy and waste management policies. Not all environmental benefits from waste
diversion and resource recovery can be readily monetarised into revenue to support co-digestion projects. Our
field surveys also revealed the important issue of inert impurities in food waste with significant implication to
the planning, design, and operation of food waste processing and co-digestion plants. Other pertinent issues
include regulatory uncertainty regarding gate fee, the lack of viable options for biogas utilisation, food waste
collection and processing, impacts of co-digestion on biosolids reuse and downstream biogas utilisation, and
lack of design and operation experience. Effort to address these bottlenecks and promote co-digestion requires a
multi-disciplinary approach.
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1. Introduction

Energy security, resource depletion, and pollution prevention are
three of the most vexing challenges of our time. They often manifest
themselves in the form of climate change, economic crisis, and
geopolitical instability [1,2]. These challenges call for a fundamental
paradigm shift in resource and environmental management, which has
resulted in the emergence of the circular economy concept. In a circular
economy, products at the end of their service life or waste materials are
turned into resources for another purpose, thus closing loops in
industrial ecosystems and minimizing waste [3]. It is estimated that
by shifting to a circular economy, several European countries can
potentially reduce their national greenhouse-gas emissions by 70%,
grow their workforce by 4%, and decrease their dependency from
resource and energy import [4].

The transformation toward a circular economy can be already seen
in the wastewater servicing sector. Traditionally, wastewater treatment
plants (WWTPs) have been designed with the end-of-pipe treatment
philosophy of meeting discharge standards to receiving water bodies
while waste produced during treatment is destined for landfill or

incineration. Conventional WWTPs typically include activated sludge
treatment of wastewater and anaerobic digestion of the produced
sludge. Most WWTPs adopting anaerobic digestion for sludge treat-
ment face similar problems namely low organic loading and biogas
(methane) yields due to the low biodegradability of wastewater sludge.
In addition, WWTPs are often designed with spare capacity to cater for
variation in the wastewater flow and future population growth [5].
Recent progress in water conservation and slow or even declining
population growth in many developed countries have left many waste-
water treatment facilities with spare digester capacity that is not and
will not be utilised in the future.

Wastewater treatment is vital for environmental protection, but it is
also an energy intensive activity. The treatment of municipal waste-
water accounts for about 3% of global electricity consumption and 5%
of global greenhouse gas emission [2,6]. Thus, it is not surprising that
the wastewater industry has actively explored options to move toward
energy-neutral operation.

A typical energy demand for biological wastewater treatment is in
the range of 20—30 kWh per person equivalent per year [7]. On the
other hand, given the current engineering limitations, energy recovery
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via anaerobic digestion of wastewater sludge is only about 15-18 kWh
per person equivalent per year. In other words, under an optimal
condition, WWTPs can potentially achieve up to about 65% energy self-
sufficiency by fully utilising their sludge for energy recovery [7,8]. In
practice, a typical WWTP can currently offset 20-30% of the energy
consumption and greenhouse gas emission [7,9]. Thus, a viable and
pragmatic approach is to co-digest municipal organic wastes in
combination with municipal wastewater sludge using the spare diges-
tion capacity at WWTPs to increase biogas production [10-12]. This
approach does not only allow WWTPs to be energy-neutral but also
reduce the cost of municipal organic waste management [13] while
facilitating nutrient recycling [14,15].

Waste disposal options by landfilling or incineration are expensive
and not compatible with the concept of a circular economy. Ongoing
leachate management and extensive monitoring for potential ground-
water and air pollution are required during active landfill operation and
even up to 50 years post-closure [16]. On the other hand, extensive air
pollution control is required for the waste incineration. Incineration of
waste materials also results in significant greenhouse gas emission. In
addition, both landfilling and incineration options offer very limited
possibilities for resource recovery. Contrary to the traditional end-of-
pipe treatment philosophy, in a circular economy, waste materials in
general and the organic wastes in particular are a rich vein of resources
in terms of energy and nutrient waiting to be tapped.

The opportunity to utilise spare capacity at WWTPs for municipal
organic waste co-digestion is immense. Nevertheless, co-digestion at
WWTPs also faces many significant hurdles that must be resolved
through the dissemination of full-scale operation experience in both
waste separation and biogas technology. Indeed, despite the rapid
increase in the number of co-digestion studies at laboratory scale in the
literature over the last couple of years [17], the number of pilot- and
full-scale studies (particularly those dealing with operational issues) is
still very limited. Of a particular note, waste materials can be highly
variable in composition and data from laboratory-scale experiments
using a small sample are not readily transferable to full-scale operation.

It is noteworthy that the bulk of organic waste from municipal
origin is essentially food waste or food related waste, thus, the term
food waste can be broadly used to refer to municipal organic waste. In
this study, food waste materials include both avoidable (such as food
scraps, unsaleable produces from supermarket, unusable beverage, and
waste milk) and unavoidable streams (such as food processing waste,
coffee ground, tea leaves, dairy processing waste, and fat oil and grease
(FOQG)).

Based on visits of full-scale facilities and collaboration between
authors and plant operators, this paper discusses the current state of
wastewater sludge and food waste co-digestion. Operation and design
experience at four co-digestion plants using wastewater sludge and
food waste in Italy and Germany are described in detail to reveal
potential lessons for future projects. Key bottlenecks in the integration
of co-digestion to WWTPs are identified and delineated. This paper
provides useful background information for the formulation of a
systematic roadmap for future development of co-digestion using
experiences from existing resource recovery facilities promoting the
concept of a circular economy.

