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Abstract

Anaerobic digestion of food waste within urban arean generate decentralised renewable
energy, support community enterprise activities treteby contribute to closing the waste-
energy-food loop. However, widespread uptake oflissecale, urban_anaerobic digestion

networks is limited by economic costs and the siidposal of surplus digestate. This paper
uses an interdisciplinary approach to assess #ubiéty of anaerobic digestate management
through the installation of hydroponics or alga#ication systems, based on a case study of
a micro anaerobic digestion system in London, EmfjlaResults show that installing a
dewatering sifter together with a hydroponics systes a technically and economically
feasible option for digestate enhancement in tHeamrenvironment. Its installation is,
however, not currently justified for the system endonsideration due to cost, regulatory,
spatial, and contextual constraints identified gsattor-network analysis. Nevertheless, if
regulatory and wider contextual issues are acconatedd and more than 30 litres of
digestate are produced daily, a dewatering andcaéttydroponic system could result in a
profit of approximately £100,000 over 10 years. Wlhe microalgal system was also able to
upgrade digestate, at present productivity is oo &nd the capital cost of photobioreactor
technology is prohibitively expensive. This undees the need for technical improvements
and low-cost enhancement options to achieve jabtdi paybacks until regulatory reforms
and the wider economic situation are more favoaralnaerobic digestion treatment within

cities.

Keywords:
Micro anaerobic digestion; waste-energy-food loopircular economy; digestate

management; nutrient recycling



1. Introduction

Roughly 1.3 billion tons of food produced for humemnsumption gets lost or wasted, a
major global issue generating negative externalitieboth social and environmental terms
(Gustavsson et al., 2011). UK households aloneadis@ million tonnes of food waste
annually, costing an average family £50/month (WRA&B12). The majority of this food
waste is produced within cities, implying the ne@éat effective urban food waste
management. Food waste management has increasiagly defined as a social topic of
interest, with a primary commitment of food wasteeyention (Girotto et al., 2015).
Reaching this social focus there is a need for conity awareness and cooperation,
sustainable supply chains and political action.the European Union, such action was
demonstrated thoroughly in the Circular EconomykBge 16 Action Plan, which champions
‘Reduce, Re-use and Recycle’ initiatives (EU, 20H&)wever, even after implementation of
such initiatives, at least 40% of food waste get@nas inevitable (WRAP, 2011). Small-

scale Anaerobic Digestion (ADjs a favourable way of utilizing this food wastadtion

within cities, as it reduces G@missions from transport and landfills (Appelsakt 2011,
Mata-Alvarez et al., 2000). The produced biogadrdmutes to fossil fuel substitution, while

the nutrient-rich AD-effluent can be used as orgdaitilizer (Nkoa, 2014).

There has been a wide uptake of AD technologighenUK since the 1990s, following the
introduction of various policy incentives (Edwards al., 2015). However, this uptake is
limited to rural locations treating large amountsgricultural waste, at scales over 125kWe
electrical output (NNFCC, 2016). At smaller scakB, is predominantly used in developing
countries to treat food waste and contribute tauarblectricity needs (Lansing et al., 2008).
In developed countries such as the UK however, Issnale AD plants are rare despite their

potential for urban food waste management (Zharal.e2007)._A number of authors have

addressed the feasibility of such micro-scale Abnal with the combustion of biogas in

*Abbreviations: AD, Anaerobic Digestion; ANT, Acttetwork Theory; CBA, Cost Benefit

Analysis; g, grams; kWe, Kilowatts of electricaltput; NPV, Net Present Value; TAN, Total
Ammonia Nitrogen.



developed economies (Walker et al., 2017; Stokmed.£2016). A common gap in these

studies is the effective use of AD-effluent on 8mall scale. Conventionally, digestate is

either landfilled, or directly applied to land. Bat application of AD-effluent as fertilizer is

limited due to its nutrient-specific parameterssgble land contamination and the lack of

fertile land for application (Xia and Murphy, 201&)hich is problematic especially in urban

areas. As a consequence, the disposal of digestabecoming more tightly requlated

(Gerardo et al., 2013). Moreover, strict requlagioner AD-effluent, such as the UK-specific
PAS110 requlation, make its direct disposal probisen(WRAP, 2010). Yet there is real

technological potential to recycle the nutrient®nir AD-effluent through secondary

processes and increase the viability of urban ssaalle AD plants. As such, the purpose of

this paper is to offer and evaluate the economit @perational feasibility of alternative

digestate enhancement processes at urban, smiallleseoals.

2. Small-scale AD application within cities
Small-scale AD networks have a number of advantegjaive to conventional plants. These

include decentralised renewable energy generatidnnacities, reduced waste transport and
the potential for community food-growing initiatsseFor example, Curry & Pillay (2011)
found that small-scale AD plants in urban buildingsMontreal saved transport costs,

reduced waste-to-landfill and contributed to urbauastainability. _The feasibility of

establishing such small-scale AD networks in thlkaar environment, including cost and

benefit analyses of various biogas applicationss haen evaluated by WRAP (2013).

Increasing methane vield is instrumental for imigmgvthe economic feasibility of the AD

plant itself, and is in large part determined by ttvod waste composition. Moreover,

technologies can increase the efficiency of AD add waste, which include co-digestion,

addition of micro-nutrients and antifoaming agerisd different process designs (Xu et al.,

2018). Li et al. (2017) studied the optimum composiratios of carbohydrate, protein and

lipid to maintain a high methane vield.

