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Abstract

Aquaponics plant waste, such as the non-edible parts of many vegetable crops, can be a
source of environmental pollution, while its treatment might cause an economic burden.
Therefore, efficient use of this waste would be advantageous. This study aimed at
investigating anaerobic digestion of aquqponic lettuce waste to recover nutrients and
energy through biogas production. A 700 L commercial anaerobic system was used to
treat lettuce wastes from an aquaponic farming system that operated under desert climate
and steady-state conditions. Digestion efficiency of the lettuce waste was 90.1% by
weight, producing a maximum biogas volume of 0.65 m3/kg dry weight per day. Biogas
composition contained on average 59.2% methane and 38.9% CO2 with only negligible
hydrogen sulfide content. Moreover, the supernatant from the anaerobic digester
contained elevated nutrient concentrations (N, P, K, Ca, and Fe), which can potentially
be used onsite as a fertilizer. Onsite anaerobic digestion of lettuce plant waste from the
aquaponic system under summer desert conditions is demonstrated for the first time to
efficiently reduce pollution burden, produce high-quality biogas, and recover nutrients.
Keywords Anaerobic digestion . Aquaponics . Bioenergy recovery . Desert farming . Nutrient
reuse . Waste management
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Introduction
Aquaponics is a system of multi-trophic culture including aquaculture units in which the waste
produced by the fish or other aquatic animals supplies nutrients for plants that are grown
hydroponically, which in turn treat the water (Goddek et al. 2019; Graber and Junge 2009;
Rakocy et al. 2004). Agricultural plant waste, such as the inedible parts of cultivated plants (e.g.,
plant roots, leaves, and stems), is considered an environmental and economic burden on agricultural operations (Gallagher et al. 2003). Typically, in large agricultural operations, it may be
treated or utilized in numerous ways such as livestock feed and soil amendments (Duncan et al.
2016). However, in smaller agricultural operations, a significant part of this plant biomass remains
unutilized or is burnt, or sent to a local landfill. Such practices not only decrease the recovery
efficiency of agricultural resources but also often result in serious environmental pollution and
social issues (Xu et al. 2018). Therefore, it would be advantageous to treat this biomass onsite so
that it could be utilized properly and effectively. When grown in a greenhouse and specifically in
deserts, the production of aquaponic systems is year-round (Somerville et al. 2014), suggesting
continuous plant waste production followed by a need for crop-waste management.
The use of anaerobic digestion of agricultural waste for biogas production and resource
recovery has been suggested previously (Kumar Gupta and Tuohy 2018; Marchaim 1992).
Agro-plant waste is mainly composed of cellulose, hemicellulose, and lignin, along with
smaller amounts of pectin, protein, extractives, and inorganic minerals. Whereas the optimal
C:N ratio for anaerobic digestion is considered to be between 20:1 and 30:1 (Mao et al. 2015),
agro-plant waste has typical C:N around 10:1. This is believed to be a significant reason that
previous trials of anaerobic digestion of agro-waste resulted in limited digestion efficiency and
limited biogas production (Goddek et al. 2018; Mehariya et al. 2018). Recently, it was
demonstrated that after acclimation, it is possible to significantly enhance anaerobic digestibility and methane (CH4) production in low C:N wastes (Yogev et al. 2020). However, this
has scarcely been demonstrated with hydroponically grown plant waste in general, and to the
best of our knowledge, no such studies have been conducted onsite under desert conditions.
Temperature influences anaerobic sludge digestibility and biogas production (Khalid et al.
2011). Microbial activity accelerates to a certain point as the temperature rises (Lettinga 2001).
Nonetheless, diurnal temperature fluctuation in deserts, and specifically in the Negev desert
where this study was conducted, may be quite distinct. For example, the ambient winter
temperatures range from 0.5 to 12 °C, average ambient daily maximum summer temperature is
36 °C, generally ranging from 32 to 41 °C, and average night temperature ranges from 21 to
26 °C (Posmanik et al. 2017). The latter might negatively affect anaerobic digestion efficiency,
specifically in relatively small reactors that are more susceptible to such fluctuations.
Integrating onsite waste treatment for reuse of nutrients and bioenergy in near zero-waste
multi-loops aquaponic systems is a fairly novel concept that has been demonstrated theoretically by our research team (Yogev et al. 2016). Briefly, inedible crop residues from the
hydroponic component in the aquaponic system are introduced into an anaerobic digestion
system. During digestion, nutrients are expected to mobilize into the supernatant, and biogas is
expected to be produced. It is hypothesized that both could be used as onsite nutrient and
energy sources. If properly conducted, this practice can significantly enhance nutrient-use
efficiency and improve the energetic requirements and economics of the system (Goddek et al.
2018; Yogev et al. 2016).
In this study, we investigated the onsite anaerobic digestion of inedible lettuce waste from
aquaponics farming in a small-scale commercial system under hot desert environmental
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conditions. Specifically, solid digestibility, CH4 yield, and nutrient content in the supernatant
(effluent) were evaluated as a potential source for onsite reuse as energy and nutrient (fertilizer)
sources, respectively.