2. Key drivers of co-digestion

Anaerobic co-digestion of food waste and wastewater sludge
provides a range of economic and environmental benefits (Fig. 1).
These include the diversion of putrescible waste from landfills and the
ability to recover essential resources in a circular economy. Both of
these are key environmental and social drivers of co-digestion. There
are also financial benefits in the form of gate fee and revenue through
renewable energy production. While financial consideration is essential
to justify the commercial viability of a co-digestion project, only a
portion of the environmental benefits from waste diversion and
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Fig. 1. Key drivers for co-digestion.

resource recovery can be monetarised. In fact, the economic benefit
of co-digestion is often seen as a side effect and some full scale co-
digestion projects have to rely at least partially on government
subsidies [18,19].

Environmental benefits of diverting food waste from conventional
disposal methods such as landfilling and incineration are significant.
The high water content (typically 80-90% of the total weight [20]) of
food waste renders incineration an energy intensive and costly option.
Food waste accounts for 25-60% of municipal solid waste (MSW)
[21,22]. Thus, by removing food waste from MSW, landfilling space can
be saved for inert waste materials with significantly less environmental
impact during landfilling operation and post-closure maintenance.
Food waste is readily biodegradable. As a result, after deposition in
landfills, food waste is the most significant contributor to methane gas
production. According to Eriksson et al. [23], each kg of food waste can
ultimately generate up to 0.1 m® of methane gas. About 15% of this
methane gas is captured for beneficial use or flaring [23]. Thus, fugitive
greenhouse gas emission from landfilling of food waste could amount
to 3.1 gigatonnes CO»-eq/year based on the global figure of 1.6
gigatonnes of food waste each year [24]. Co-digestion, on the other
hand, allows for complete capturing and beneficial utilisation of
methane gas from food waste. In addition, the contents of chemical
oxygen demand (COD) and ammonia (NH3-N) in landfill leachate are
directly linked to the fraction of putrescible organic carbon (which is
essentially food waste) in MSW [22]. During anaerobic co-digestion,
the COD is transferred into energy-rich methane while nitrogen is
converted into ammonium in the aqueous phase and can be effectively
removed in the WWTP by conventional nitrification/denitrification
processes or energy-saving nitrogen removal processes such as deam-
monification. Hence, the removal of food waste from landfilling
materials can lessen the risk of environmental damage due to leakage
of leachate into groundwater and the cost of leachate management.

Food waste can be a resource with great potential for energy
production and nutrient recovery. Energy production from food waste
is an attractive proposition and the subject of numerous recent reviews
(see for examples [21,25-29]).

In addition, food waste contains important nutrients for crops
including phosphorus and nitrogen. Anaerobic co-digestion provides
an excellent platform for nutrient recycling either through nutrients
extraction from the sludge centrate (also known as reject water) and/or
biosolids reuse via land applications as a fertilizer. Several commercial
systems have recently been developed to recover nutrients from sludge
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Table 1
Comparison between Australia, Germany, and Italy in terms of number of anaerobic digestion plants for bioenergy, incentives for renewable energy production, and waste management
policies.

Country Population (million) Biogas plants™ Incentive for bioenergy (€/kWh) Biodegradable waste to landfill

Wastewater sludge Biowaste

Australia 25 49 4 0.03" Levied

Germany 81 1,400 180 0.18" Banned

Ttaly 60 68 346 0.23 (max)“ Banned

2 From www.iea-biogas.net/country-reports.html.

b From [19] as of 2013; feed in tariff is only available in the state of Victoria (Australia) at 0.05 €/kWh additional to the rebate value.

¢ From Biogas & Biomethane Report 2015 (European Biogas Association).

centrate via struvite precipitation [30,31]. They include the Pearl’
Technology (Ostara, Canada), Seaborne (Seaborne Environmental
Research, Germany), AirPrex (Berliner Wasserbetriebe, Germany),
and Phosnix (Unitika Ltd., Japan). Nevertheless, it is noteworthy that
these commercial systems have been primarily applied to WWTPs to
prevent struvite blockage [30] and the revenue from struvite recovery is
still a secondary consideration.

Phosphorus recovery from food waste is particularly important.
Phosphorus is a mineral nutrient essential for food production and is
currently extracted from phosphorus containing rocks through mining
[32]. Because of its non-gaseous environmental cycle, phosphorus is a
non-renewable resource. Peak phosphorus is expected within the next
two decades with significant global ramifications for food security [32].
Nevertheless, the financial value of a sustainable supply of phosphorus
for food production cannot be realised until the global reserve of
phosphorus rocks has been severely depleted. Thus, once again, the
environmental value of phosphorus recovery from food waste cannot
be readily monetarised under the current economic condition.

As in the case of phosphorus recovery, the gap between environ-
mental benefits of co-digestion and what can be monetarised to
commercially support co-digestion is significant and varies widely
depending on national policies for MSW and energy management
[19]. Where organic waste is managed indifferently from inert waste,
the economic value of diverting food waste away from landfills is
negligible. Similarly, the economic value of biogas production from
anaerobic digestion is intrinsically linked to the national energy
security and climate change policy. Indeed, the marked difference in
the number of full-scale biogas plants between Australia, Italy and
Germany for instance, is reflected not only by the population, but also
by the contrast in their MSW and energy management policies
(Table 1).

In the EU, lack of land, environmental protection and human health
consideration, as well as population density have resulted in the
Landfill Directive (LD) in 1999 which enforces mandatory targets to
prevent or reduce as far as possible any negative effects to the
environment from landfilling of waste. The EU Landfill Directive
provides EU member nations with the necessary legal framework to
minimise and phase out biodegradable waste from landfills. For
example, Germany has banned all biodegradable waste from entering
landfills since 2005. Levy is another mechanism to divert biodegrad-
able waste from landfills. The UK introduced a landfill levy in 1997 at 9
€/t and it has risen to over 98 €/t in 2014 [19]. Overall, the EU
Landfill Directive is arguably the most significant driver for anaerobic
digestion of food waste via co-digestion.

