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Abstract The recycling of organic waste worldwide is not
effective, which leads to water pollution and loss of potential
crop fertilizers. Available resources have to be used more
efficiently as the world population increases. An innovative
solution is to use insects for the management of organic waste.
Here, we used black soldier fly to convert organic waste into
animal feed protein, as fly larvae, and plant fertilizer, as
compost residue. A continuous fly reactor was monitored for
9 weeks. We analyzed physicochemical and microbial param-
eters, and we evaluated the sanitary risk. Results show 55.1 %
of material degradation and 11.8 % of biomass conversion
based upon total solids. We observed higher levels of N and P
in the treatment residue than in the inflow material. Results
also show a lower concentration of Salmonella spp. and
viruses. Compost treatment with black soldier fly is therefore
an efficient system for nutrient recycling.

Keywords Black soldier fly - Hygiene - Nutrient recycling -
Protein production - Waste management

1 Introduction

The volume of solid waste generated every year is increasing
worldwide. Although municipalities strive to provide solid
waste management, much of the generated waste is left un-
treated (Hoornweg and Bhada-Tata 2012). A large fraction of
solid waste in low- and middle-income countries consists of
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organic material, e.g., food waste, animal manure, and market
waste. If left untreated, the valuable energy and nutrients
contained in the waste can contribute to an increase in annual
greenhouse gas emissions (UNEP 2010) and a leaching of
nutrients into water bodies, causing eutrophication (Sharpley
et al. 1994). Over and above this, there is a risk of spreading
the pathogens contained in the organic waste.

The waste management coverage in high-income countries
is considerably higher, but at the same time the waste gener-
ated per person is up to three times greater and still increasing
(Hoornweg and Bhada-Tata 2012). The proportion of organic
waste is around 30 % and only a small proportion of the
nutrients returns into the food cycle (Cordell et al. 2009). This
is a growing concern, since the nitrogen and phosphate cycle
has been identified as key factors that has to be maintained
within certain levels for the planet to be able to support human
existence in the future (Rockstrom et al. 2009). One way of
securing human well-being is, according to Griggs et al.
(2013), sustainable production systems. In a report by the
United Nations Food and Agricultural Organization, it was
stated that the consumption of insects in the food sector, as
animal feed and directly for human consumption, is one such
solution (van Huis et al. 2013).

The black soldier fly, encountered between 46°N and 42°S
(Martinez-Sanchez et al. 2011), is of particular interest. Their
ability to consume prodigious amounts of organic waste has
long been known. Black soldier fly larvae have been reported
to consume and degrade a number of organic materials with
material degradation up to 70 % (Diener et al. 2011). The
larvae in the final larval stage, the prepupae, crawl out of the
feeding material to find a dry and dark place to pupate
(Sheppard et al. 2002) and are thus self-harvesting.

The prepupae contain around 40 % protein and 30 % fat
and have been demonstrated to be a good alternative feed in
fish (St-Hilaire et al. 2007) and pig (Newton et al. 1977)
production, with the potential to replace fish meal and fish
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oil as source of animal feed protein. Replacing fish meal
would alleviate the pressure on the wild fish population
(Tacon and Metian 2008). With the increasing consumption
of fish and meat, the demand for animal feed protein has
increased greatly, while its availability is limited. As a conse-
quence, the price of fish meal has reached new heights — valued
USD 1,820 per tons (World Bank, May 2014) — making the
production of compatible alternative animal feed protein a
lucrative business. By producing an economically valuable
product, organic waste management could become a finan-
cially sustainable system that would increase resource reuse
efficiency and reduce negative environmental impacts
(Fig. 1).

Hygiene aspects play an important role when dealing with
organic waste and animal feed (Sidhu and Toze 2009). In
several studies, black solider fly larvae waste treatment
systems have been shown to remove bacteria in the
Enterobacteriaceae family: the concentration of Salmonella
spp. was reduced by 7 log;o in 8 days in a small batch-
operated fly larvae system treating fecal sludge (Lalander
et al. 2013); Erickson et al. (2004) observed the reduction of
Salmonella enterica Serovar Enteritidis and Escherichia coli
O157:H7 in cattle manure, while Liu et al. (2008) have re-
ported on the reduction of E. coli in poultry manure. However,
although a high reduction in bacteria of the
Enterobacteriaceae family occur, reduction of other organ-
isms has not been observed. All these systems were operated
in batch mode. The question is whether the same results would
be obtained in a continuous flow reactor. In a large-scale fly

Fig.1 A graphical representation
of the concept of fly larvae
composting: organic waste is
consumed by fly larvae, in the
sixths and final larval stage, the
prepupae migrate out of the
compost. The prepupae can be
used as animal feed and the
treatment residue used as organic
fertilizer. The loop is closed when
the animal manure and food waste
is diverted as substrate into the fly
larvae compost
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larvae waste management system, it is likely that a continuous
flow reactor would be implemented, as it would be too time-
consuming to operate in batch mode. One hypothesis is that
the operation over a long period would support the buildup of
a microbial community, helping to break down the waste
material and thus improve the hygienic quality of the treat-
ment residue.