Materials and methods
Experimental site
The experiment was conducted in a greenhouse located at the Sede Boqer Campus of Ben
Gurion University of the Negev, Israel (30°51′ 8.27″ N, 34° 34′ 0.24″ E, altitude 496 m)
between 26 May and 4 September 2018. The ambient temperature in the greenhouse system
was continuously measured with a thermometer (TM-747D Thermometer, China) connected
to a data logger.

Aquaponic system and feedstock
The source lettuce plants were from an adjacent aquaponics facility, with design and specifications, as presented in Fig. 1. The aquaculture component of the aquaponic system was
comprised of one 300-L grow-out aquaculture tank (Dolav Plastic Products, Israel), a 600-L
solid brush filter, two polypropylene nitrification tanks (200 L each) in series, and a 100-L
polypropylene splitter tank that splits the flow between the hydroponic beds and fish tank. An
upflow anaerobic sludge blanket (UASB, 1300 L) reactor was attached to the system for the
treatment of the fish sludge. The hydroponic beds were composed of four channels of 0.3 m ×
0.5 m × 15 m. The total water volume of the aquaponic system was 11.7 m3.
Water from the fish tank flowed by gravitation through a solid filter and aerobic biofilter;
from there around 50% was pumped with an 82-W aquarium pump (Eden 159, Germany) to
the hydroponic bed. The water from the hydroponic bed was pumped back to the fish tank via
a 0.37-kW centrifugal pump (Pedrollo Ltd., Italy). Fish sludge from the solid filter was
backwashed twice a week into the bottom of the UASB by a peristaltic pump (Boxer 4500,
Germany), where it was anaerobically digested. Simultaneously with the introduction of the
backwash, effluent (supernatant) from the top part of the UASB reactor flowed to a reservoir
and from there, with an 82-W aquarium pump (Eden 159, Germany), to the hydroponic beds,
allowing a continuous flow of nutrients.
The aquaponic system was operated for over 6 months prior to the experiment to allow
acclimation and stabilization of the bioreactors and reached near-steady-state operation. At the
initiation of the experiment, the fish tank was emptied, and 116 catfish (Clarias gariepinus)
with an average weight of 132 g each were introduced into the fish tank, corresponding to a
stocking density of 43.6 kg/m3. Fish were fed 2% (w/w) of their body weight daily for 91 days
with a commercial feed containing 45% protein (catfish feed #8364, Zemach Feed Mill,
Israel). Feed application was adjusted to the actual fish weight, and whenever fish density
exceeded 65 kg/m3, some of the fish were removed to bring the density to about 50 kg/m3.
Dissolved oxygen (DO), pH, temperature, electrical conductivity (EC), and oxidationreduction potential (ORP, in the UASB only) were monitored daily using laboratory meters
onsite. Water samples (250 mL each) were collected every 10 days from the fish tank,
nitrification unit, hydroponic bed, and inlet and outlet of the UASB reactor. Samples were
brought to the laboratory within 15 min after collection and analyzed. Overall, 10 sampling

Aquaculture International (2021) 29:57–73

60

Fish

Fish
tank

Solid
filter

Energy
Biogas

Biofilter

Backwash

Feed

Supplement

UASB

Effluent
Anaerobic
digester

Plant waste

Hydroponic bed
(lettuce)
Plant

Fig. 1 Schematic representation of the aquaponic research system, with its fish, filtration system, and the
hydroponic plant bed components and treatment loops

campaigns were performed during the experiment. All methods followed standard or published
procedures, as described in the following sections. Lettuce plants (Lactuca sativa cv. Noga)
were grown in the hydroponic beds. To maintain relatively constant plant growth, half of the
lettuce plants from the hydroponic bed were harvested every 2 weeks, with the simultaneous
introduction of new lettuce seedlings.
The harvested plants were separated into roots and edible and inedible leaves and then
weighed. The waste consisting of roots and inedible leaves was weighed separately and kept in
a cold storeroom. Every 3 days, lettuce waste was introduced into a “HomeBiogas” anaerobic
digester without cleaning or other pretreatments, as detailed below. After each harvest, three
plants (edible and inedible parts) were sacrificed; overall, 18 lettuce plants were further
characterized for their physicochemical properties along with the experiment.