In Australia, landfill levies have been introduced at the state level.
These levies vary widely from state to state. In several states, there are
no levies or the levies are not sufficient as a major driving force to
divert biodegradable waste from landfills [33]. In 2014, the landfill levy
in the state of New South Wales was 76 €/t, which is slightly lower than
that of the UK. By contrast, in 2014, the landfill levy in the state of
Western Australia was only 23 €/t [19] while there were no landfill
levies in Queensland, Tasmania and the Northern Territory [33]. The

lack of a clear, robust and nation-wide policy to minimise biodegrad-
able waste from landfill is one of Australia's most significant hurdles for
co-digestion implementation.

Similar to MSW management, the EU also has the Renewable
Source Directive (2008/0016 EU) that mandates member nations to set
renewable energy targets. Thus, financial incentives for biogas produc-
tion in the form of feed-in tariffs or rebates (e.g. the Renewable
Obligation Certificate) available within the EU are in general more
generous than those in Australia. In Australia, wastewater treatment
facilities account for the majority of biogas plants in the country
(Table 1). Most of them aim to utilise the generated electricity for
internal consumption, thus, allowing them to realise the produced
energy at market price which is much higher than the government
rebate.

In addition to the range of benefits shown in Fig. 1, there are also
several technical factors that favour the co-digestion of food waste and
wastewater sludge. Existing anaerobic digestion plants in most sewage
treatment facilities operate at an organic loading rate (OLR) of below
1 kgVS/(m?3.d). This is because even thickened wastewater sludge still
consists of about 95% of water. By contrast, anaerobic digestion plants
using organic-rich feed stock can operate at an OLR of 3 kgVS/(m>-d)
or even higher [17]. Food waste is rich in organic content. Thus, the co-
digestion of food waste with wastewater sludge can significantly
increase the OLR while resulting in a marginal decrease in the
hydraulic retention time. In other words, the free digestion capacity
in terms of OLR at existing sewage treatment facilities can be utilised
by co-digestion. Co-digestion can also result in a more balance C:N
ratio and helps to dilute any inhibitory substances from individual co-
substrate [17,34]. The C:N ratio of wastewater sludge is low [34] and is
typically well below the optimal range of 15—30 for anaerobic digestion
[35]. Since food waste is rich in carbon, improving the C:N ratio is also
a key driver for co-digestion of food waste with wastewater sludge.

3. Co-digestion practice around the world
3.1. Co-digestion of wastewater sludge and organic wastes

The utilisation of available OLR capacity in WWTPs to co-digest
food waste with wastewater sludge has gained significant momentum
in the last decade. Examples of co-digestion at WWTPs can be readily
found in many parts of the world (Table 2). The fundamental science
behind co-digestion can be directly adapted from the agricultural
sector. Indeed, in the agricultural sector, co-digestion (mostly between
manure and crop residual) has been a standard practice for several
decades [36—38]. However, co-digestion of food waste and wastewater
sludge presents a new set of challenges particularly at full-scale level.

Much of the early experience in co-digestion at WWTPs is from the
EU, where MSW and energy management policies are most supportive.
A large number of WWTPs in North America have also implemented
co-digestion in their operation to become energy-neutral. A list of 19
full-scale WWTPs with co-digestion in the US is available from Shen
et al. [11]. As a notable example, in 2012, the East Bay Municipal
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Table 2
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Examples of co-digestion plants around the world (data about the East Bay MUD plant is from [39]; all other data are from the authors through their visits to the plants or
correspondence with the operators; PS=primary sludge, WAS=waste activated sludge, OFMSW=organic fraction of municipal solid waste, FOG=fat oil and grease, OLR=organic loading

rate, and SRT=solid retention time).

Plant Main substrate Co-substrate (loading rate) OLR (kgVs/ SRT (d) Temp (°C) Gate fee Electricity
(loading rate) (m>.d)) €/ generation (kW)
Rovereto — Italy PS and WAS (90 t/d) Food waste (10 t/d) 1.3 45 35 86 400
Camposampiero — Italy OFMSW and other WAS (27 t/d) 29 21 55 75 400
biowaste (82 t/d)
Treviso — Italy WAS (100 t/d) Food waste (up to 20 t/d) 0.78 22 35 70 125
Moosburg — Germany  PS and WAS (100 t/d) Pre-treated food waste (22 t/d), dairy 2.7 25 35 Varies" 380
& lacto rich waste (18 t/d), others
Glenelg — Australia PS and WAS Liquid trade waste (e.g. unusable soft na” na” 35 0° na”
drink and waste milk) (28 t/d)
Kurobe — Japan PS and WAS (80 t/d) Coffee ground (8 t/d), septic tank na” na” 55 0 95
sludge & other biowaste (up to 5 t/d)
East Bay MUD — USA PS and WAS (2,650t/d) Food waste and FOG (40-120 t/d) na® 18 35 na® 11,000

# The Moosburg plant pays the transportation cost of 3 €/t of pre-treated food waste; Gate fees for dairy and lacto rich wastes are from 17 to 30 €/t.

b Data not available.
¢ Gate fee is exempted due to a government grant.

Utility District WWTP was the first in the US to be energy-neutral
through co-digestion of food waste.