While a number of papers address options for impmpthe methane yield of AD systems,

few focus on alternatives to increase profitabilifythe AD-effluent, especially for small,

urban AD systems. One exception is Stoknes e8llq), who demonstrate an innovative

method where AD-effluent is vermi-composted. Typicehowever, the surplus AD-effluent

is stored and disposed of in a costly manner (fid ®urphy, 2016), counteracting the

intended benefits of waste reduction. Apart frore thansport costs, the ever-increasing
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digestate production also induces problems relatedjreenhouse-gas emissions during

storage (Monlau et al., 2015). Holm-Nielsen et (2009) argue that to unlock the full

sustainability potential of AD, nutrients from ADHeent should be recycled. One method of
nutrient recycling is dewatering the AD-effluentaapplying the solid and liquid fractions in

alternative, innovative ways.

2.1 Dewatering

Techniques to dewater AD-effluent to a solid andigaid fraction can be divided into

mechanical and non-mechanical systems. Mechanysé¢ras include belt presses, decanter

centrifuges, screw presses and qyratory siftersijewhon-mechanical systems include

sedimentation or passive filtration. According the8ts et al. (2015), non-mechanical

dewatering systems are particularly suitable foalsstale projects. However, their overall
feasibility is impeded by two key factors: reducseparation efficiency and high odour
potential. Firstly, non-mechanical dewatering sysecannot achieve the same separation
efficiency as mechanical techniques, a featuredhathinder further enhancement processes
(Hjorth et al., 2009). Secondly, non-mechanical a@nng systems are generally not
closable, creating odour problems from the hydrogiphide gas and gaseous ammonia in
the AD-effluent (Turovskiy & Mathai, 2006, p.208uch odour problems reduce the urban
feasibility of the technique, as they are suscéptio complaints from the nearby community.
Given these two reasons, only mechanical dewatsgagems were considered.

A comparison of the above-mentioned mechanical tewg technologies (see Table Al)

revealed that the gyratory sifter is the most tezdily and economically suitable option for
small-scale dewatering application, mainly duetsdow energy demand and its low capital
and operational cost compared to belt presses,ntigcaentrifuges and screw presses.
Gyratory sifters use vibratory motion to allow pelds from the AD-effluent to penetrate
from coarser into finer decks, hence separatingghes of similar size and dewatering the
AD-effluent (Drosg et al., 2015). Gyratory siftersist for small volume management, with a
throughput of 0.05 Athour, a power of 0.25 kWe, a small footprint & & height and 0.6 m

diameter, and a separation efficiency of up to @Wyematter (Drosg et al., 2015).

2.2 AD-effluent enhancement

After dewatering, both the liquid and the solidctian of AD-effluent can be enhanced. This

paper focuses on enhancement of the liquid fractesntwo key reasons: 1) the liquid



fraction makes up 80-90% of the total mass of Aflueht and 2) the liquid fraction retains
70-80% of dissolved nutrients such as ammoniumchvigromote turf growth and food
growing (Drosg et al., 2015). As such, this fractiprovides greater opportunity for
valorisation. Moreover, in the urban, small-scalgienment, the solid fraction is negligible,

and can be composted (Bustamante et al., 2012¢ toséd as agricultural biofertiliser (Xia

and Murphy, 2016). Sanitation can be achieved aslétomposition of organic matter heats
up the compost to up to 70 degrees (WRAP, 2012).A48

Sheets et al. (2015) provide an overview of emerggiechnologies for the management of the
liquid fraction of AD effluent, which include ANAMI®X, struvite crystallization, ethanol
fermentation or use of microbial fuel cells for atecity generation, hydroponics and algae
production. These methods were reviewed on a nuwifbeniiteria, including cost, feasibility
in the urban environment, and feasibility for spsalale application (see Table A2). The use
of the following digestate enhancement optionsrateapplicable within cities, either due to
cost considerations, the need for large-scale strinature, or the complexity of the process:
ANAMMOX, struvite crystallization, ethanol fermetitan or use of microbial fuel cells for
electricity generation. Hence, this paper focuse®waluating biological treatment methods
that use AD-effluent as nutrient solution for fugthcultivation: microalgae cultivation and
hydroponic food production. These were chosen Isecanf their potential to produce
products suitable for the urban environment, anchbgse they were identified by WRAP
(2013) as appropriate for micro-AD networks. Moregwboth methods require little land,
with microalgae cultivation using merely 3% of titawhal direct land application of digestate
(Xia and Murphy, 2016). The steps and materialsefach of these processes are shown in
Fig.1.

2.2.1 Microalgae cultivation
In this paper, the term algae will refer to micgzsd. The high levels of nitrogen, phosphate

and trace elements available in the liquid fractadnAD-effluent can be used as nutrient
supply for growth of lipid-rich, non-toxic algaedmnass (Cai et al., 2013). Microalgae can be
cultivated for algae biomass production with a tie&éoal productivity of between 77 - 969 of
dry matter per mper day (at 10% photosynthetic conversion efficj@n(Schenk et al.,
2008). The growth rate and productivity howevereadgpon the algae strain and culturing
conditions, which are summarized and compared bylMpbet al. (2015). Silkina et al.

(2017) document the effective treatment of sludgt \@lgae cultivation to support high



value end product generation.

Limitations of microalgae cultivation include ledsn optimal growth rates (Tang et al.,
2012) due to bacterial contamination, turbidity,naomia nitrogen inhibition or phosphorus
and carbon limitations (Xia and Murphy, 2016). Lebal. (2017) argue that interactions
between bacteria and algae in such systems foroaigae cultivation need to be further
studied to improve the technology. Although algairéactors have been developed to a
commercial scale, few functional photobioreactarsrhicroalgae cultivation exist that treat
small quantities of AD-effluent. Additionally, itas noted that concentrations above 50% of
digestate may be toxic to microalgae due to thestsate toxicity. Digestate may contain
compounds inhibiting microalgal growth such as pymrganic acids, phenols and pesticides
(Djelal et al., 2014). Thus_an optimal concentratis necessary in order to successfully
utilize digestate as a nutrient source for micrahkllgiomass production. Moreover, the
turbidity in AD-effluent could cause inadequatehligpenetration for algae biomass growth.
For example, Wang et al. (2010) showed reduced throhChlorella sp. in AD-effluent due

to turbidity. Moreover, Park et al. (2010) demoat#d thaScenedesmusp. was inhibited by
ammoniumat levels of 100 mg/litre. Insufficient phosphomsigoply can also be a limiting
factor in liquid digestate applied to microalgalltuation (Fuchs and Drosg, 2013).
Additionally, carbon sources in digestate may becmlower than required (Ward et al.,
2014).