The objective of this study was to establish a continuous
flow fly larvae reactor and to analyze important process and
hygiene parameters in order to evaluate material degradation,
waste-to-biomass conversion rate, nutrient flow, and average
weekly reduction of evaluated pathogens and indicator
organisms.

2 Materials and methods
2.1 Materials

Pig manure (21.1+1.7 % total solids) was collected on a pig
farm in Uppsala municipality, Sweden. Dog food (Puppy
Original, Pro Plan, Purina) mixed with water (21.9+£0.2 %
total solids) was used as the model substrate for organic waste
(Vinneras et al. 2003). Human feces were collected fresh in
plastic bags and stored at —20 °C immediately upon collection.
A mixture of pig manure, dog food, and human feces was
prepared (4:4:2; 28.7+1.2 % total solids), divided into feeding
portions, and kept at —20 °C until use.

Fly larvae
compost

Fly = ] Treatment

prepupae residue .~
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Ascaris suum, which infects pigs, is often used as
model for Ascaris lumbricoides, which infects humans
(Johnson et al. 1998). A. suum extracted from the feces
of infected pigs were purchased from Excelsior Entinel,
Inc. and received in aqueous solution at a concentration
of 100,000 eggs mL™".

The bacterial inoculate solutions consisted of 10®
colony forming units (CFU) mL™' Enterococcus faecalis
(ATCC 29212) and 10° CFU mL'Salmonella enterica
subspecies~1 serovar Typhimurium phage type 178
(isolated from sewage sludge (Sahlstrom et al. 2004),
grown in unselective bacterial nutrient medium (NB,
Oxoid AB, Sweden).

Propagation of bacteriophage X174 to a concentration of
10° plaque forming units (PFU) mL™' was performed in
unselective bacterial nutrient medium (NB, Oxoid AB, Swe-
den) using the host strain Escherichia coli (ATCC 13706).
The phage was collected by centrifuging the solution at
2,000x g for 10 min followed by sterile filtration and kept at
4-6 °C until use.

The virus inoculate comprised the following: Reovirus type
3 (ATCC VR-232); strain Abney (human); genus
Orthoreovirus; Canine Adenovirus I, strain vacc-98, genus
Mastadenovirus; and Porcine enterovirus I, genus
Teschovirus.

Black soldier fly eggs were received twice a week from the
Research Institute of Organic Agriculture, Frick, Switzerland.

2.2 Experimental set-up and sampling

Three fly larvae reactors consistent of white 37 L Sortera bins
(37%x55%28 cm), with a lid and slanting wall for prepupal
migration, that were placed inside 45 L black Samla bins (39 x
57x28 cm) with a lid, both from IKEA (Uppsala, Sweden).
The Samla bins were used to keep light out of the reactor and
as collection bins for migrating prepupae. The reactors were
kept at 25 °C throughout the experiment.

Black soldier fly egg packages were received in
cardboard strips. Individual egg packages were divided
into small (around 150-250 larvae), medium (around
400-500 larvae), and large (around 800-1,000 larvae)
egg packages and hatched individually. Twice a week, a
more or less equal number (based on the number and
size of egg packages) of 5-10-day-old larvae were
added to each reactor. The eggs were hatched in the
same feed mixture used in the reactors. The total num-
ber of larvae at steady-state was estimated to be 7,200.

The reactors were fed three times a week. The pre-
prepared feed mixture was thawed overnight and added
in the mornings. The feed portions were adjusted to
the estimated number of larvae present in the reactors,
to a feeding rate of 100 mg per larvae per day (Diener

et al. 2009); at steady-state each unit was fed 5.4 kg
per week.

The reactors were operated as plug-flow: old material in the
back of the reactor was pushed 5 cm to the front prior to fresh
feed mixture being added. All samples were collected from
the front 10 cm of the reactor.

On each feeding occasion, the feed mixture was inoculated
with Salmonella typhimurium (1 % wiw), E. faecalis (1 % w/
w), and dpX174 (1 % wiw).

On the first feeding occasion in week 4, the feed mixture
was inoculated with 1 mL A. suum of concentration 100,000
eggmL ™.

On the first feeding occasion in week 7, the feed mixture
was inoculated with Reovirus type 3, Canine Adenovirus I,
and Porcine enterovirus 1.