Co-digestion has also been practiced by numerous WWTPs in other
parts of the world including Japan and Australia. Although little
information can be found in the English speaking peer-reviewed
literature, the authors have been able to visit some of these plants.
The Kurobe plant (Japan) was constructed and commissioned by Swing
Corp in 2011. Municipal wastewater sludge is co-digested with coffee
ground which is trucked from a local beverage production facility to the
Kurobe plant approximately twice a week. Another example is the
Asahi plant (Japan) which was constructed by Swing Corp shortly after
Kurobe with a similar design. The plant was designed to co-digest
100 t/d of wastewater sludge with 10 t/d of coffee ground and tea leaf
from the production of iced coffee and green tea by Asahi Soft Drink
Co. Ltd. According to the operators, no gate fees are levied against
coffee ground and tea leaf to the Kurobe and Asahi plants.

The concept of co-digestion at WWTPs is relatively new to
Australia. Since July 2013, a full-scale trial has been commissioned
at the Glenelg WWTP (South Australia), where wastewater sludge is co-
digested with mostly solids free liquid waste such as unusable soft
drink and waste milk. With support from the South Australia State
Government, during this trial, there were no gate fees for approved
liquid high strength organic wastes, no administration costs associated
with permits, and no fees for initial analysis to encourage participation
from trade waste customers. Since about July 2014, Sydney Water has
conducted a full-scale trial to co-digest wastewater sludge with crude
glycerol to boost biogas production at the Bondi WWTP (New South
Wales) [40]. The prudence in co-substrate selection by WWTPs in
Australia highlights the challenges of implementing co-digestion,
where full-scale operation experience is still limited.

3.2. Co-digestion examples in Italy and Germany

Table 2 shows several co-digestion examples around the world
involving wastewater sludge and food waste. The first four plants in
Table 2 have been strategically selected to demonstrate the flexibility
and diversity in process arrangement. A brief description of each of
these plants is available here to facilitate further discussion on the pros
and cons of each approach in subsequent sections.

The Rovereto plant (Italy) accepts food waste from urban areas in
the province of Trento on a daily basis (Fig. 2). Most of the food waste
is in plastic bags and is unloaded into a large stainless steel tray
equipped with live bottom feeder screw conveyor. The stainless steel
tray allows for visual inspection of food waste materials before they are
fed into a hammer mill via an inclined screw conveyor. In the hammer
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mill, food waste is ground into small particles of less than 10 mm and
water (approximately 1 m®/t of food waste) is added to form a slurry
with a TS content of about 12%. The drum sieve in the hammer mill is
able to separate inert materials (e.g. plastics, animal bones, broken
ceramic and glass, seashells) which are transferred into a container for
landfilling. Inert materials account for about 20% of the food waste to
the plant in mass. The food waste slurry, after passing an hydrocyclone
for fine inert removal, is kept in two cylindrical tanks working in
parallel (HRT < 12 h) prior to co-digesting with wastewater sludge in
two digesters under mesophilic (35 °C) condition. Digestate from the
Rovereto plant is dewatered and dried for subsequent incineration at a
different facility.

In contrast to the Rovereto plant, the primary function of the plant
in Camposampiero (Italy) is to treat organic waste. Thus, the digester
has been specifically designed for organic-rich substrate. Wastewater
sludge is a co-substrate and only constitutes to less than 25% by
volume. Waste materials to the Camposampiero plant is mainly the
separately collected organic fraction of municipal solid waste
(OFMSW) from urban areas. OFMSW is first loaded to a bag cutting
machine and then exposed to a magnetic separator, before entering a
pulper. The shredded OFMSW material is then mixed with process
water and organic waste leachate to form a slurry. Heavy solid particles
(e.g., bones, shells, metal caps, broken ceramic and glass) are removed
from the slurry by sedimentation. The food waste slurry is pre-
hydrolysed for approximately one day before being co-digested under
thermophilic conditions (i.e. 55 °C) with thickened waste activated
sludge from an adjacent WWTP. Biosolids from the Camposampiero
plant is composted and finally used as fertilizers or soil conditioners in
agricultural land.

The WWTP plant in Treviso (Italy) had been accepting solid food
waste for co-digestion with wastewater sludge since 2006. A detailed
process description of the Treviso plant prior to 2016 is available from
Bolzonella et al. [41] and Cavinato et al. [13]. Food waste processing at
the WWTP is rather complicated given the need for man power, space,
and economics of scale. Thus, in early 2016, the plant has redesigned
the co-digestion process to only accept liquid food waste from
separately collected OFMSW that has been processed off-site. The
dewatered sludge from the Treviso plant is subsequently composted
and finally utilised as fertilizer.

Co-digestion has been implemented at the WWTP plant in
Moosburg (Germany) for more than 10 years. The plant is equipped
with storages for accepting up to six different co-substrates. Pre-treated
liquid food waste is provided from the Oberding plant, which is a
centralised food waste processing facility (see Section 3.3). This pre-
treated liquid food waste makes up approximately 22 t/d while other
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co-substrates including contaminated milk, lacto-rich waste, FOG,
dissolved air floatation sludge, and cleaning water from dairy proces-
sing can vary significantly in quantity, quality, and delivery time. The
liquid food waste is hygienized and is trucked to the plant at 90 °C in a
specially designed tanker. Thus, an insulated tank is used for liquid
food waste storage at the plant. All liquid wastes undergo laboratory
analysis prior to co-digestion with a mixture of 50%/50% primary and
waste activated sludge from the plant. Any co-substrate that fails to
meet the required specification on COD, nitrogen and salinity can be
returned to the supplier. Gate fees at the Moosburg plant vary
depending on the actual co-substrate. According to the plant operator,
prior to 2011, the plant could get liquid food waste for free. Since 2011,
the plant has had to pay for the delivery cost of 3 €/t. On the other
hand, the Moosburg plant charges a gate fee of 17-30 €/t for all other
liquid wastes depending on their quality and volume. The digestate is
dewatered, thermally dried and trucked for incineration. Due to the
high ratio of co-substrates, the energy and heat production is much
higher than the internal demand at the Moosburg plant. Therefore,
excess energy is fed into the power grid, while excess heat is also
applied to dry dewatered waste sludge from other WWTPs as pre-
treatment prior to incineration.