In light of these challenges, Wang et al. (201@pnemended diluting the liquid fraction of
AD-effluent to initial total nitrogen concentrati®nof less than 200 mg/litre to reduce
ammonium concentration and lower turbidity for ioyped light penetration. They also
suggested further treatment using filtration or oal#ive in order to prevent any
contamination in the algae cultivation process. fdguirement of metal-tolerant microalgal
species is also of importance (Osundeko and Pitt@b4) when cultivating in anaerobic
digester centrate (Guldhe et al., 2017).

In the urban environment, small photobioreactorgartical tubular or bag systems could be
used for algae cultivation due to their relativeipall footprint and easy control. Problems
with pilot-scale algae cultivation as stated by @aial. (2013) include unstable biomass
production, contamination and inconsistent wastewatomponents, and need to be

addressed. The algae cultivation process couldabeed out using batch or continuous



production (Razzak et al., 2013). Algal biomass bansold for further enhancement, for
example to produce energy (Zammalloa, 2011). Gibenh the AD process also generates
heat and Cg two main inputs needed to stimulate algae growatjae production shows
promising enhancement potential for AD-effluent,dueing both economic and

environmental costs (Vasseur et al., 2012).

2.2.2 Hydroponic food production
The liquid fraction of AD-effluent can alternatiyebe utilized as nutrient solution for

hydroponic food production (Thiyagarajan et al.020 Krishnasamy et al. (2012) identified
that diluting 1_L of liquid AD-effluent from food aste with 5 L of water resulted in highest

foliage yield and plant growth, and can alleviatid Ntoxicity in a small-scale hydroponic
system. After dilution, the quality and ecotoxicity the nutrient solution containing AD-
effluent should be assessed regularly, as it dependhe food waste input (Krishnasamy et

al., 2012). For example, AD-effluent may contaittil@otic residues (Govasmark et al.,

2011), organic pollutants (Hellstrém et al., 20bt)heavy metals (Kupper et al., 2014).

Pathogens can easily spread in hydroponic systemsodhigh nutrient concentrations which
may ruin entire crops through rapid spreading inewairculation (Lee and Lee, 2015).
Methods for the examination of AD-effluent includ&andardized in vitro ecotoxicological
tests using aquatic test organisms (e.g. D. maygndischeri), earthworms or soil-based
bioassays (Pivato et al., 2016). Moreover, analysitbe soil microbial community response
after soil application of AD-effluent gives an icdtion of potential negative effects and the
safety of digestate (Stenberg, 1999). As such, @aiiological analysis of AD-effluent is
recommended before application in hydroponic foaddpction. Further limitations of
hydroponic food production include the need forcsgiezed management knowledge (Lee
and Lee, 2015), suggesting the importance of acedepnactitioner relationships.

For urban, small-scale use, a controlled greenhstrgeture is recommended, because food
production output per hectare is high comparedoendarming and nutrients are more easily
controlled (Heuvelink et al., 2008). In a hydroppgreenhouse system, cultivation of green
vegetables is considered most profitable. In faiedl et al. (2004) suggested that the use of
diluted AD-effluent was comparable to a commeraialrient solution in the production of

lettuce._Furthermore, closed pipes directly coreadb the outlet of the anaerobic digester

are recommended for use in the urban environment.



2.3 Review on methodology

While the above-mentioned review evidences the nskie literature published on the
technical possibility to enhance digestate usingaal cultivation or hydroponic food
production, few papers address the economic fdiagibf these processes, and none focuses
on the urban environment. Moreover, few studiessicar relevant social and operational
context in the evaluation of technologies in thediof engineering. These social factors are

however critical to the successful implementatiba technology (Valdes-Vasquez, 2011).

To address these gaps, an interdisciplinary, soistfocussed approach was adopted in this
paper to assess the feasibility of the two digeststhancement options. This approach is
illustrated for a small-scale AD system in Camldye8&t Natural Park in Camden, Central
London. The micro AD set-up and process of the casgamley Street Natural Park, along
with cost and revenue information from the assedidtiogas production, is further described

by Walker et al. (2017). This_study focuses speaily on the economic and operational

feasibility of the digestate enhancement plant stsad-alone additional system.

Actor-Network Theory (ANT) was used as a tool talerstand the context of this case study,
for the theory acknowledges that technologies cabeanderstood unless they are studied in
the context within which they exist. Callon (198@#gfines this idea as ‘co-evolution’ of
society, technology and nature, through three rfestures: actor-worlds, translation and the
actor-networks. Actor-world is the context wherdfedent entities interact, which can be
either human or technical, with each of these giegumal importance (Callon, 1986b).
Translation is the process of constructing an astmtd from the different entities. ANT
asserts that the removal or addition of any aasrjs the case when a new technology is
introduced, affects the functioning of the wholéoaavorld (Doolin & Lowe, 2002). Taking
into account that the main obstacle to closed-fomgtioning of the small-scale AD plant in
Camley Street Natural Park is digestate handlingearch for a context-appropriate urban
digestate management solution is warranted. Theomgs of this study can contribute to
knowledge on key issues and intervention pointsviable urban digestate management.
Implementation of recommendations could contriiotelosing the waste-energy-food loop

and possibly allow further uptake of small-scale A&works in cities.