Anaerobic treatment of plant waste
An anaerobic digester with a 700-L polyvinyl chloride (PVC) digester tank and 650-L biogas
tank were used (HomeBiogas, Israel). The whole system was operated for over 6 months prior
to the experiment, treating different plant waste and sludge. The resulting digestate was used as
inoculum for the current experiment. At the onset of the experiment, the reactor was emptied,
and around 28% (200 L) sludge was reintroduced as an anaerobic inoculum, after which the
reactor was filled with fresh tap water.
Plant waste was weighed, mixed, and introduced into the system via an inlet channel
installed on one side of the digester. Effluent (supernatant) overflowed from a pipe installed on
the other side of the digester tank. The volume of the effluent was measured, and subsamples
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were taken for physicochemical analyses. The total lettuce waste varied between harvests,
resulting in an average application rate to the reactor (every 3 days) of 6.3 ± 2.6 kg. The biogas
left the anaerobic digester through an 8-mm gas pipe, passing through a sulfide (iron chips
based) and moisture trap, and a gas meter (Gaoli, China). The sludge and effluent were
regularly sampled from the digester throughout the experiment. It should be noted that the
performance of the anaerobic digestion of the plant waste is the focus of this study. Moreover,
the description and a brief report on the performance of the aquaponic system are given since it
was the source for the lettuce waste.

Solids analysis
Raw lettuce waste and anaerobically digested lettuce waste were sampled every 10 days throughout
the experiment. Subsamples were weighed and dried at 65 °C for at least 72 h, and total solids (TS)
were calculated. The dried samples were ground by mortar and pestle and further analyzed for
volatile solids (VS). C, H, N, and S were analyzed by an elemental analyzer (Flash EATM 1112
CHNS-O Analyzer; Thermo Fisher Scientific Inc., UK). Micro- and macro-elements (Ca, Mg, Na,
K, P, Fe, Mn, Zn, Cu, B, and Mo) were extracted and analyzed by inductively coupled plasma
(ICP) analyzer (ICP–AES; Varian 720 ES, Australia) according to standard protocols (Kalra 1998).
To understand changes in the organic nature of the solids before and after digestion, dry raw
and digested lettuce waste samples were analyzed by attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy (Nicolet 6700 Thermo spectrometer, Thermo
Fisher Scientific). Each measurement consisted of 40 scans with a wavenumber resolution of
4 cm−1 by placing the studied solid sample on top of the diamond crystal slit. Opus software
(Bruker, USA) was used to record the spectra and select the corresponding backgrounds for the
ATR crystal. The main information was from the area between 3500 and 650 cm−1 where the
characteristic bands of the functional groups arise.

Liquid analysis
The supernatant (effluent) from the anaerobic digester was collected throughout the experiment. Samples were analyzed onsite for EC, pH, ORP, and temperature and then transferred
directly to the laboratory for further analyses. Nitrate (NO3−-N) was determined by the secondderivative method, nitrite (NO2−-N) by the colorimetric diazo method, and total ammonium
nitrogen (TAN) by the sodium salicylate method (APHA 2012). Soluble reactive phosphorus
(SRP) was measured by the vanadomolybdate procedure (APHA 2012). Total suspended
solids (TSS) and volatile suspended solids (VSS) were determined gravimetrically. Dissolved
organic carbon (DOC), total organic carbon (TOC), total dissolved nitrogen (TDN), and total
nitrogen (TN) were analyzed by a TOC analyzer (Multi N/C, Analytik-Jena, Germany).
Macro- and micronutrients in the effluent were analyzed by inductively coupled plasma
spectroscopy (ICP–AES, Varian720 ES, Australia) according to standard methods (APHA
2012). Samples were stored in the freezer (− 20 °C) before the analyses, which were conducted
no more than 14 days after sampling.