3.3. Centralised food waste processing

Food waste can be sorted and processed either onsite or delivered in
a pre-treated liquid form. In addition to sorting and processing
equipment, onsite processing also requires several auxiliary facilities
including weighing bridge and even airlock passage to the receiving bay
(e.g. in the Rovereto plant). Thus, onsite processing of waste materials
is mainly suitable for large plants such as the Camposampiero facility.
For a small plant, onsite waste processing can be inefficient in terms of
equipment and manpower utilisation. In fact, the low rate of equip-
ment and manpower utilisation has been cited as a major reason for the
Treviso plant to change its operation from onsite processing to only
accepting pre-treated liquid food waste in an arrangement similar to
that of the Moosburg plant.

A notable example of centralised food waste processing is the plant
in Oberding (Germany). The Oberding plant was commissioned in
1940, initially for the treatment of slaughter house waste. In 1995, it
started accepting food waste for the production of ‘porky power’, which
is a fodder for pig farming. Since 2001, due to the foot and mouth
disease outbreak in the UK and subsequently the rest of Europe, the
Oberding plant has diverted all pre-treated food waste to anaerobic
digestion. Each year, about 10,000 t of expired food and 60,000 t of
food waste from commercial customers (e.g., restaurants, canteens,
supermarkets) are collected within a catchment of up to 200 km from
the plant. The gate fee is 30 €/t on average (in 2016). The pre-treated
liquid food waste is then delivered to co-digestion plants (including the
Moosburg plant described above) free of charge. The cost of transpor-
tation is paid by the receiver. In some cases, the transportation distance
from the Oberding plant to the end-user is over 200 km.

The Oberding plant is arguably a leading example of a modern food
waste processing facility (Fig. 3). The plant has a fleet of specialised
collection trucks that can accommodate three different bin sizes (i.e.,
120, 240, and 1,000 L). The customer can opt to exchange for clean
bins or to a bag-based system with additional on-site high pressure
water cleaning fitted to the truck. At the plant, food waste is unloaded
to a live bottom feeder using customised fork lifts equipped with a
tilting rack that can accommodate several bins together. The bins are
automatically cleaned with high-pressure water, then steam-cleaned on
a conveying belt before returning to service. The mixture of water and
food waste is macerated by a hammer mill. Plastic materials are
removed by a drum sieve while other heavy inert materials (e.g.,
broken glass and ceramic, bones, metals) are removed by gravity. The
plant operator estimates that inert materials account only for about 3%
of the input. After maceration, the food waste slurry is transferred into
a pressurised vessel where it is heated to 120 °C by steam for at least
15 min (Fig. 3). The heated liquid food waste is then centrifuged for oil
recovery. Some canteens and restaurants do not separate FOG from
food waste. Thus, oil recovery by centrifugation accounts for 6-7% of
the total food waste input (Fig. 3). The pre-treated liquid food waste is
stored in insulated reservoirs and delivered to a number of co-digestion



L.D. Nghiem et al.

plants (including agricultural biogas plants) using tankers with insula-
tion capacity to maintain a temperature of at least 90 °C.

4. Challenges and opportunities
4.1. Available feedstock

The potential for co-digestion at WWTPs is immense. A broad range
of co-substrates is available with sufficient quantity and supply
security. Examples of these include food waste from urban areas
(e.g., canteens and restaurants), organic waste from food processing,
expired food from supermarkets, market waste, dairy waste, and FOG.
Of a particular note, energy recovery through co-digestion is arguably
being underutilised even in Germany, which is a global leader in biogas
technology with several hundred biogas plants using mainly organic
biowaste currently in operation. Germany currently generates about 13
million tonnes of biowaste (mainly food waste) each year [42], of
which, about 4 million tonnes remains as the organic fraction in MSW
[42]. Of the remaining 9 million tonnes of biowaste that is separately
collected, only 2 million tonnes is currently used for biogas generation
and the rest is composted without any energy recovery [42]. Thus,
there is potentially about 11 million tonnes of biowaste co-substrate
that can be tapped into for biogas production in Germany alone.

4.2. Inert impurities and feedstock handling

Food waste contains up to 20% of inert materials. Some of these
inert materials, such as seashells and bones, are legitimate food waste,
although they are not digestible. Other materials, such as glass,
porcelain, plastic, and cutlery, are inherently associated with food
waste. The disposal of inert (or reject) materials can incur a significant
cost. As an example, at the Rovereto plant, the cost of reject material
disposal in solid form is higher than the gate fee on tonnage basis. In
other words, revenue from gate fee can be significantly offset by the
cost of disposing inert materials. Moreover, only a fraction of inert
materials can be removed during sorting. The remaining fraction is
ground into small particles as part of the food waste slurry. It is
possible to regularly remove these fine inert materials by sedimentation
(for high density materials such as seashells, glass, and metals) or
floatation (for low density materials such as plastics). However, this
practice attributes to significant losses of biodegradable materials and
the disposal of reject materials as slurry is even more expensive.

Some inert materials particularly seashells and bone fragments are
very abrasive. They can exert excessive wear and tear to pumps and
other equipment at a much faster rate than the standard design
allowance. Slurry pump replacement in the first two years of operation
was reported at the Camposampiero plant. Plastics are another
cumbersome impurity. Even the presence of small plastic particles in
biosolids can jeopardise any beneficial reuse for land application.