3. Materialsand Methods

The methodology proposed in this paper providesgicdl framework to help decision-



makers and stakeholders involved in small-scaled&elopment evaluate the feasibility of
urban digestate enhancement options. The methogatogphasises the interconnection
between technical, economic and social criteridgtermining the feasibility of a technology.
It consists of two basic elements: (i) a technosecoic analysis (using tools from
engineering and economics, including technicaleddat net present value, sensitivity and

scenario analysis through automated simulatioms);iid the use of the actor-network theory

to understand the social totality in the contexthsd case study of Camley Street Natural
Park, London, UK. Our work draws upon the archiaesl literature associated with AD,
including references to studies by others; intavgi@nd correspondences with technology

manufacturers; and visits to the specific projadCamley Street Natural Park (see Table 1).

Table 1: Overview of information collected andstairce.

Type of Information Collected Source of Information

General Information

Dewatering system Correspondences with Russell
Finex

Technical Feasibility
Technical data gyratory sifter ~ Russell Finex
Technical data hydroponics Article 25

Technical data algae cultivation Commercial supplier, literature

Economic Feasibility

Cost gyratory sifter Russell Finex

Cost hydroponics Article 25

Revenue hydroponics Article 25

Costs algae cultivation Commercial supplier
Revenue algae cultivation Lizzul et al. (2014)

Operational Feasibility

Interview with stakeholders of
Camley Street Natural Park

3.1 Site description

The pilot AD in Camley Street Natural Park conveoisally produced food waste collected
by a cargo bicycle into biogas for electricity puetion. The 2 manaerobic digester is fed

with approximately 20kg of food waste daily, to wi2 L of water are added in order to
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clean the system and ensure the right viscositgsteek (see Walker et al. (2017) for a
detailed description of the system operation). @ total volume, 90-95% is outputted daily
as AD-effluent, with 17 L in the form of liquid ABffluent. This paper focuses particularly

on the business case for the digestate.

3.2. Techno-economic analysis

A Cost Benefit Analysis (CBA) was carried out tdetenine the economic profitability of the
digestate enhancement system, following the mettfodamalloa et al. (2011). For the
techno-economic analysis, the lifetime of the ewlkament system was set to 10 years. The
two digestate enhancement methods, hydroponicslgaé cultivation, were compared using

the Net Present Value (NPV). A simulation code (seeplementary information) was
created for three main purposes: 1) demonstratetheviNPV changes with larger amounts
of AD-effluent, 2) test the sensitivity of key paraters to externalities and uncertainties, and
evaluate their effects on NPV; and 3) explore tifilece of possible scenarios on the

feasibility of the enhancement options.

3.2.1 Costs

A gyratory sifter from Russell Finex will be usedtb for the separation of the solid and
liquid AD-fraction and to dewater algae, with a italpcost of £10,500 and yearly operational
costs of £3,165, including maintenance and cleaniige costs for algae cultivation and
hydroponics food production (see Table 2) are basethe current volume of AD-effluent
available at Camley Street Natural Park. It wasumesl that heat, water and €Can be
obtained for free from the AD facility, and that Adfluent storage does not incur a further
cost. London Living Wage (£9.50/hour) was used, amdage rate of £15/hour was applied
for the higher skilled labour required for algadtigation (Coulson & Richardson, 2005).
The annual maintenance cost for both algae pranlueind hydroponics was calculated to be
10% of installed capital costs divided equally bew labour and materials (Coulson &
Richardson, 2005). For calculations of equipment Efour cost with varying production
facility size, 95% was assumed to be fixed and B¥table with increasing volume of AD-
effluent. Equipment costs for the photobioreactmes shared between three reactors and a
discount of 8% was applied when more than thredghareactors were purchased, in line

with a cost estimate obtained from a commerciapbep The solid fraction of AD-effluent

will be composted on site, and does not constintadditional cost. Land rental costs in this
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system are not included, and it is assumed thatihestate enhancement facility is co-

located with the AD plant.

Table 2: Capital and operating expenditure for entiag AD-effluent with a) algae

cultivation system (left) based on information frdamalloa et al. (2011) and commercial

suppliers; b) hydroponic system (right) based oforimation from Article 25. Values are

based on AD-effluent volume available in Camleg&tNatural Park (17 L/day).

Algae Cultivation Hydroponics
ltem Amount ltem Amount
(£) (£)
Capital costs
Site preparation 2,000 Sensor system 5,750
Instrumentation and . hi
machinery (recirculation Instrumentation aqd machinery
2,500 (Water tanks, nutrient tanks, water 2,327

pump, etc.)

Photobioreactors (2 *550 L

each) 32,510

Equment costs per 3 6.771
photobioreactors
Installation/ Commission 10,500

Delivery/ Packaging 750
Total capital costs 55,031

Y early operational costs
Maintenance 3,251

Labour 3,375

Materials (e.g. flocculants) 200

heater, piping, sensor system)

Growing system 3,265
Equipment costs, e.g. lights 200
Installation/ Commission 500
Monitoring 1,000
13,042
Maintenance 1,248
Labour 6,599

Materials, (dissolved oxygen,
growing media, seeds,

supplementary fertilizer) 840

12



Utilities (electricity) 1,100 Utilities (electricity, heating) 1,624

Total yearly operational 7,726 10,311
costs

For the MATLAB calculations, the amount of varialded fixed CAPEX was based on

calculations of different AD sizes and their vagyi@mounts of AD-effluent.