Biogas analysis
As explained above, the volume of biogas was recorded routinely by a gas meter (Gaoli;
Accutherm International, China), which allowed calculating the average biogas flux and the
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overall volume of biogas production. Every 5 days, gas was analyzed for CH4, CO2, N2, and
hydrogen sulfide (H2S) by gas analyzer (Biogas 5000 gas analyzer, Geotech Ltd., UK).
Subsamples were also analyzed for ammonia concentration by the Kitagawa gas detector tube
system (Komyo Rikagaku Kogyo, Japan). The biogas volume was standardized to room
temperature (20 °C) and atmospheric pressure (1 bar) conditions.

Statistical analysis
A t test was applied to determine the differences between properties of the raw lettuce waste
and the anaerobically digested solids (p < 0.05). The statistical software Origin Pro 8.5 was
used to carry out the statistical analyses.

Results and discussion
The onsite anaerobic digestion (AD) treatment of lettuce waste from the aquaponic farm in a
pilot-scale system was successfully run from 26 May to 4 September. After 30 days, the
anaerobic reactor reached stable operating conditions. It was then run under these conditions
for another 71 days, with the last sampling campaign on day 101 from the experimental onset
(71 days into the stable conditions). Results from these 71 days were used as the basis for all
calculations that are summarized and discussed in the following sections.

Aquaponics’ general performance
The aquaponics production of fish and lettuce was summarized (Table 1). Overall, fish growth
rate averaged 0.62 kg/m3/day (~ 1.2% of the total biomass daily) and was similar to previous
reports in recirculating aquaculture system using catfish under fairly similar growth conditions
(Yogev and Gross 2019). Edible lettuce head production was 0.28 kg/m2 per day (Table 1) and
was similar or even higher than previously reported (0.06 and 0.24 kg/m2 per day) from
aquaponic systems (Calone et al. 2019; Goddek et al. 2016; Pérez-Urrestarazu et al. 2019). The
elevated lettuce growth was likely due to the additional nutrients supply from the UASB
reactor effluents, as was expected by the theoretical model (Yogev et al. 2016) and experimental findings (Delaide et al. 2018, 2019; Goddek et al. 2018). In all of the aforementioned
studies, it was suggested or demonstrated that sludge mineralization by anaerobic digestion
can significantly increase macro- and micronutrients in the digester effluents. This was also
found in the current study where the average TN and TAN concentrations from the UASB
effluent were 96.7 and 82.3 mg/L, respectively, and higher than its concentration in the fish
tank or plant bed (Table 2). Another explanation for the elevated growth was likely better light
and desert climate (warmer) conditions. On average, lettuce head (edible and inedible) wet
biomass was 555.4 ± 25.3 g/plant after 28 days of cultivation, and the produced lettuce waste
was 176.2 ± 13.9 g/plant including roots and inedible leaves. It is worth noting that only 2.2%
(193 L) of the total aquaponics volume was used daily to replenish water loss in the system,
mainly due to evapotranspiration by the plants. The water and environmental conditions,
summarized in Table 2, were optimal for catfish growth (Pontongkam and Miller 2006;
Timmons et al. 2018). The average inorganic N and SRP concentrations in the plant bed
was on average, 25.5 and 14.5 mg/L, respectively (Table 2), lower than other lettuce
hydroponic or aquaponics (Djidonou and Leskovar 2019; Nozzi et al. 2018), although plant
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growth was high. The latter was likely due to several reasons: (a) the daily supplied loads of N
and P were sufficient to support the reported growth rate, specifically when combined with the
elevated desert radiation; (b) excess nutrients and other compounds from the UASB could
enhance growth (Goddek et al. 2016).

Anaerobic treatment performance of plant waste
The anaerobic digester was fed with an average of 2.1 kg of fresh lettuce waste per day.
Overall raw and digested lettuce waste characteristics are given in Table 3.
Digestion of lettuce waste, digester’s effluents, and sludge quality were monitored over
time during the reactor’s operation to determine its performance. As discussed above, it should
be noted that the reactor performance is considered from 25 June to 4 September, following the
establishment phase, when operational conditions became steady (Fig. 2). The reactor’s ORP
averaged − 346 mV and pH averaged 7.3, which supports high rate anaerobic digestion and
biogas production (Deublein and Steinhauser 2011; Khalid et al. 2011; Marchaim 1992).
Digester’s effluent EC values increased during the operation from 5.53 to 7.78 mS/cm due to
mineralization of the introduced lettuce waste and evaporation but did not affect the biogas
production rate (Fig. 4). While a change in salinity may reduce anaerobic digestion (Deublein
and Steinhauser 2011; Nguyen et al. 2019), a gradual change in EC as the case in the current
study may result in the microbial adaptation which does not affect the microbial digestion and
biogas production (Deublein and Steinhauser 2011; Theuerl et al. 2019). Yet, the latter is
beyond the scope of this study.

