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Abstract: Sustainable agriculture relies on replacing fossil-based mineral fertilizers, which are highly
cost-energetic to produce, and demand extensive use of scarce natural resources. Today, agronomic
practices within the concept of circular economy are emerging and, as such, the exploitation of diges-
tate as a biofertilizer and soil amender is extensively investigated. This study aimed at evaluating the
agronomic potential of liquid digestate as the sole nutrient source for hydroponic cultivation of baby
lettuce in greenhouses. Growth rate, physiological responses, concentration of secondary metabolites,
and nutrient uptake were compared between baby leaf lettuce grown in digestate in concentrations
of 5, 10, and 20% diluted in water (either with or without pH adjustment) and in Hoagland solution
(control). Results showed that the production yield was negatively correlated with the concentration
of the added digestate. Nevertheless, the antioxidant capacity was significantly enhanced in 5 and
10% liquid digestate treatments compared to the control. Additionally, the nutrient composition in
the baby leaf lettuce and the reduction in nutrient concentrations in the growth media demonstrated
efficient mineral uptake by the plants. Thus, the application of liquid digestate as a fertilizer in
hydroponic systems is a promising practice to recover residual resources, leading to the transition
towards more sustainable greenhouse production.

Keywords: greenhouse; biogas plant; liquid digestate; nutrient uptake; sustainability; residual
resource recovery; secondary metabolites

1. Introduction

Anaerobic digestion is a widely applied process for the valorization of organic residues,
with simultaneous production of green energy (i.e., biogas) [1,2]. However, after the
anaerobic decomposition of influent feedstocks, large quantities of digestate (i.e., well-
digested effluent) are generated. Digestate is a semisolid material that is rich in both
organic matter and in macro- and micronutrients, including nitrogen (N), phosphorus
(P), potassium (K), and sulfur (S) [3]. Thus, the concentration of such elements in the
digestate offers unique opportunities for its exploitation as a plant biofertilizer. However,
the physicochemical characteristics of digestate may vary significantly from one biogas
plant to another, due to the different nature and composition of the influent feedstock, and
due to specific operational parameters of the overall process (e.g., operational temperature
of the reactor). For example, biogas plants that treat agricultural/livestock byproducts
(e.g., manure or silages) generate digestate that contains a high solid fraction due to the
fibrous recalcitrant material. On the other hand, a more liquid digestate is the outcome of
biogas reactors processing agro-industrial wastewater.

Typically, digestate follows a solid-liquid separation to fractionate the different phases
of the effluent. The separated solid fraction is better appreciated due to several advan-
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tages related to its handling and utilization, such as simpler storage, considerably lower
transportation costs, and transformation into biofertilizers via drying or composting [4,5].
However, the main portion deriving from the separation—and most problematic in terms
of management—is the liquid fraction. It has been previously reported that part of the
liquid fraction can be recirculated to the biogas reactor to avoid the use of water for di-
lution of substrates with high solid contents, and to reduce substrate consumption [6].
For the remaining part, there are a variety of nutrient recovery and treatment options,
relying on different levels of technological readiness. The simplest solution is to be used for
“fertigation”—a process combining fertilization and irrigation, in which the liquid digestate
is spread onto the fields. However, direct application of liquid digestate in soils may lead
to detrimental environmental impacts, such as volatilization of ammonia and nutrients,
leading to eutrophication and chemical, biological, and physical contamination, causing
severe damage to soil properties [7,8]. Thus, more efficient and sustainable solutions for
the utilization of the increasing quantities of liquid digestate need to be identified in order
to meet the demands of the continuous proliferation of biogas plants globally.

Hydroponic cultivation offers numerous advantages, such as efficient use of natural
resources (i.e., water, energy, soil, etc.), less intensive labor, and maximization of the crop’s
yield and quality due to the controlled environmental conditions. Traditionally, in most
hydroponic systems, the crops are planted into specific substrates that can be organic
(e.g., peat, coconut fiber, bark, wood fiber, etc.), inorganic (e.g., rockwool, pumice, sand,
perlite, vermiculite, expanded clay), or synthetic (e.g., polyurethane, polystyrene) [9]. Even
though these substrates can provide homogeneous water /nutrient supply and maintain
uniform EC and pH levels through the entire substrate slab, they present some critical
environmental impacts related to their fate upon their disposal to final recipients at the
end of cultivation. Indeed, the organic substrates that can be incorporated to the soil may
contain pesticides or other harmful soil contaminants, while the inorganic substrates are
subjected to incineration—which is an expensive process—or are disposed to landfills,
causing soil, water, and aesthetic pollution.