3.2.2 Operational Parameters and Revenue Estimation

Revenue calculations were made for the digestdtarer@ment system only. Calculations for
algae cultivation (see Table 3) are based on pdexmalues from Lizzul et al. (2014), who
also used AD-effluent sourced from Camley StreetuNs Park. These include using an
illumination of 80umol/m* with a batch duration of 4 days, an algae bionyéelsl of 0.32
g/litre and the media being augmented with exhgast containing 12% carbon dioxide.
While Lizzul et al. (2014) grewZhlorella sorokinianan 1-litre Duran bottles converted into
photobioreactors, a scalable manufacturing systsedon specialised photobioreactors was
considered in this study. Using the Total Nitrogemtent (53 mg/litre) of the diluted liquid
fraction from Lizzul et al. (2014) as a desireduwealfor optimal algae growth, and the
available nitrogen content of 960 mg/litre in thguld AD-effluent fraction from Camley
Street Natural Park, the dilution rate per litres Hzeen calculated to be 18. The algae
cultivation calculations were performed under tbkofving assumptions: the metabolism of
algae does not switch, algae are ready for hangeafter all nitrogen has been consumed,

and all AD-effluent is used.

The revenue calculations for hydroponics were hypon the methodology and parameter
values from the charity Article 25. Using the Natri Film Technique, the liquid fraction of
the AD-effluent was diluted 4 times, and lettucel amiental greens were grown with an
illumination of 16 hours/day at 2Qdmol/n?’s, at a temperature of 24 °C during the day and
19 °C at night.

13



Table 3: Revenue parameters for a) algae cultivatileft) based on information from a

commercial supplier and EnAlgae (2014); b); hydroigs (right) based on information from
Article 25.

Parameter

Algae Cultivation Hydroponics

Amount of liquid digestate per Liquid digestate in

day (L) 17 system per day (L) 17

Amount water required per day to Square meters of

dilute to 53 mg/litre total nitrogen 306 d o 21

L cultivation (nf)

Volume growth medium per day 323 Number of plants in 505

(L) system

Working volume per batch (L) 1,292 Litrewagpmmended in 1,050
system (L)

Capacity of 1 PBR (LY 550  hRecirculation rate 3,150
(L/h)

Number of PBR's used (L) 2 Recirculation (L/day) 75,600

Amount of culture (algae and Productivity per cro

wastewater) after one batch (L) 1,100 (kg) yp P 70.88

Amount of Algae biomass 0.35

(kg/batch) '

Number of batches (batch/year) 75 Yield per day (kg) 2.95

Algae biomass yield (kg/year) 26.4 Yield per year (kg) 885.94

: . . . Selling price lettuce

Selling price algae biomass in 27 ©) 750

(E/kg)® '

TOTAL YEARLY INCOME (£) 713 6,645

3.2.3 Assumptions

To evaluate the profitability of the two digestaiehancement processes with varying AD-
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effluent volume (using a MATLAB simulation), a nustbof assumptions were made:

construction of the plant finishes after one yeat starts to operate at its maximum capacity
immediately, the enhancement facility can be bonitthe existing digester site at Camley
Street Natural Park, the plant has no scrap valtieeaend of its lifetime, and costs of the AD

plant set-up are paid back. Moreover, no taxeshaeged against the plant’s profits given

the nature of the community enterprise project amplport by governmental organisations
such as WRAP and DEFRA. The number of operatioagb dvas assumed to be 300 days
(Coulson & Richardson, 2005). The dewatering gysasafter would be used 30 minutes per
day, at a dewatering capacity of 0.5 L/h, an enargg of 0.125 kWh per day and an

electricity cost of 0.12 £/kWh.

3.3 Contextual analysis

ANT was used as a framework to identify whether leeyors agree that the dewatering
system is worth building and defending (Callon, 898 and to suggest the necessary steps to
best tailor the technology to the community intef@ge Table 4). Key stakeholders were
interviewed to determine the actors affecting tperational feasibility of the enhancement
system. These actors were mapped to assess theirelations and to understand the
embedded complexity. Trade-offs and opportunitiesmplementing the proposed system
were analysed to formulate coherent recommendatdnisow these problems could be

overcome.

Table 4: Applying Actor-Network Theory to the casedy in Camley Street Natural Park.
Source: Callon (1986b).

Literature Application Camley Street Natural Park

Actor-world
Actor-worldas context where actors interact Context is Canfigreet Natural Park,
Camden, London

Trangation

Translator-spokesman defines actors and thResearcher acting as primary translator-

roles, creating the actor-world (Callon, 1986bpokesman and manager of the Camley

p.26) Street Natural Park as a second translator-
spokesman. This allowed the definition of
the actor-world to be a participatory and
iterative process, as suggested by Teh
(2013).

Actor-networks
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Actor-networksidentify dynamic relationshipThe network of each actor has been
between actors and the network of each actimtermined together with the manager of
itself. Camley Street Natural Park.

4. Results

For urban, small-scale digestate enhancement (bat®@ and 250 L of daily AD-effluent
volume), hydroponics was found to be more econdigidaasible compared to algae
cultivation. Algae cultivation could become an emmncally competitive option if algae
biomass yield can be increased. Results of thdysitudicated that technical improvements
such as vertical hydroponics or increased algawthroate had the largest impact on the
economic feasibility of the two enhancement optidRer successful installation, various
operational problems with a future installationaadewatering and enhancement system need
to be overcome. These include dealing with odagation, financing and regulatory issues
regarding the sale of food grown on AD-effluente&fic findings about the case study are

presented in sections 4.1 - 4.3 respectively.