Solid waste digestion efficiency
The reactor’s VS concentration was monitored weekly to determine the stability of the
digestion process over time. VS removal reached up to 90.1%, and TS removal was 86.5%.
These results demonstrate high mass removal efficiency of the anaerobic digestion, which for
agricultural waste, typically ranges between 30 and 96% VS reduction, based on substrate
properties and reaction conditions (Xu et al. 2018). Consequently, the minimization of waste
disposal costs is expected.
The C:N ratio of the substrate is a key parameter for anaerobic digestion efficiency (Mao
et al. 2015; Mehariya et al. 2018) and was found to be 10.1 for the lettuce waste in the current
study. While the optimal C:N ratio for the anaerobic digestion (AD) is typically considered to
be in the range of 20:1 to 30:1 (Mao et al. 2015), it has been shown that efficient digestion can
also occur at lower ratios (Quinn et al. 2016). However, under low C:N ratios, the development
Table 1 Performance of the desert aquaponic system during the research trial (May–August 2018)
Parameter

Unit

Value

Fish feed application
Fish biomass production
Feed conversion ratio
Survival
Average fish density
Lettuce shoot yield (edible part)
Lettuce “waste” yield (inedible part)

kg (DW)
kg

21.8
16.9
1.29
98
60.2
598.1
161.7

DW dry weight, WW wet weight

%
kg/m3
kg (WW)
kg (WW)

64

Aquaculture International (2021) 29:57–73

Table 2 Physicochemical water characteristics in the aquaponic system during 71 days of stable operation (June–
August 2018)
Parameter Unit

pH
EC
DO
Temp.
TAN-N
NO3-N
NO2-N
TN
SRP

μS/cm
mg/L
oC
mg/L
mg/L
mg/L
mg/L
mg/L

Fish tank

Biofilter outlet

UASB effluent

Plant bed a

Average Min-Max

Average Min-max

Average Min-max

Average Min-max

7.5
1214
6.2
30.3
0.5
26.1
0.0
30.2
14.5

7.5
1198
6.0
30.3
0.4
29.0
0.0
31.1
14.3

6.9
1924

6.8–7.8
603–1302
4.9–7.3
26.2–31.4
0.1–0.8
12–42
0.0–0.3
15–45
0.1–26.9

6.8–7.8
612–1307
5.1–7.4
26.3–31.6
0.1–0.8
12–43
0.0–0.3
15–45
0.1–26.3

35.3
82.3
0.5
0.0
96.7
28.4

6.8–7.2
7.5
1716–2094 1189
5.4
33–38
30.0
68–97
0.3
0–0.8
25.2
0–0.1
0.0
78–115
29.5
22.5–36.1 14.5

6.9–7.9
607–1298
4.8–7.4
26–32
0.1–1.8
12–43
0.0–0.3
15–45
0.1–25.3

DO dissolved oxygen, TAN total ammonia N, TN total N, SRP soluble reactive P. Nutrient sampling (N and P)
was conducted every 10 days, and the other parameters were monitored daily
a Values

of plant beds represent the average concentration from three locations (inlet, middle, and outlet) in each

channel

of a suitable and diverse microbial population is especially important. In this study, an
acclimated “inoculum” was introduced and presumably aided to significantly reduce the
Table 3 Physicochemical characteristics of raw and anaerobically digested lettuce waste (solids) during 71 days
of stable operation (June–August 2018)
Parameter
(%)

Total solids (TS)
Volatile solids (VS)
VS/TS
Elemental analysis
N
C
H
Macronutrients
P
K
Secondary nutrients
Ca
Mg
S
Micronutrients
Al
B
Ba
Cu
Fe
Mn
Na
Si
Sr
Zn