The reactors were weighed weekly throughout the
course of the experiment. All migrating prepupae were
counted/weighed. Once a week, triplicate samples of 5 g
were collected in each reactor and analyzed separately
to determine the concentration of bacteria and bacterio-
phages in the influent and effluent material. The con-
centration and viability of A. suum eggs was determined
on days 7, 14, and 28 after inoculation. The concentra-
tion of viruses in the material was determined 2, 4, 7,
9, 11, and 14 days after inoculation. Samples for phys-
icochemical analysis were collected at the start and end
of the experiment.

2.3 Physicochemical analyses

The material was dried at 105 °C for 14 h to determine total
solids and at 550 °C for 6 h to determine volatile solids, i.e.,
the organic content.

A radiometer electrode was used to measure pH. All anal-
yses were conducted at room temperature on 10 g of sample
diluted with 50 mL deionized water and were left to settle for
1 h prior to analysis.

In a closed container, 1 g of sample was mixed with
20 mL deionized water. The material was thoroughly
mixed and diluted 1:10 in deionized water. Spectroquant®
test kit number 114544 was used for total ammonium
nitrogen (NH4-N) analyses and kit number 114764 for
nitrate (NOs-N) analyses.

In a 50-mL volumetric flask, 0.5-0.6 g samples were
dissolved into 10 mL concentrated H,SO, and brought
to “rolling boil” on a hotplate. When the sample had
visually dissolved, an additional 5 mL H,SO, was
added. The sample was allowed to cool and was thereby
diluted—1:100 for total nitrogen analysis and 1:50 for
total phosphorous analysis—in deionized water.
Spectroquant® test kit number 1.00613.0001 was used
for total nitrogen analysis and number 1.00673.0001
was used for total phosphorous analysis.
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2.4 Microbiological analyses
2.4.1 Bacterial and bacteriophage analyses

The buffer used for all experiments was buffered NaCl pep-
tone water with Tween 80 at pH 7, hereafter referred to as
Tween buffer. Sample (5 g) was extracted and further diluted
in the Tween buffer.

A 100 pL volume of selected dilution was spread on
Slanetz—Bartley agar (Oxoid AB, Sweden) and incubated at
44 °C for 48 h for Ent. spp. enumeration and on xylose lysine
desoxycholate agar (XLD) (Oxoid AB, Sweden) containing
0.15 % sodium-novobiocin and incubated at 37 °C for 12 h for
Salmonella spp. enumeration. The plates were enumerated
with a detection limit of 100 CFU mL ™.

To lower the detection limit of Salmonella spp. concentra-
tion, 200 pL per plate of sample of dilution 10" was spread
on five plates per sample and enumerated with a detection
limit of 10 CFU mL". To lower the detection limit further, the
sample was enriched as follows: 5 g per unit was immersed in
45 mL buffered peptone water and incubated at 37 °C for 24 h,
upon which 100 pL was immersed into Rappaport—Vassiliadis
salmonella enrichment broth (RVB) and incubated at 41.5 °C
for 24 h. Positive results were evaluated by spreading 10 uL
on a XLD plate and incubated at 37 °C for 12 h, lowering the
detection limit to 1 CFU g .

Total thermotolerant coliforms were enumerated in double
layer agar using violet red bile agar (VRB) (Oxoid AB,
Sweden); 1 mL of sample was mixed with 7-8 mL of agar,
and upon solidification of the first layer, an additional 7-8 mL
agar was added. The plates were incubated at 44 °C for 24 h
and counted with a detection limit of 10 CFU g .

For sampling of coliphage ¢X174, the host E. coli
(ATCC 13706) was cultured in unselective microbial me-
dium (NB, Oxoid AB, Sweden) at 37 °C for up to 4 h. A
1 mL sample volume of suitable dilution was mixed with
2 mL soft agar and 1 mL host solution, poured onto blood
agar base (BAB) plates (Oxoid AB, Sweden) and incubated
at 37 °C for 16+2 h.

2.4.2 A. suum ova extraction

A. suum ova extraction was conducted according to the
procedure of the United States Environmental Protection
Agency (EPA/625/R-92/013), using 30 g of material.
Prior to incubation, 15-20 of the extracted ascaris eggs
were verified. The tubes were incubated at 28 °C for
30 days in 0.1 N H,SO,.