For the above reasons, floating hydroponic systems are gaining increased attention
today for the production of leafy vegetables. Floating systems are among the most simple,
convenient, and low-cost hydroponic methods used for the production of high-quality baby
leaf vegetables [10,11]. Moreover, when applying floating hydroponic techniques, the end
products are cleaner, without substrate traces [12]. In turn, this is beneficial for post-harvest
washing and storage processes. Here, the optimization of nutrient solution management
can potentially reduce the amounts of nitrates and oxalic acid [13]. Hoagland solution [14]
is widely used by producers due to the easy control of the nutrient solution’s consistency.

Lettuce (Lactuca sativa L.) is one the most popular vegetables worldwide, and is
mainly consumed in the form of fresh leaves. The crop can be cultivated throughout
the year due to a vast selection of cultivars with variable climate resilience; it can also
be grown in greenhouses fitted with cooling systems. Lettuce leaves have relatively low
protein and carbohydrate contents, while they are rich in (3-carotene, ascorbic acid, calcium,
phosphorus, and iron [15].

Nitrates are noxious, possibly carcinogenic compounds with regards to human health—
particularly for infants [16]. The main sources of nitrate and nitrite consumption are leafy
vegetables, which tend to accumulate higher amounts in their leaves rather than their roots,
seeds, and stems [17], while sunlight is known to negatively affect nitrate concentration.
Along with lettuce, popular leafy vegetables such as rocket and spinach are known for
their high nitrate accumulation [17]. For example, lettuce leaves have a typical nitrate
concentration of 2500 mg/kg fresh weight, while the respective amount for asparagus is
only 13 mg/kg.

Currently, limited information is available on the efficacy of digestate as a nutrient
source for hydroponic cultivation in greenhouses. Stoknes et al. [18] reported that the liquid
fraction of digestate can serve as a mineral-based fertilizer in commercial substrates for
short-cycle crops (e.g., lettuce, herbs). Moreover, Ronga et al. [19] concluded that digestate,
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as a growing medium, demonstrated higher quality indices for basil and peppermint
cultivation compared to the treatment in which the crop was grown on a solid substrate
(agriperlite). In a more recent study, Ronga et al. [20] outlined that digestate can be a
sustainable alternative growth medium or nutrient solution for baby leaf lettuce cultivation
in hydroponic systems. Nevertheless, all of the above works emphasize solid and liquid
digestate-based crop cultivation. Hence, there is a lack of scientific findings regarding the
exploitation of the liquid fraction of digestate as a nutrient source in floating hydroponic
systems, thus excluding the necessity of growing plants on solid substrates.

The present study is a pioneer in elucidating the feasibility of vegetable cultivation
(baby leaf lettuce) in floating hydroponic systems using digestate as the sole nutrient source
for the plant growth. Different levels of digestate dilution into water were evaluated in
terms of crop production yield and quality. The examined treatments were additionally
compared with cultivation using Hoagland nutrient solution. The outcomes of the current
work are of major importance for improving the current state-of-the-art agronomic practices,
and for developing sustainable greenhouse production in the era of circular economy.

2. Materials and Methods
2.1. Greenhouse Set Up and Plant Material

Lettuce (Lactuca sativa L.) cv. Parris Island Cos was cultivated in a heated glass pitched-
roof greenhouse in the facilities of the Hellenic Agricultural Organization—DIMITRA,
Thermi, Thessaloniki, Greece. The plants were grown in the period of December to January,
in a floating system up to the baby leaf stage. The critical air temperature point for heating
the greenhouse was set at 14 °C. The cultivation trays were not heated.

The greenhouse air temperature and humidity as well as the baby leaf root zone tem-
perature were recorded and stored using a programmable logic controller (PLC) installed
in the greenhouse. The solar radiation and the photosynthetic active radiation entering
the greenhouse were also recorded. An external meteorological station in front of the
greenhouse was used to measure the external climatic conditions.

The seeds were sown in polystyrene mini-plug trays filled with peat, at a density
of 1149 seedlings/m?. Upon cotyledon emergence, the mini-plug trays were placed in
polystyrene tanks (550 x 340 x 186 mm) filled with nutrient solution.

2.2. Liquid Digestate

Digestate was obtained from Lagadas Biogas Plant (Lagadas, Greece), which is a
full-scale biogas plant co-digesting livestock manure and other agricultural residues. Upon
arrival to the laboratory facilities, the digestate was filtered once with a 1 mm mesh to
remove solid particles. The liquid digestate was homogenized and subsequently stored
at —20 °C for further usage. Triplicate samples were obtained to determine the nutrient
composition of the liquid digestate (Table 1).