4.1 Case-study specific findings: Techno-econoeasibility

The installation of a dewatering and enhancemeadiitia was found to be technically
feasible, but cannot be economically justified givee current liquid AD-effluent volume of
17L/day produced at Camley Street Natural Park.|&hie economics of hydroponic food
production are preferable to that of algae culiorat(see yearly contribution to cover the
capital costs in Table 5), the cost-benefit analgamonstrated that the high investment costs
for both enhancement processes would not be rapaide considered time period of 10
years. The capital costs of algae cultivation adhibitively expensive, while income from
algae biomass is relatively negligible. In the ca$ehydroponic food production, yearly

operational costs are high in relation to possiiteme from food sales.
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Table 5: Cost-Benefit Analysis over 10 years forent AD-effluent quantity of 17 L per

day: Algae cultivation and hydroponics with gyrataifter (24" Eco Separator from Russell

Finex with capital costs of £10,500 and yearly agenal costs of £3,165 and are included

in the total costs for both hydroponics and algakication).

Algae cultivation Hydroponics costs

costs (£) (E)
Capital costs 65,531 23,542
Yearly operational costs 9,791 12,228
Yearly income 713 6,645
Z(;e;rsly contribution to cover capital 9,078 5,583
Payback Period Never Never

Operational costs and income shown in Table 5 weated in the economic analysis with
changing AD-effluent (see supplementary informatitatlab Code). This analysis illustrated

that hydroponics becomes viable with increasing wam® of AD-effluent produced (break-
even at 40 L of AD-effluent produced). Meanwhilag tprofitability of algae cultivation
remains low within the given system boundaries ahputations up to 300 L of daily AD-
effluent volume. Moreover, this digestate volumeymaquire a different system for

cultivation, with a considerable footprint.

3.1.1 Sensitivity Analysis
A sensitivity analysis re-examined these resulideunwo decisive parameter values: 1) the

percentage variable operational cost (using a ‘Beste Scenario’ with OPEX distribution of
95% fixed and 5% variable cost; ‘Medium Case Sdehaith OPEX distribution 80% fixed
and 20% variable cost; and ‘Worst Case Scenaritii @PEX distribution of 65% fixed and
35% variable) and 2) the discount rate (0%, 3.5%).7

Given that differences between these scenariosepraignificant, the most appropriate

scenario for social projects (the ‘Medium Case &dehand the 3.5% discount rate) was

further analysed (Cabinet Office, 2016). In thisrsario, the use of a gyratory sifter coupled
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with a hydroponic system becomes economically Béagwith a profit of £500,000 over 10
years) for Camley Street Natural Park if approxehatl50 L of AD-effluent are produced
daily.

3.1.2 Scenario Analysis
An analysis of three scenarios constructed for eachancement option assessed the

robustness of the results to externalities anddéuthanges. Scenarios for each option include
1) governmental interventions through subsidies Key capital costs, 2) changes in the
macroeconomic environment impacting the price & #old product, and 3) technical

improvements to system operation.

For hydroponic food production, the technical imgnment scenario of doubling the plants
per square meter in a hydroponics setup (scenaha®the largest effect on the profitability
of the facility (Fig.3). This scenario could be msted using a vertical hydroponics system. It
could yield a profit of approximately £100,000 ovEd years if double the AD-effluent
volume in Camden (approximately 30 L daily) is #addlie. Governmental interventions and
changes in the macroeconomic environment had al smphct on NPV. These included
scenario 1, funding for the greenhouse structurd,s&cenario 2, increasing the selling price
from £7.50/kg to £10/kg. As such, these factormidbdetermine the economic feasibility of
small-scale hydroponic systems.

For algae cultivation, the technical improvemergnseio also had the largest effect on NPV
compared to governmental interventions or changele macroeconomic environment. In
fact, the technical improvement scenario, ‘scendtjancreased algae biomass yield from
0.32 gllitre to a yearly average of 1g/litre, besma higher algae biomass yield was observed
in other studies (Sheets et al., 2015). This lea poofit of £5,000 with 250 L of AD-effluent

in Camley Street Natural Park (see Fig.4). For agea 1 and 2, funding for the

photobioreactor and doubling the selling price lglhe biomass, NPV remained negative in
the given system boundaries.

4.2 Case-study specific findings: Operational fbadisy

Mapping the interrelationships between the differerman and non-human actors in Camley
Street Natural Park revealed the value of using AAIT understanding of how objects can
shape social relationships and determine key adeaEgCresswell et al., 2010). Highlighting
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the central nodes in the network (see Fig.5), it wassible to identify which actors can
further impact other actors and hence shape thabibty of the dewatering system to a
larger extent. The manager of the AD plant in Can8¢reet Natural Park is a key actor
linking various different actors together in hertvmerk. Moreover, both the cost of the
dewatering system as well as the benefits thatbbeareaped from enhancement strategies of
the liquid AD-effluent fraction directly influencthe decision of the AD manager in Camley
Street Natural Park. Nevertheless, ANT consideet #very actor has the same value
(Callon, 1986b). Applying this idea to the operatibfeasibility study suggests that no actor
should be disregarded, especially because the aaidds and their networks are only
temporally stable and are likely to change in tb&ure. This could result in one actor
becoming significantly more important and determgnwhether a digestate enhancement
system would become feasible, thus confirming ibe/\of Cresswell et al. (2010, p.4) in the
sense that actors “are what they are dependindgp@mdntext in which they are embedded

and used”.

The deployment of actor-network theory suggestat éen if an economic benefit could be
obtained, a dewatering technology would still h&veneet certain criteria to be considered
worth implementing in Camley Street Natural Parndon. Firstly, the energy consumed by
the proposed mechanical equipment would have touieeighed by the benefits to be

gained in order to align with the vision of modehhility at Camley Street Natural Park.

Secondly, possible regulatory restraints on the s&ffood or algae biomass grown on AD-
effluent need to be identified and addressed. Thimtour proofing is necessary to eliminate
the possibility of odour problems related with trensport of AD-effluent, which can reduce
possible public antagonism. However, the manageC€Carinley Street Natural Park, as a
central actor, identified the economic viability ti® main barrier currently hindering the

installation of the proposed system.