Raw lettuce waste

Digested lettuce waste

Mean

SD

Mean

SD

5.1
3.9
76.3

0.2
0.03
1.1

0.69
0.39
56.0

0.11
0.04
1.4

3.86
38.68
5.07

0.20
0.64
0.13

3.51
35.99
4.63

0.16
1.16
0.15

0.84
2.26

0.03
0.15

1.32
0.84

0.03
0.02

2.14
0.46
0.36

0.14
0.02
0.04

6.16
0.69
0.32

0.14
0.01
0.11

0.091
0.089
0.002
0.003
0.124
0.008
0.608
0.241
0.007
0.013

0.006
0.007
0.000
0.000
0.007
0.001
0.051
0.014
0.000
0.001

0.382
0.006
0.007
0.006
0.472
0.026
0.227
0.324
0.028
0.039

0.004
0.000
0.000
0.000
0.010
0.000
0.007
0.025
0.000
0.001

Mean and SD of 18 samples are presented. Data are based on dry weights, except for TS and VS
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Fig. 2 Physicochemical properties (pH, EC, and oxidation-reduction potential [ORP]) over time in the onsite
anaerobic digester used to treat lettuce waste

start-up time while allowing for efficient AD (Fig. 2). The latter was reflected in part by the
operational stability, including relatively stable and favorable pH and redox potentials during
the entire experimental period (Fig. 2).
During AD, mineralization occurred, and inorganic compounds were released from the
lettuce waste (solids) into the liquid phase, as reflected by the increasing EC over time (Fig. 2).
As a result, ion composition changed, and mineral co-precipitation occurred, shifting digested
solid mineral composition (Table 3). It should be noted that the mineral precipitation was also
affected by the distribution of species. Interestingly, the concentration of some elements, such
as P, Mg, Ca, and Fe, was significantly higher (p < 0.05) in the digested solids compared with
the raw lettuce waste (Table 3). This phenomenon may result from the precipitation of
minerals, such as apatite and vivianite, and their accumulation in the digested sludge
(Wilfert et al. 2016; Yogev et al. 2020; Zirkler et al. 2014). Minimizing nutrient losses due
to precipitation may be achieved by controlling operation parameters such as retention time
(i.e., reactor feeding rate and solid to water ratio). For example, shorter retention time may
result in higher VFA concentrations followed by lower pH and lower P precipitation (Gaby
et al. 2017).
To better understand the nature of the organic matter transformations through the presence
and dynamics of functional groups, FTIR analysis of the raw and digested lettuce waste solids
was performed (Fig. 3). Peaks were identified based on the literature (Christou et al. 2018;
Dogan et al. 2007; Marcato et al. 2009; Mau et al. 2016). The difference between the FTIR
results for raw and digested lettuce waste was in the formation of a wide peak in the range of
1520–1440 cm−1 for the latter, which could be assigned to the carboxylic acid derivatives. This
could be explained by the effective hydrolysis, which resulted in a digestate that contains a
higher concentration of monomeric amino acids, sugars, and fatty acids. In addition, a shift in
the peaks at 1374 and 1612 cm−1 (associated with methyl and carboxylic acids, respectively)
could be correlated to changes in the molecules’ environment. The FTIR spectra also revealed
the precipitation of carbonate minerals (872 cm−1) due to the mineralization of organic matter
(Marcato et al. 2009), which would explain the high increase in Ca content in the digested
lettuce waste (Table 3).
The raw lettuce waste presented groups in the FTIR spectra typical of undigested biomaterials, such as proteins, polysaccharides, and fats, whereas the anaerobic digestate was
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composed of smaller soluble compounds, such as amino acids, monosaccharides (or disaccharides), and fatty acids.

Biogas production and mass balance
The liquid temperature inside the anaerobic reactor ranged from 29.7 to 34.4 °C throughout the
study, with a fairly steady average temperature of 31.8 ± 2.5 °C although the ambient
temperature in the greenhouse fluctuated significantly with an average of 30.4 ± 16.2 °C
(Fig. 4a). The optimal mesophilic temperature for anaerobic digestion is around 37 °C
(a)

(b)