After approximately 30 days, the incubated material was
analyzed under the microscope (~100 ova per sample). A
1 mL Sedgwick Rafter Counting Cell was used to count eggs;
pre-larvae and larvae were counted as viable.
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2.4.3 Virus analyses

Samples for virus analysis were diluted 1:5 in NaCl peptone
water with Tween buffer, further diluted 1:2 in beef extract
with glycine, and kept at =70 °C until analysis. After thawing,
the samples were vortexed for 15 min at 60 rpm, centrifuged at
3,000xg for 15 min at 5 °C, and the supernatant filtered
through a 0.45 um filter. The samples were then filtered
through a sterile gel filter (PD10, GE Healthcare) to remove
toxicity. The samples were analyzed by endpoint titration
using the following cell cultures: MDCK (ATCC CCL-34)
for adenovirus, BHK (ATCC CCL-10) for reovirus, and swine
kidney cell line (SK-6) for enterovirus, all cells were prepared
24 h prior to infection. To assess the virus concentration in the
ingoing material, the samples were diluted tenfold and eight
replicates of 50 uL were assayed for each dilution, while 48
replicates of the lowest dilutions were used to lower the
detection limit.

2.5 Calculation
2.5.1 Material conversion

The waste-to-biomass conversion rate (BCR) on a total solids
basis was calculated by:

Mig.PPro.1s

BCR =
Wastero. s

% 100 (1)

where Mig.PPr, 15 and Waster,; s were the total solids in the
migrating prepupae and waste, respectively.

The calculations for the nutrient flow balance and material
degradation were based on the assumption that:

Wasteroash = Residuero ash + Mig.PProgash (2)

where Wastero ash, Residuero ash, and Mig.PPro osp Were the
total amount of ash in the inflow waste, the residue, and the
migrated prepupae, respectively. The amount of ash in the
residue was estimated based on the measured values in the
inflow material and migrated prepupae.

The material reduction (Matygreq) On a total solids basis
was calculated as:

Redsiduery s
Mat — - ZEEEEETTS ) 00 3
alTs Red < Wasteror.Ts ( )

where Residuer,; 15 and Waster,; 15 were the total amount of
total solids in the treatment residue and the inflow waste,
respectively.
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2.5.2 Reduction of microorganisms

The log;o reduction of evaluated microorganisms that oc-
curred during 1 week in the treatment (A log;o Red) was

calculated as:
CMat, ) (4)

CMaLout,ur]

Alog;oRed = log, (

where Cyry, Was the estimated concentration of the material in
the treatment unit after substrate inoculation week i and
Chmat.ou;., the theoretical concentration of the material in the
treatment unit prior to substrate inoculation 1 week later (i+1).

The theoretical concentration of the material in the treat-
ment unit week i (Cya, ) Was calculated as:

C <CSub.in; X Mgub.in; + CMat.out[ X mMat,») (5)
Mat; —
MSub.in; T MMa;

where Csyb.in, and mgypin, Were the concentration and mass,
respectively, of the inflow substrate week i and Cyyy, and
muma, the concentration and the mass, respectively, of the
treatment unit week i.

2.5.3 Mass balance

The material in the fly larvae composts was assumed to be
mainly polysaccharides (cellulose and starch); thus, the chem-
ical formula C4H;9O5 was used when calculating the amount
of oxygen needed for the respiration. For each polysaccharide,
six oxygen molecules were required for full degradation into
six carbon dioxide and five water molecules. For the mass
balance, it was assumed that the total mass of material reduced
on organic content basis had been completely respired into
carbon dioxide and water.

The nutrient mass balance was conducted by multiplying
the measured concentration of the evaluated nutrients with the
mass of the total solids, for each fraction.

2.6 Statistical analyses

Two-tailed, paired Student’s # test (95 % confidence interval)
was used to evaluate whether the reduction of microorganisms
was significant and if a statistically significant difference
occurred between the total solids, organic content and the
concentrations of nutrients in the inflow and outflow mate-
rials. Linear regression with # test was used to evaluate if the
pH and the reduction of microorganisms changed over time.
All analyses and graphical presentations were conducted in R
(R Core Team 2012).

3 Results and discussions

Three black soldier fly compost reactors were continuously
fed a mixture of human and pig manure and organic waste
during 9 weeks. Once weekly, samples of the outflow material
were collected and physicochemical and microbial parameters
analyzed. The process efficiency in the fly larvae reactor was
verified by determining the material degradation, waste-to-
biomass conversion rate, mass balance of the organic content
and nitrogen and phosphorous, the average weekly reduction
of the evaluated microorganisms, and the survival of Adeno-,
Reo- and Enterovirus and 4. suum eggs in the process.

3.1 Change in physicochemical properties

The organic content significantly (p<0.05) decreased in
the process, from 86.6 % in the inflow material to
72.9 % in the outflow material (Table 1). The pH was
found to significantly (p<0.05) increase with time; the
average pH in the inflow material was 5.6, while the
average pH in the outflow material was 8.3. There was
no significant (p>0.05) difference in the change in pH
over time between the three reactors. The prepupae
were 12.3 % ash and 59.9 % moisture.