5. Discussion

The research resulted in a variety of economicragdlatory indications showing that small

guantities (<250 L) of liquid AD-effluent can be lemced using hydroponics or algae
cultivation in the urban environment. Most authbese summarized or evaluated treatment
and reuse of AD-effluent from large-scale AD (Skeet al., 2015; Frischmann, 2012,

WRAP, 2015). The technical potential of emergingediate enhancement methods has also

been reviewed, including algae production (CailetZz®13) and hydroponics (Krishnasamy
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et al., 2012). However, no study to date has sigallif evaluated treatment of liquid AD-
effluent within urban AD networks, or studied theoeomic or operational feasibility of

these options on smaller scales.

Results from this study focus on the digestate ecdmment plant as a stand-alone economic
and operational system, and are dependent on tiedeved case study. While for most of
the presented processes there are still great tamders and gaps regarding investment and
running costs, this study nevertheless provideslesae of how nutrients from liquid
digestate could be enhanced in the urban environrAégae cultivation and hydroponics are
both odour-proof processes and could reliably medeeof the liquid AD-effluent fraction. At
scales between 30 and 250 L of daily AD-effluenluwee, hydroponics was found to be
more economically feasible at enhancing liquid Afilsent compared to algae cultivation.

These results are sensitive to biomass yield ohealgultivation, and emerging, low-cost
photobioreactors may change the economics in fawajuelgae cultivation. Alongside

economic analyses, it is equally important to p@nfoadequate operational feasibility
analyses to ensure effective and context-depenchgadémentation of digestate enhancement
systems. These results are relevant to: 1) managesssting urban, small-scale AD systems
by providing research on options for digestate anbment on this scale, 2) for managers of
future small-scale, urban AD-systems by giving #&ddal financial information to

potentially improve the economics of the whole dnAdD-system process, and 3) to the

academic community to indicate the potential fattfar research.

5.1 Economic feasibility of small-scale AD plants

Profits from small, urban AD-effluent enhancemen¢ dinearly related to AD-effluent

guantity, suggesting the capital-intensive natdr&® systems documented elsewhere (Xu et
al., 2017). This implies both the scale effectha trban environment, and the importance of
additional research into low-cost options for digés enhancement systems. Within the

system boundaries of this research, i.e. 300 L Dfeffluent quantity, a number of specific

discussion points emerge.

Installation of a gyratory sifter coupled with hggonics could yield a profit of £100,000

over 10 years for digestate enhancement of urbamétivorks if: 1) >30 L of AD-effluent
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volume are available daily, and 2) a vertical hydnmic setup is implemented (see section
3.1.1). The latter scenario is likely in light dfet proven technical feasibility of a vertical
hydroponics setup. A larger profit (up to £200,08r 10 years) could be made from
hydroponics with larger AD-effluent volumes (300pkr day). Hence, an economic benefit

can be made from sharing one digestate enhancefaeiity within a small-scale AD

network. In such a case, digestate enhancement beagme central to the economic
feasibility of the AD plant itself. This would rejefindings from publications arguing that
methane yield is the key determinant of the econdesasibility of small-scale AD plants
(WRAP, 2013).

Algae cultivation could yield a profit of £5,000 ev 10 years for urban digestate
enhancement with: 1) a daily AD-effluent volume>@h50 litre, and 2) use of an algae strain
with biomass yield of 1g/litre. Sheets et al. (20JBesent a biomass density of up to
0.75¢/litre for Chlorella sorokiana,indicating that process optimisation could improve
productivity. Moreover, the experimental study bigaul et al. (2014) on which the algae
cultivation parameters of this study are basedrdiiuse a photobioreactor optimised for
algae cultivation. Hence, the growth rate of algaght be significantly faster, which

increases the NPV.

Results of this study indicate factors of particutaportance in the economic feasibility of
an urban digestate enhancement facility, whichamanseful for managers of small-scale AD
plants, funding bodies and universities alike. Exoit feasibility is least affected by
changes in the selling price of the final produaidsthe food grown or the algae biomass
produced. This can be attributed to the large CARIeXts and low productivity of both

hydroponics and algae cultivation. Funding for kapital costs of the digestate enhancement

facility was also found to have little impact oroaomic feasibility. Meanwhile, the technical
improvements such as vertical hydroponics or irsgdaalgae growth rate had the largest
impact on the economic feasibility of the enhanaanoptions, implying the need to support

further research and practical applications in #nes.

Close partnerships between small-scale AD plantseusities, governmental organisations
and businesses are pivotal to implement these imadhimprovements. Edwards et al. (2015)
highlighted the importance of incentives such &slfm tariffs in the initial uptake of AD in

the UK. This research suggests that in the casamall-scale AD uptake, and particularly
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urban digestate enhancement systems, such govesairsapport could be provided in two
forms: 1) funding and support to universities, agsh institutions and start-ups to create,
construct, and test the technical suggestions derexi most impactful; and 2) subsidies or
funding for the capital costs of digestate enharmegnplants. This study further supports
findings by Luo et al. (2017) who highlight the defr more collaboration between algal

biologists and engineers to improve the sustaiitploif waste treatment processes.