Fig. 3 FTIR spectra of the raw and anaerobically digested lettuce waste. Digestion was performed in an
anaerobic reactor under summer desert conditions. a Characteristic bands of the functional groups in FTIR
spectra between 3500 and 650 cm−1. b Zooming area of FTIR spectra between 1800 and 750 cm−1
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(Sánchez et al. 2001), and therefore, the higher temperatures in the desert, specifically in
summer, favor anaerobic digestion.
The total biogas volume produced in the reactor was 5.33 m3 (Table 4) following the total
application of 162 kg wet lettuce waste (Fig. 4b) and corresponded to 84% of the introduced
carbon (C) respectively. About 3.7% of the C was discharged with the effluent, and around
10% of the C was accumulated in the digester (Table 4), and the remaining 2.3% was lost or

Fig. 4 Temperature and biogas production in the pilot-scale anaerobic digester measured during the steady-state
phase (from day 30 to day 91, and then when feeding was stopped) with lettuce waste as the substrate in a desert
climate in summer. a Temperature in the greenhouse and anaerobic reactor recorded in the summer (June to
August) of 2018. b Cumulative biogas production yield and introduction of wet lettuce waste over time. c CH4
and CO2 content (%) following anaerobic digestion
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Table 4 Biogas production and total inlet and outlet C stream in a pilot-scale anaerobic digester that was
operated with lettuce waste as the substrate under summer desert conditions
Biogas
(m3)

CH4 (%,
v/v)

Biogas
(m3/kg
TS)

5.33

59.2 ± 5.6 0.65

Organic C
C in
biogas accumulated in
digester
(kg)
(kg)

Biogas
(m3/kg
VS)

C in plant
waste
(kg)

0.84

3.312 ± 0.174 2.782

0.332 ± 0.064

Organic C
discharged with
effluent
(kg)
0.122 ± 0.024

TS total solids, VS volatile solids

part of the analytical error. CH4 production was calculated at 0.59 m3/kg VS (Fig. 4b and
Table 4). CH4 and CO2 production were reasonably stable at 59.2 ± 5.6% and 38.9 ± 2.3%,
respectively (Fig. 4c). Biogas with at least 45% CH4 content can be combusted and used to
produce heat, generate electricity, or both in combined heat and power generation plants
(Deublein and Steinhauser 2011).

Effluent quality, nutrient recovery, and potential reuse
In addition to bioenergy recovery, onsite anaerobic digestion is also often used to enhance the
extraction of solutes into the liquid phase (Ward et al. 2008). The effluent pH was stable and
close to neutral, indicating balanced digestion (Fig. 5) (Sigurnjak et al. 2017). The nutrient
concentration in the effluent (Table 5) generally increased due to the mineralization of organic
waste. During the 71 days of the stable operation, the effluent TDN concentration averaged
305 mg/L of which TAN accounted for 83%, with negligible or undetectable concentrations of
NO2-N and NO3-N (Fig. 5). Increasing aqueous N and P concentrations during anaerobic
digestion has been found in many studies (Koyama et al. 2018; Yenigün and Demirel 2013)
and is related to ammonification and mineralization of the organic matter (Posmanik et al.
2013). Interestingly, differential mobilization was observed as reflected by the differences
between mineralization ratio of N and P. For example, TAN/TDN and SRP/TP ratios were 0.7
and 0.9, respectively. This was probably a result of mineralization-precipitation (i.e., enhanced

Fig. 5 Physicochemical properties of the anaerobic digester effluent in the stable-state phase generated from
lettuce waste treatment under desert conditions in the summer. TN, total N; TAN, total ammonium nitrogen; TP,
total P; SRP, soluble reactive P
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Table 5 Effluent quality (mean and SD are presented) from an onsite anaerobic reactor digesting lettuce waste
Elements
(mg/L)

Initial effluent

B
Ca
Cu
Fe
K
Mg
Mn
Na
P
SRP
S
Si
Sr
Zn
TAN
NO3-N
TDN
TOC
DOC
TSS
VSS

Effluent quality of stable operation

Mean

SD

Mean

SD

1.08
37.3
0.15
0.21
355
56.0
0.04
177
24.6
15.1
16.8
11.2
0.61
0.14
102
0.3
179
174
152
254
133

0.01
0.1
0.02
0.01
2
0.3
0.00
1
2.3
1.6
5.7
0.7
0.03
0.01
10
0.1
1
3
1
4
4

1.32
91.3
0.39
1.98
808
77.5
0.03
241
49.5
35.4
29.3
12.2
0.83
0.13
247
1.2
305
229
182
522
263

0.61
58.0
0.87
0.57
224
15.3
0.02
40
2.9
4.5
12.0
6.9
0.33
0.01
70
0.3
84
44
4.2
127
68