The concentration of total phosphorous significantly
(»<0.05) increased per gram total solids in the process,
from around 33 mg g ' to almost 48 mg g ' (Table 2).
The concentration of total nitrogen, organic nitrogen and
nitrate was not significantly different (»p<0.05) in the
inflow and outflow material, while the concentration of
total ammonium nitrogen significantly increased
(»<0.05). Some of the nitrogen was incorporated into
the prepupal biomass in the form of proteins. The
nitrogen profile changed significantly in the process:
the organic nitrogen present in the inflow material was
converted into ammonia, changing the organic nitrogen
to total nitrogen ratio from 0.91 to 0.78 and the C/N
ratio decreased from 16.4 to 14.3.

Table 1 The pH and percentage total solids (TS) and organic content of
the inflow and outflow material and prepupae; average values and stan-
dard deviation (SD) of the three fly larvae reactors presented

pH Total solids (%)  Organic content

(% of TS)
Average SD Average SD  Average SD
Inflow material 5.6 0.1 26° 2.1 859" 2.3
Outflow material 8.1 03 30.3" 1.9 73.6 2.8
Prepupae 40.1 14 877 0.7

# Significant difference (p<0.05) between in- and outflow materials
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Table 2 Concentrations (mg g "
total solids (TS)) of nutrients in in-
flow and outflow materials and the
prepupae, and the ratio of Org-N/

Inflow material Residue Prepupae

Average SD Average SD Average SD

Tot-N and C/N in the inflow and
outflow materials; average values
and standard deviation (SD) of the
three fly larvae reactors presented

Total phosphorous (mg g ') TS?
Total nitrogen (mg gfl) TS

-Org-N
NH,N ?
* Significant difference (»<0.05) -NOs;-N
in concentration per gram total Org-N/Tot-N ratio
solids between in- and outflow C/N ratio

material

33.18 3.26 47.78 0.97 9.99 1.19
52.86 2.56 50.84 1.97 50.75 11.98
47.94 2.63 39.59 1.34

3.84 0.32 9.87 1.51

1.09 0.26 1.37 0.45

091 0.01 0.78 0.03

16.37 0.77 14.34 0.20

3.2 Material conversion and nutrient flows

The total flow of nutrients was estimated for the fly larvae
composting process (Fig. 2). It was found that close to half of
the total nitrogen in the inflow material was degassed as
ammonia, while just over 10 % was incorporated into the
larval biomass. Approximately 30 % of the total phosphorous
and 10 % of the ash was not accounted for in the system, as
these two components should not disappear it is likely that it is

Fig. 2 The chart show the total
mass balance of material and
nutrients in the 9 week continuous
flow fly larvae treatment,
calculated on total solids basis;
averaged values from the three
replicate units are presented in the
scheme. The arrows for total
nitrogen and phosphorous are
amplified ten times

- 12.5%
Vs

+ @ Prepuape
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due to experimental and/or analytical factors. The flow bal-
ance was estimated by multiplying the concentration of total
phosphorous for the inflow and outflow with the correspond-
ing mass. It could be that the total phosphorous concentration
was not constant for all outflow material. Less than 3.5 % of
the total phosphorous was incorporated into the larval
biomass.

The total material reduction was 55.1 % on a total solids
basis. Of the total 32 kg flowing into the fly larvae compost,
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around 20 kg turned into carbon dioxide and water and 2.4 kg
(11.8 %) was converted into larval biomass (Table 3). The
concentration of total ammonium nitrogen increased, while
the concentration of organic nitrogen decreased by almost
63 %.

The waste-to-biomass conversion rate of 11.8 % on a total
solids basis presented in this paper only included the migrat-
ing prepupae. Sheppard et al. (1994) reported an optimal
conversion rate of 8 % on a total solids basis in a low-
maintenance system operating in ambient temperature,
converting hen manure into prepupal biomass. The optimal
conversion rate was found for the May to August period,
while a considerably lower conversion rate was found for
the period May to December. In good accordance with this
study, Diener et al. (2011) reported a conversion rate of 11.8 %
on a total solid basis in mixed organic waste. The highest
waste-to-biomass conversion rate for black soldier fly larvae
reported hitherto is 22.9 %, in which human feces was con-
verted to prepupal biomass in a small-scale system feeding ten
larvae one lump sum of material (Banks et al. 2014). The
conversion rate drastically decreased to 1.6 % in a treatment
with 100 larvae with lump sum feeding, while it was 15.9 %
with incremental feeding with the same number of larvae. It
appears that several factors impact the conversion rate: the
waste source is a major contributor, but also the temperature at
which the system operates, the larval density and the feeding
regime appears to have an impact.