Food waste collection practice can also impact its digestibility, co-
digestion operation and equipment utilisation. Separate food waste
collection from individual households has been implemented in several
countries such as Germany, Italy, and Japan. For practical reason, food
waste is often collected weekly or even less frequently. Thus, some
digestible materials can be lost due to biodegradation and the forma-
tion of leachate already in the biowaste bin. In addition, variation and
irregularity in the supply of food waste can result in rather inefficient
operation, particularly for a small plant. For example, occasionally food
waste delivery to the Rovereto plant can be as little as 500 kg and two
operators are still required for food waste processing. Moreover,
collection curfew due to concerns over malodour, noise, and aesthetical
impression means food waste can often be delivered only in the early
morning over a short time window. Given the lack of storage capacity at
most small plants, equipment for food waste processing can only be
used for a few hours each work day, resulting in a low financial return
on capital investment.
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Separate food waste collection is still an emerging concept. In
Australia, there is no separate food waste collection from individual
households and the only source of food waste available for co-digestion
is from commercial collectors such as PulpMaster [43]. Food waste
from these commercial collectors only accounts for a few percentages of
food waste generated in the country.

While co-digesting food waste with wastewater sludge is generally
more complex, the utilisation of liquid substrates such as FOG and
dairy waste is not problem-free. FOG can solidify at low temperature
(e.g., 10 °C or less), rendering it unpumpable. Thus, FOG storage tank
must be heated to prevent solidification during cold climate conditions.
Some dairy wastes, particular those from whey processing, can be very
salty. High concentration of inorganic salts is a major inhibitory factor
to anaerobic digestion [44,45].

4.3. Additional processes and monitoring requirement

Co-digestion at WWTPs allows for the utilisation of available OLR
in existing anaerobic digesters. However, co-digestion may also entail
requirements for auxiliary facilities for waste processing and storage,
inert solids removal, off-gas treatment, sludge centrate treatment,
biosolids drying, and enhanced biogas purification. The extent of most
of these requirements depends on the types of co-substrate, local
requirements, and current facilities at the plant.

Some of the above mentioned auxiliary facilities are prominent
features in all co-digestion plants. Provision for the removal of settling
(and sometime floating) solids is a notable example. Given the content
of inert materials of about 20% in food waste, their accumulation via
sedimentation in the digester can be problematic. Thus, all European
co-digestion plants treating raw (not pre-treated) food waste listed in
Table 2 have a mechanism to remove inert materials from the storage
tank on a regular basis (usually fortnightly) thus preventing them from
entering the anaerobic digester. The removal of these inert materials
can be achieved by a drainage valve at the bottom of the storage tank.

Co-digestion of nutrient rich substrate may also entails the need for
additional treatment capacity for sludge centrate management. Due to
a high nutrient loading in the sludge centrate, two sequencing batch
reactors (SBRs) have been built specifically for the treatment of sludge
centrate at the Moosburg plant. Nitrogen is removed by the SBRs via
nitrification and denitrification with lacto-rich liquid waste as a carbon
source. Phosphorus is also removed by chemical precipitation. A
similar approach has been evaluated and proven to be particularly
effective at pilot scale at the Treviso plant [46].

Requirements for substrate characterisation and monitoring vary
considerably. In the Rovereto plant, visual inspection of food waste
materials is used to remove large objects that may damage plant
equipment as they are transferred by the live bottom screw conveyor
feeder into the hammer mill. In the Moosburg plant, all co-substrates
are visually inspected before they are accepted into a storage tank. Each
co-substrate is then analysed onsite for COD, nitrogen and salinity
prior to co-digestion. The Moosburg plant has a number of storage
tanks and can simultaneously receive up to six different co-substrates.
The exact cost of co-substrate monitoring at the Moosburg plant cannot
be specified. Given the requirement for an onsite laboratory and skilled
personnel for the analysis, it can be a significant cost component. On
the other hand, there are no specific monitoring requirements at all
other plants listed in Table 2.

4.4. Biosolids management

Food waste and other co-substrate contain a higher fraction of
volatile solids, which is also more biodegradable than that of waste-
water sludge. Thus, their contribution to biosolids production is not
significant. Several recent studies have demonstrated the synergy of co-
digesting wastewater sludge and a readily biodegradable co-substrate
due to faster hydrolysis kinetics and the priming effect [43,47-50].
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According to some of these studies [43,48,49], co-digestion may
enhance volatile solids destruction and result in less biosolids produc-
tion than mono-digestion with only wastewater sludge, especially for
liquid solid waste. Limited full-scale operation data have also emerged
to validate synergistic effects [34]. Although the contribution of co-
substrates to biosolids production is dependent on its properties and
digestibility and is usually rather small, the implication of co-digestion
on biosolids management might be still significant. Indeed, biosolids
management is another challenge to practical implementation of co-
digestion.

The two most common approaches for biosolids management are
land application and incineration. The former is environmentally
friendly since it is cost effective and allows for nutrient recycling. The
latter is an option regardless of the characteristics of the produced
biosolids. Composting is another option for biosolids disposal although
it can also be considered as part of land application. It is noteworthy
that the criteria for biosolids management vary widely around the
world. For example, in Europe, high population density, lack of space,
and concern about possible contaminant release into soil and ground-
water (such as heavy metals and emerging trace organic chemicals)
have opened up incineration as a socially and economically acceptable
option for biosolids disposal [51]. By contrast, in Australia and the
USA, land application for beneficial reuse remains the predominant
biosolids management approach [51].