SRP soluble reactive phosphorus, TAN total ammonium N, TDN total dissolved N, TOC total organic C, DOC
dissolved organic C, TSS total suspended solids, VSS volatile suspended solids

P-mineral precipitation), but it is beyond the scope of this study and requires further research.
Regardless of the differential mobilization N/P ratio in the effluent was similar to the Hoagland
solution (Shaver and Melillo 1984) and thus has the potential to be used as a quality fertilizer.
In contrast, some elements such as K, Ca, and Fe are deficient in comparison with N and P
(Table 5) and should be compensated for optimal fertigation. Overall, 84.7%, 74.8%, and
93.5% of N, P and K, respectively, have the potential to be reused as fertilizer from the lettuce
waste after anaerobic digestion (Table 6).

Table 6 Nutrients balance and potential reuse efficiency in a pilot-scale anaerobic digester treating lettuce waste
during 71 days of stable operation
Elements Nutrients in plant
waste (g/kg waste
DW)

N
P
K
Ca
Mg
S
Fe

Undigested and precipitated Effluent as potential
solids in the digester (g/kg fertilizer (g/kg waste
DW)
waste DW)

Nutrient use efficiency
potential (%)

Mean

SD

Mean

SD

Mean

SD

–

38.60
8.39
22.60
21.40
4.60
3.60
1.24

2.01
0.30
1.50
1.40
0.21
0.40
0.07

3.93
2.20
0.94
10.51
1.14
0.72
0.77

0.22
0.04
0.02
0.18
0.01
0.14
0.01

32.70
6.28
21.14
10.15
3.38
2.81
0.51

3.03
0.33
2.85
6.91
1.68
0.95
0.07

84.7
74.8
93.5
47.4
73.6
78.0
41.0

DW dry weight
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The observed nutrient concentrations were high enough for reuse after dilution, enhancing
the potential reuse of the effluent onsite (e.g., to fertilize the plants in the aquaponic system). It
was also found that other important minerals that support plant growth such as Fe, Mg, and Ca
concentrations in the effluent were significantly increased (Table 5). Trace elements, such as
Zn, Mn, and B ions, were found in low concentrations in the effluent and may need to be
externally supplemented. It should be noted that due to the low redox potential (ORP) in the
anaerobic reactor, many of the metals, such as Fe, Cu, and others, were found in their reduced
form (i.e., Fe2+, Cu2+), which is more soluble and available for plant uptake (Resh 2016).
Moreover, volatile fatty acids (VFA) produced during the digestion process (data not shown)
can chelate these metals and increase their availability for longer times in the oxidizing
environment (Jung and Lovitt 2011) in which the plants are grown.
Reuse of the effluent from the anaerobic digestion of plant waste as a natural fertilizer has
two distinct advantages: a reduction in potential pollution (from N, P, and metal nutrients
released to the environment) and a decrease in fertilizer usage by the farmer, producing both
environmental and economic benefits. Nonetheless, direct implementation is not trivial and
must be carried with caution. Furthermore, when used, it should be adjusted to plant types and
species. Relatively high TAN content may negatively affect the growth of some plant species
like strawberries and brassicas (Asao 2012; Resh 2016). Therefore, it may require an additional oxidation step before use. Moreover, organic compounds (e.g., VFAs) might be toxic to
plants and might increase oxygen demand which consequently intensifies aeration needs.
Simple solutions such as aerobic bio-treatment have the potential to be used to enhance the
maturation of anaerobically digested effluent and reduce the content of such potential inhibitors (Posmanik et al. 2014). However, economical considerations should be examined.
Another limitation with direct implementation might be related to biosecurity and the potential
presence of pathogens (Lukehurst et al. 2010). Therefore additional disinfection should be
considered, and simple solutions such as exposure to sunlight or UV radiation may be needed
(Lekang 2013; Mori and Smith 2019).

Conclusions
Onsite anaerobic digestion of lettuce waste originating from a nearby aquaponic farm under
desert climate conditions was successfully demonstrated. Of the introduced waste, 90.1% of
the mass was digested, and 84% of the carbon turned into usable biogas with about 59% CH4.
In addition to the significant reduction of waste and biogas production, the reactor’s effluent
contained elevated nutrients concentration (TN 359.0 ± 35.3 mg/L and TP 56.4 ± 4.6 mg/L)
and has the potential to support onsite plant growth.
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