In this study, it was observed that some prepupae never left
the reactor, but pupated in the outflow region. A higher waste-
to-biomass conversion rate could therefore be expected in a
more optimized system. One way of forcing the prepupae to
leave the system could be by increasing the moisture percent-
age in the outflow region. Moreover, the pig manure fraction
contained a considerable proportion of straw, which cannot be
consumed by the larvae. A substrate with lower proportion of
straw would also yield a higher conversion rate.

The material degradation was over 50 %, in accordance
with previous findings for degradation of different animal
manures (Myers et al. 2008; Sheppard et al. 1994). For other
feed stuff, higher degradation has been achieved. A 70 %

degradation on a total solids basis was demonstrated for mixed
organic waste (Diener et al. 2011) and hen feed (Gobbi et al.
2013), while a 75 % reduction on a total solids basis was
demonstrated in fecal sludge (Lalander et al. 2013). The
higher degradations observed in those materials is probably
due to a higher percentage of easily available carbon. The
straw in the pig manure made the waste substrate less degrad-
able to the larvae.

The total phosphorous was found to be concentrated in the
outflow material, which decreases the amount of field work
during application.

Around 44 % of the total nitrogen evaporated, mainly
as ammonia. Ammonia evaporation is governed by the
ammonium—ammonia equilibrium, which in turn depend
on the pH and temperature (Emerson et al. 1975). This
system was run at 25 °C and the pH increased from
pH 5.6 at the start to pH 8 after 3 weeks of treatment
(Table 1). As a consequence, the evaporation of ammo-
nia can become considerable in this type of well-
ventilated system. In a large-scale system with con-
trolled ventilation, emissions of ammonia can be kept
low by condensation of the outgoing air. Preliminary
studies on batch fly larvae systems demonstrated that
the emissions of nitrous oxide (N,O) were so small as
to be negligible (unpublished data). Of the total amount
of nitrogen in the system, loss through denitrification is
likely to be small since the amount of nitrate in the
system was not great and the process was relatively
well-aerated through larval movement. Although a con-
siderable proportion of the total nitrogen was lost, the
concentration of total ammonium nitrogen was higher in
the outflow than in the inflow, thereby improving the
fertilizer value of the treatment residual in comparison
to untreated material.

The outflow material that may be used as organic
fertilizer comprised on a total solids basis 4.8+0.10 %
total phosphorous and 5.1+0.2 % total nitrogen, of
which around 77.9+3.0 % was organic nitrogen and
19.4+2.3 % total ammonium nitrogen — 0.98+0.15 %
of total residue (Table 2).

Table 3 Process efficiency of the

fly larvae continuous reactor cal- In material Total system including PP
culated on total solids basis in the
material and in the total system Average SD Average SD
including the prepupae (PP); av-
erage values and standard devia- Biomass conversion rate (%) 11.8 03
tion (SD) of the three fly larvae Material reduction (%) 55.1 3.2 433 33
reactors presented Total nitrogen reduction (%) 56.8 4.7 452 7.2

-Org-N 62.9 35

-NH4-N -16.0 24.6

-NOs-N 435 18.9

Total phosphorous reduction (%) 353 5.13 29.2 9.33
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3.3 Hygienic quality of treatment residue

The concentration of Salmonella spp. reduced drastically in
the process, from an average inflow concentration of around
10" CFU g ! to below the detection limit of 1 CFU g~ '. The
concentration in the inflow was not measured in weeks 5-7,
but is assumed to be similar to the concentrations measured in
weeks 3—5 (Figs. 2 and 3a). The concentration of total
thermotolerant coliforms appeared to decrease in the material
(Figs. 2 and 3b), while the concentration of Enterococcus spp.
did not appear to be reduced in the process (Figs. 2 and 3c).
The inflow concentration of bacteriophage $X174 varied
somewhat, but the concentration in the outflow was quite
stable from week 5 onwards (Figs. 2 and 3d).

In order to get an estimation of the reduction of the evalu-
ated organisms in the treatment, the average log;o reduction
that occurred during one week in the treatment was calculated
(5). In average, total thermotolarent coliforms and X174 was
reduced 0.6 and 1.7 log; o, respectively, in one week (Table 4).
The weekly reduction of thermotolerant coliforms was found
to increase with time. No statistically significant improvement
in weekly reduction of the $X174 was found over time. No
reduction of Enterococcus spp. occurred in the treatment.
There were no significant difference in the reduction of mi-
croorganisms between the reactors (p>0.05).