The presence of inert impurities (especially plastics) that are
originated from food waste can render the produced biosolids un-
suitable for land application. For example, the German fertilizer
regulation has a specific definition on the amount of inert impurities
(plastics, cardboard, glass and metals) in the final digestate or biosolids
applied to agriculture land. Not more than 0.4% w/w of these
impurities in the final product is allowed. For plastics of more than
2 mm in size, the threshold is even lower at 0.1% w/w. Plastic and
metal film lining is widely used for food packaging. Thus, despite
significant effort to phase out plastic shopping bags, the presence of
plastics in the final biosolids from food waste co-digestion is still a
pervasive issue and has been reported at all three co-digestion plants in
Ttaly in Table 2 especially when handling expired packaged food. It is
noteworthy that plastics fragments and most other inert impurities can
be removed from the digestate by a steel mesh prior to dewatering. The
installation cost of such steel mesh is insignificant if it is included in the
initial design. Nevertheless, it is also necessary to consider the on-going
cost of removing inert impurities from the digestate in the overall
economic evaluation of co-digestion.

Concern about offensive odours and disease risks from pathogens is
also a major hurdle for biosolids reuse [52]. Odorous biosolids is
usually rejected by farmers as offensive odour is an indication of unsafe
materials. It is hypothesized that the addition of food waste as a co-
substrate can increase the content of sulfur and nitrogen in biosolids.
In Australia, where land application is the predominant mode of
biosolids management, odorous product can only be used away from
agriculture land such as for mine site rehabilitation with significant
transportation cost. Food waste co-digestion can potentially increase
biosolids odour. Although this hypothesis has not been systematically
validated, any increase in biosolids odour can negatively impact the
overall economic benefit of co-digestion. Co-substrates that may carry
disease vectors such as contaminated milk (e.g., milk from a sick cow)
present another obstacle for biosolids reuse. As an example, the
Moosburg plant is capable of accepting contaminated milk as a co-
substrate since biosolids from the plant is incinerated. Otherwise,
biosolids hygienisation is compulsory prior to any form of land
application (including composting).

Of a particular note, the regulatory framework for co-digestion is
still in its infancy. The mixing of waste materials during co-digestion
means that the produced digestate or biosolids is subject to the most
stringent and conservative set of regulations. Depending on the final
use of the digestate, additional hygienization of co-substrate prior to or
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of the digestate after co-digestion may be necessary. Alternatively,
hygienization can also be achieved by the process temperature (i.e.
thermophilic conditions) guaranteeing a defined retention time of any
particle in the system.

Water content in the final biosolids product is an important factor
governing the cost of transportation for land application or fuel
consumption for incineration. The dewaterability of biosolids is
strongly dependent on its characteristics (e.g., the content of VS, extra
cellular polymeric substances, and soluble microbial products). It is
possible that co-digestion can alter biosolids dewaterability, although
this hypothesis has not yet been validated.

It is noteworthy that co-digestion plants often produce excess
thermal energy, which can be utilised for biosolids drying. Biosolids
drying is an effective strategy to address both biosolids odour and
biological stability. As a notable example, excess thermal energy from
biogas utilisation is utilised by the Moosburg plant to produce non-
odorous biosolids with only 10% water content from its own digestate
as well as from digestate from other WWTPs. The Moosburg plant is
still able to meet its obligation to provide 1,100 MW/year of thermal
energy to the local hot water network.

4.5. Biogas utilisation

The potential biogas production from wastewater sludge is sig-
nificant, and if fully utilised, can allow a typical WWTP to achieve
energy neutrality [9]. With co-digestion, significantly larger biogas
production can be realised. Thus, biogas utilisation presents both
opportunities and challenges. For a small WWTP, co-digestion is a
viable pathway to achieve the required biogas production threshold
that can justify the maintenance cost and capital investment of biogas
utilisation equipment such as combined heat and power unit. By
contrast, managing a large and variable flow of biogas can be an issue
if storage facility is not readily available. At the Moosburg plant, since
the COD content of all co-substrates is determined prior to co-
digestion, COD input to the digester is regulated to maintain stable
biogas production. Hydrolysed co-substrates can also be fed to the
digester at specific intervals. This practice of regular-intermittent
feeding does not require substrate characterisation but can result in
highly variable biogas production as have been reported at the
Rovereto plant. Without adequate storage facility, variable biogas
production increases the risk of underutilisation as excess biogas must
be flared. Increasing the demand for thermal energy for example for
sludge drying and heat provision to a local hot water network is a viable
approach for efficient biogas utilisation as practiced by the Moosburg
plant.

In addition to electricity and heat generation, biogas can be further
purified to produce town gas, transport fuel, and even raw materials for
plastic production. The conversion of biogas to transport fuel has
recently been implemented in several EU countries including Germany,
Italy, and Sweden [53—-55]. Successful production of bioplastic from
biogas has also been demonstrated at proof-of-concept experimental
levels [56]. Further research and development are needed to diversify
biogas utilisation options and increase their cost-effectiveness.

In general, biogas purification involves the removal of CO, and
other impurities such as water vapour, H»S and siloxane. The infra-
structure requirement for biogas purification is a major consideration,
thus, opportunities for these value added utilisation of biogas increase
as the production scale increases. Shen et al. [11] provides a compre-
hensive review of biogas utilisation from WWTPs in the US. On
average, 10% of WWTPs with capacity of 378,000-3,780,000 m®/d
currently inject purified biogas directly to natural gas pipeline [11].
This figure reduces to 4%, 1%, and 0% for WWTPs with capacity of
37,800-378,000, 378-37,800, and less than 378 m®/d, respectively
[11]. Direct injection of purified biogas to natural gas pipe is also a
common practice for large agricultural biogas plants in Germany [55].
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Fig. 4. Key bottlenecks in the integration of co-digestion to existing WWTP facilities.