5.2 Requlatory, operational feasibility of smalake AD plants

Economic profitability of the digestate enhancemgant must be met in conjunction with

providing recommendations for how restrictive regaoty issues might be overcome and
odour issues addressed. For urban, small-scale lamtsp the daily AD-effluent should be

transported to the centralised plant in sealedatoeats to minimize potential odour problems.
With regard to hydroponics, regulations at EU lemelude the European Nitrate Directive
91/676/EEC, which limits the annual load of nitrnde be applied to land as well as national
environmental regulations which restrict the perdépplication (Drosg et al., 2015). These
regulations might be moderated if the food grownos sold commercially, but rather used

for in-house cafés, as could be implemented in €@gar8treet Natural Park. Testing for odour

proofing could be achieved by trialling the projéstidentify such issues. Potential odour

problems from the use of hydroponics can be muidiatising granular activated carbon

filters, double door systems, extractor fans, agdrdponic substrates to screen off AD-

effluent from the open air, such as clay pebbies.

Additionally, conditions in the economic and redatg environment need to be favourable
to assure that the project would be feasible olkeEglonomic incentives such as grants or
significant subsidies from local or national initi@s could cover the initial capital costs of
the project. Favourable loan conditions includingder payback periods or lower interest
rates for green community energy projects sucthasptlot AD-network in Camden could

largely improve the financial viability and secyrif the project. For example, the use of
community-owned shares or green energy bonds maymbethod well suited to raise money
to finance the AD-effluent treatment plant. Thestfistep to achieve this is bringing together
community members in urban areas interested to froommunity-based energy charity
with specific focus on the AD plants. From thesamhers, funding could be sought to pay
the initial cost of the AD-effluent. In return, #& community members obtain dividends

from the profit of selling food or algae biomaseotighout the lifetime of the project.
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5.3 Recommendations for the small-scale AD in Ca®teeet Natural Park

For Camley Street Natural Park, the volume of add AD-effluent is low (<20 L per day),
and it is unlikely that significantly larger volusef AD-effluent will be produced in the near
future. Hence, use of a shared hydroponics sysseracommended, as it is likely that the
requirement of more than 30 L of daily AD-effluaatmet in light of the close proximity of
two further small-scale AD plants to Camley StrBettural Park from which AD-effluent
could be sought. This would not only lead to ecoiwovability of the project, but also fully

make use of the capacity of the dewatering system.

Implementation of the suggested changes in regardconomic viability and regulatory
issues would allow for successful integration dfigestate enhancement facility to the small-
scale AD plant in Camley Street Natural Park. ThWsuld solve the problem of urban
digestate use, and simultaneously add value trheess, thereby contributing to proof-of-
concept of small-scale AD networks in the urbaniremwment. This is a key step in
incentivising further uptake of such networks ie thK and beyond, as suggested by Walker
et al. (2017).

The involvement of further actors through the impdmtation of a digestate enhancement
plant is likely to increase knowledge of circul@oromy practices given the large emphasis
of such practices at Camley Street Natural Parks firtay then incentive a larger number of
people to get involved in further community wastéduction and reuse initiatives advertised
on the site, in turn contributing to the circulaoromy. Such a case is particularly likely if a
closed-loop can be demonstrated on site by usidgoppnic grown food in the in-house café

of Camley Street Natural Park.

5.4 Further research

The feasibility analysis presented in this papgrad of a larger feasibility analysis of micro-

scale AD, further discussed by Walker et al. (20C8sts associated with micro-scale AD
networks beyond the digestate enhancement systesh,as micro-scale biogas plants and
combined heat and power systems, need to be metargidered alongside the digestate

enhancement system to understand potential sysevgien taking up small-scale, urban
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AD. Further research should identify other provedef small-scale dewatering machines to
compare results. For future context assessmertgkal®lder analysis and decision matrix
could be used to verify results of the actor-neknamalysis. Further studies should assess the
feasibility of installing low-cost, non-mechani@ihancement systems, which could improve
economic viability of small-scale, urban AD netwsrkCost and regulatory information must
be continuously updated, given the emerging andteotly-changing nature of urban algae

cultivation and hydroponics.

6. Conclusions

A digestate enhancement facility consisting of watering, gyratory sifter coupled with a
vertical hydroponic system could be an economictisible option to recycle nutrients of
urban small-scale AD plants (with >30 L per daydajestate). If community energy AD
projects such as the considered case study in @a8tleet Natural Park are to flourish,
wider support from governmental, regulatory anaiicial bodies is required. This includes
changes to current regulations enabling AD-effluenibe classified as a product rather than
waste, which would facilitate AD-effluent enhancemeResearch exploring such local
projects may further help gain support for sustal®aaffordable and community-integrative
living. New forms of community financing for suclthemes need also to be canvassed.
These include re-examining payback periods andodigc rates, uses of community
investment bonds, a resurgence of social enterpasd a responsive approach from
regulatory authorities in energy and waste managemed community wellbeing from all

levels of government.
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Figure Captions

Fig.1: Process flow chart for enhancement of thgeidi AD-effluent fraction, with option 1:

algae cultivation (top) or option 2: hydroponicstiom).

Fig.2: Process of small-scale AD at Camley Streatuhhl Park with this study’s system

boundaries denoted by the dashed lines.

Fig.3: Hydroponics: Comparing NPV (Net Present ¥alin £ over varying amounts of
anaerobic digestion effluent with different sceaariDiscount rate=0 and a best-case value
for percentage distribution of fixed and variablBEX (95% fixed and 5% variable cost).
Fig.4: Algae Cultivation: Comparing NPV (Net Pres®falue) in £ over varying amount of
anaerobic digestion effluent available with differecenarios. Discount Rate=0 and best-case

value for fixed and variable OPEX (95% fixed and B8fiable cost).

Fig.5: Visualising human and non-human actors imlég Street Natural Park.
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Highlights:

Closing waste-energy-food loop within cities requires anaerobic digestate management
Algae cultivation and hydroponics can technically enhance urban anaerobic digestate
Combining techno-economic and actor-network analysis improves project feasibility
Urban, vertical hydroponics economical at volumes of >30 litres/day of digestate

Need for regulatory changes to increase feasibility of small-scale urban digesters