One of the hypotheses in this study was that a continuous
system could improve the hygienic quality of the fly larvae-
treated material compared to a batch system, due to interac-
tions with an improved microbial and fungal community. For
the bacteria and bacteriophages, the results agreed with the
findings for a batch system, with no improved reduction
(Lalander et al. 2013). In the previous study, the reduction of
bacteriophages was found to be equal in the larvae treated and
control material and was thus concluded not to be affected by
the larval activity. The weekly log;o reduction of
thermotolerant coliforms was found to be 0.6 log;, in this
experiment, but was found to improve with time. No
identification of the specific coliform species was
performed; however, it is likely that a large part of the
coliforms included in the analyses were not E. coli. Erickson
et al. (2004) demonstrated a greater reduction in E. coli
O157:H7 at 27-31 °C in fly larvae-treated chicken manure
compared to the reduction found in cattle manure. The reduc-
tion was increased with increasing temperature and similar
reduction as observed in this study was observed in chicken
manure at 23 °C. Chicken manure is considerably higher in
ammonia than cattle manure (Paul and Beauchamp 1989);
uncharged ammonia is well known to be toxic to microorgan-
isms and as the concentration of uncharged ammonia in-
creases with temperature (Nordin et al. 2009). The reduction
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Table 4 The average log;, reduction that occur in one week in the
treatment (Ajog10 Red) for the evaluated microorganisms, the p-value for
this reduction and the p-value for the time effect, i.e., whether a change in
Ajog10 Red occurred over time

Average Alogl0 p for Alogl0 p for

Red Red time-effect
Salmonella spp.* >7 - -
Enterococcus spp. —-0.1 0.14 4x 10710
Thermotolerant coliforms 0.6 8x 1078 0.003

PX174 1.7 <2x107'  0.07

? The concentration in the outflow material was below the detection limit
during most of the experiment, statistical analyses was thus not possible

of E. coli observed by Erickson et al. (2004) in chicken
manure and the increased reduction observed at elevated
temperatures could therefore have been caused by increased
concentration of uncharged ammonia and be unrelated to
larval activity.

The mechanism behind the reduction of salmonella
observed in this study is not known. Choi et al. (2012)
found that methanol extracts of the black soldier larvae
had antibacterial effects on the Gram-negative bacteria
studied, but no such effect was seen on the Gram-
positive ones. The authors speculated that the
antibacterial effect could be due to interaction between
the bacterial ribosome or bacterial cell wall and the
active substance. In accordance with Choi et al.
(2012), a reduction was seen for the Gram-negative
salmonella and some reduction for thermotolerant coli-
forms in this study, while no reduction of the Gram-
positive enterococcus occurred.

The concentration of viable viruses decreased in the mate-
rial, and was below the detection limit in all samples after
14 days (Table 5). Adenovirus was the most persistent of the
viruses studied, while enterovirus was less persistent than
reovirus.

The maximum virus concentrations in the material, which
were recorded at day 2 for all viruses, were 2.5—4 log; units
below inflow concentration. This is more than the approxi-
mate 1 log;, dilution of the ingoing material—assuming that
the inflow material was mixed evenly in the compost—and is
probably due to inactivation of the viruses, possibly in com-
bination with the non-uniform distribution of viruses in the
material. As the virus concentration in the outgoing material
decrease with time, an increased time interval between feeding
and harvesting will yield a lower virus concentration in the
outgoing material. There are several factors that affect the
survival of viruses: larval activity can be one; a natural time-
dependent die-off in ambient temperature another; adsorption
onto particles is a third; and ammonia inactivation can be a
fourth effect. Ammonia has been proven to have a good
reduction effect on single stranded viruses (Emmoth et al.
2011). A study on the inactivation of adenovirus (ad41) during
storage reported a decimal reduction time of 12.5 days at
20 °C in biosolids which have similar dry matter content
(Wei et al. 2009). This is considerably longer than the findings
in this study. Further investigations are required for a better
understanding of the mechanisms involved.

The concentration and viability of ascaris eggs did not
change significantly (p>0.05) in the course of the treatment,
nor was there any significant difference in concentration and
viability of ascaris eggs between the three units over the
course of the experiment (p>0.05). The viability of the eggs
was 90.3 % when they were inoculated into the treatment,
82.9+4.3 after 1 week and 78.6+6.7 after one month in the
system. The concentration was 72.6+11.7 eggs per gram after
one week and 84.6+68.8 after one month.