4.6. Financial incentives and regulations

The development of any co-digestion project is ultimately an
economic decision. Given the significant gap between environmental
benefits and actual monetarised values as discussed in in Section 2,
financial incentives remain one of the most important drivers for co-
digestion. Although generous feed-in tariffs such as those available in
Europe are helpful, it is the consistency in bioenergy and waste
management policy that underlines long-term support to embrace co-
digestion. For example in 2014, the amendment to the German
Renewable Energy Law was initiated to alleviate the renewable energy
tax burden. However, the amendment has also led to a significant
reduction in feed-in tariff revenue from bioenergy production. As a
result, the Moosburg plant has expressed concern that it may have to
cease co-digestion operation when governmental supports are no
longer available given the increasing financial pressure. Considering
the high investment cost for establishing co-digestion at WWTPs, a
consistent policy is required to ensure sufficient time for amortization.

As noted in Section 2, financial incentives for co-digestion are
essentially gate fees and revenue from renewable energy production.
The former is directly governed by landfill levies or costs of alternative
organic waste disposal options while the latter is influenced by a range
of factors such as energy price, renewable energy and green house
emission target as well as energy security [19,33].

In Europe, the Landfill Directive from 1999 has been a major driver
for the significant development of co-digestion. In Australia, future
uptake of co-digestion application is likely to be uneven given the
variation in landfill levies in different states. In the states of New South
Wales and South Australia, landfill levies are adequately high to
provide the necessary basis for the introduction of gate fees to support
co-digestion. Not surprisingly, co-digestion studies at full-scale level
have recently been conducted in these states (Section 3).

Wastewater and to a large extent MSW management services are
natural monopolies. In other words, water utilities can have monopoly
power over wastewater service by virtue of their ownership of the only
available network structure. Although the regulatory framework for
wastewater services varies from each jurisdiction, in general, their
pricing structure is regulated by an independent authority. Co-digest-
ing wastewater sludge with organic wastes using spare capacity of
WWTPs is still an emerging practice. There is currently an uncertainty
if gate fee can be independently set by water utilities. Thus, clarity and
transformation of the current regulations governing wastewater ser-
vices are necessary to support co-digestion.

In addition, a common feature amongst the current regulations is
the lack of competition, which is attributed to limited spare treatment
capacity that exists locally and the high cost and difficulty associated
with long distance transportation of organic wastes. A study by the
Office of Fair Trade (a regulatory body in the UK) has identified the
economic potential of co-digestion [57]. The study also highlights the
importance of competition within and between industries engaging in
co-digestion to increase efficiency and innovation [57]. An adequate

Renewable and Sustainable Energy Reviews 72 (2017) 354-362

level of competition is essential to maximise the utilisation of existing
assets and ensure that waste does not have to be transported over a
long distance at high greenhouse gas emission and financial cost [57].

Revenue through energy production from co-digestion is directly
driven by the national energy policy. In general, net energy importing
countries such as Germany and Italy often provide generous subsidies
to diversify their energy supplies and increase energy self-sufficiency.
As a result, co-digestion projects in these countries are supported by
more favourable feed-in tariffs. Nevertheless, any government sub-
sidies are temporary and most WWTPs aim to utilise the produced
energy for internal consumption thus realising the generated electricity
at market price which is often higher than the government imposed
feed-in tariff. Thus, provided that there are consistent and transparent
market mechanisms for energy trading, financial incentives through
energy production can also be realised even without favourable feed-in
tariffs [19].

4.7. Challenges and opportunities

Anaerobic co-digestion of wastewater sludge and food waste has
gained significant momentum in recent years. Given the volume of both
avoidable and unavoidable food waste and the geographic distribution
of WWTP facilities in urban area, co-digestion remains a largely
untapped potential for simultaneous renewable energy production
and sustainable food waste management. Although the fundamental
science of co-digestion is already well established, there are still a
number of key bottlenecks centering around the practical integration of
co-digestion to existing WWTP facilities. These bottlenecks include the
discrepancy between environmental benefits and true economic values
of co-digestion, regulatory uncertainty regarding the collection of gate
fee, the lack of flexible and cost-effective options for biogas utilisation,
issues related to food waste collection, processing and handling,
impacts of co-digestion on biosolids reuse or disposal, and lack of
design and operation experience (Fig. 4).

The bottlenecks in Fig. 4 are inter-related. Adequate monetarisation
of all environmental benefits is the most critical precursor to further
facilitate full-scale applications of co-digestion and to resolve the
remaining bottlenecks. More importantly, resolving these bottlenecks
is not a challenge solely to wastewater or waste services. Indeed, it
requires concerted efforts from several other disciplines and all
stakeholders involved. The few examples described in this paper are
an important first step. The experience detailed in this study should
foster wastewater sludge and food waste co-digestion projects in the
future.

5. Conclusion

Drawing from the authors’ research experience and collaborations
with full-scale facilities, this paper describes the current status of
wastewater sludge and food waste co-digestion for simultaneous waste
management and renewable energy production. Co-digestion of food
waste with wastewater sludge is advantageous where spare digestion
capacity of WWTPs is available to deliver significant environmental
benefits. However, not all of these environmental benefits can be
readily monetarised into revenue from energy production and gate fees.
Thus, co-digestion applications concentrate mostly in countries or
regions where there are significant incentives as well as favourable
energy and waste management policies. Current operation at four co-
digestion plants in Italy and Germany was discussed to reveal potential
lessons for future projects. Several bottlenecks for further integration
of co-digestion to existing WWTP facilities have been identified and
discussed. In particular, attention should be given to the issue of inert
impurities in food waste during the design and planning phase. Other
issues include regulatory uncertainty regarding gate fee, the lack of
viable options for biogas utilisation, issues related to food waste
collection and processing, impacts of co-digestion on biosolids reuse
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and biogas utilisation, and lack of design and operation experience. A
multi-disciplinary approach is necessary to address these bottlenecks
to promote food waste and wastewater sludge co-digestion as a key
technology of a circular economy.
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