As for the bacteria and bacteriophages, the reduction of
Ascaris eggs did not appear to change in the continuous
system compared to what was found for the batch system
(Lalander et al. 2013). It was not possible to determine the
total reduction/destruction of ascaris eggs. When attempting
to estimate the flow of the eggs in the system, based on the

Table 5 The concentration

(TCIDsp) + standard deviation Day  Adenovirus Reovirus Enterovirus
(SD) over time of Adenovirus,
Reovirus, and Enterovirus in the Concentration # positive  Concentration # positive  Concentration # positive
fly larvae reactor at the time of, (logl0 (TCIDsg))  samples/3  (logl0 (TCIDsp))  samples/3  (logl0 (TCIDsg))  samples/3
and 14 days following, virus +SD +SD +8D
inoculation
-1? 5.8+0.3 3 6.8+£0.3 3 5.9+0.2 3
o 5 6.1 5.1
2 3.2+0.2 3 2.6+0.4 1 2.8+0.3 2
3.1£0.04 3 2.5+0.3 1 <2.3°¢ 0
2.540.3 1 <2.3°¢ 0 <2.3°¢ 0
# Concentration in inflow material 9 2.6+05 1 25404 1 <2.3¢ 0
® Theoretical average concentra- 11 2.8403 2 <23° 0 <23°¢ 0
tion after inoculation into reactor 14 <23 0 <3¢ 0 3 0

¢ Below detection limit
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concentrations found in the outflow material, the total number
of eggs exceeded the total number added, although no eggs
were found in the fresh inflow material. Due to the adhesive
nature of the ascaris eggs, it is likely that the concentration of
eggs was not constant in the system. In this system, not much
material was removed throughout the experiment due to the
slow accumulation of solids during the 10 weeks of the study.
Thus, it is possible that the eggs accumulated in the outflow
region while the concentration of eggs could have been lower
in the inflow region. However, as the concentration of eggs
did not decrease with time in the outflow region, it does not
appear that the eggs were destroyed. The viability of the eggs
was not significantly (p>0.05) reduced with time. However, it
was observed that the eggs extracted after one month in the
system had not started to develop into prelarvae after 30 days
in the fly larvae reactor at 25 °C, which could otherwise be
expected. After 30 days at 28 °C after the eggs were separated
from the material, 79 % of the eggs had developed into
prelarvae. It appeared that the development of the eggs had
been inhibited during the treatment, despite the temperature
being in a range that supports development. One reason could
be the increased total ammonium nitrogen concentration, as
uncharged ammonia is known to inactivate the development
of ascaris eggs (Fidjeland et al. 2013). Additionally, Fidjeland
et al. (2013) found that the main effect of ammonia was to
shorten the lag phase for the bilinear inactivation of ascaris. It
is therefore possible that a longer retention time in the fly
larvae system or during post-storage could lead to inactivation
of the ascaris eggs present.

3.4 Sanitary risks of the fly larvae system

The minimum retention time of material in the fly larvae
compost was set at two days, while the hydraulic retention
time was over 30 days. This was enough for inactivation of the
zoonotic salmonella bacteria, while the other investigated
organisms survived the treatment. Viruses had an indicated
reduction of 2 log,y, whereas ascaris eggs were not
inactivated/destroyed. System management is therefore re-
quired that results in additional security in terms of breaking
disease transmission, e.g., the selection of crops to be fertil-
ized and incorporation of the fertilizer into the soil.

In a previous study, it was shown that the content of the
zoonotic bacteria such as salmonella was reduced in the
material to such a degree that it was not detectable in the
harvested prepupae (Lalander et al. 2013). Other zoonotic
bacteria were not tested, but in other studies a, similar reduc-
tion of another Gram-positive bacteria, E. coli O157, has been
observed (Erickson et al. 2004). Due to the reduction of
zoonotic bacteria, the risk of disease transmission — when
feeding animals other than the ones providing the feed to the
larvae — is a low-risk management system. For preservation
and greater hygienic security, it may be required to process
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the prepupae further. With drying for example, the low water
content and the temperature required for drying improve the
hygienic status of the material, while preserving the larval
meal at the same time.

4 Conclusions

The material degradation was 55.1 % and the waste-to-
biomass conversion rate 11.8 % on a total solids basis in the
continuous fly larvae composting system. Optimizing prepu-
pal migration efficiency could increase the waste-to-biomass
conversion rate. A large proportion of the nitrogen evaporated
as ammonia: these losses can be kept low by condensing the
outgoing air. Both the phosphorous and total ammonium
nitrogen concentrations increased in the outflow material.
The hygienic quality of the material was found to increase in
the fly larvae treatment: the pathogen Salmonella spp. and
viruses were reduced in the system, while the reduction of the
other organisms studied was small or insignificant. Minimal
retention time was found to be a key factor for pathogen
reduction.
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