2.3. Nutrient Solution

The control tanks were filled with 100%-strength Hoagland nutrient solution (pH 6.5).
The rest of the nutrient solutions consisted of water derived from a borehole of the Hel-
lenic Agricultural Organization-DIMITRA campus (Thermi, Greece), along with 5, 10,
or 20% digestate, with or without pH adjustment. The rationale for the pH adjustment
was attributed to the fact that the liquid digestate had a higher pH value compared to
the Hoagland nutrient solution, which corresponds to the range for optimal cultivation.
Average pH and electrical conductivity (EC) for each nutrient solution during the experi-
mental period are presented in Table 2. Each nutrient solution/treatment consisted of three
tanks/repetitions.
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Table 1. Nutrient composition of the liquid digestate used in the experiment.

Parameter Concentration Value (mg/L)
N 331.33 £ 47.65
p 153.62 + 12.89
K 470.25 £ 2.05
Ca 12.90 & 3.25

Mg 3.38+0.31
Na 106.20 +1.13
Cd 0.01 & 0.00
Co 0.04 £ 0.02
Cr 0.05 +0.01
Ni 0.28 £0.01
Pb <0.042
Mn 0.02 & 0.00
Fe 4.20 +1.56
Zn 242 40.10
Cu 0.40 £0.10

Table 2. Average pH and EC for each nutrient solution during the experimental period.

Nutrient Solution pH EC (mS/cm)

100% Hoagland (Control) 6.4-7.0 2.67-2.75
5% digestate 7.7-8.0 2.46-2.79

5% digestate (adj. pH) 6.7-7.5 2.59-2.73
10% digestate 7.7-8.1 3.85-4.06

10% digestate (adj. pH) 6.7-7.6 4.05-4.38
20% digestate 8.0-8.3 6.54-7.00

20% digestate (adj. pH) 6.7-7.9 6.88-7.33

2.4. Harvest and Analytical Measurements

One day prior to harvest, leaf net photosynthetic rate (nmol CO,/ m? s!), stomatal
conductance (mol/m? s!), and transpiration rate (mmol/m? s') were measured, from
11:00 to 13:00, using an infrared gas analyzer (LCi-SD portable photosynthesis system,
ADC BioScientific Ltd., Hoddesdon, UK). Leaves were harvested when they reached a
commercial size of 10-12 cm length after 27 days of cultivation. Upon yield determination,
the leaves were stored in a freezer (—30 °C) until phytochemical analyses. Subsequently,
the leaves were homogenized, and their soluble sugar content was immediately determined
using a digital refractometer (PAL-«, Atago, Tokyo, Japan).

Nitrate content was determined after extraction with deionized water according to the
method described by Cataldo et al. [21]. Aliquots containing 0.2 mL of extract were added
to 0.8 mL of HpSO4 and 0.8 mL of 5% salicylic acid—H,SOj, solution, followed by addition
of 19 mL of 2MN NaOH after 20 min. Absorbance was measured with a spectrophotometer
at 410 nm.

Total phenolic content was determined after extraction with 80% methanol according
to the Folin—Ciocalteu method described by Singleton and Rossi [22]. According to this
method, 0.5 mL of extract was added to 2.5 mL of 10% Folin-Ciocalteu reagent and 2 mL
of 7.5% NayCOs, followed by 5 min incubation at 50 °C. Absorbance was measured with a
spectrophotometer at 760 nm.

Antioxidant capacity was determined after extraction with 80% methanol according
to the ferric-reducing antioxidant potential (FRAP) method, as described by Benzie and
Strain [23]. According to the method, 0.1 mL of extract was added to 3 mL of working
solution composed of CH3COONa, TPTZ, and FeCls, followed by 4 min of incubation at
37 °C. Absorbance was immediately measured with a spectrophotometer at 593 nm.

The experimental design was randomized complete block design (RCBD), consisting
of three replications per treatment. Analysis of variance was conducted with IBM SPSS
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software (SPSS 25.0, IBM Corp., Armonk, NY, USA), and comparisons of the means were
conducted using Tukey’s method at the significance level « = 0.05.

For nutrient analyses, available phosphorus (P) was determined according to the
Olsen method [24], while the concentrations of K, Ca, Mg, Na, Cd, Co, Cr, Ni, Pb, Mn, Fe,
Zn, and Cu were measured as described in [25].

2.5. Statistical Analysis

Results are presented as the mean value of three replicates together with the stan-
dard deviation. Determination of statistically significant differences was performed by
using Student’s t-test and one-way ANOVA analysis (Tukey’s test) for the comparison of
values within single or multiple experimental treatments, respectively. Differences with
a p-value < 0.05 were considered significant. Statistical analyses were performed using
SPSS 25.0.

3. Results and Discussion
3.1. Microclimatic Conditions in the Greenhouse and Root Zone Temperature

Heating was applied in the greenhouse to retain the minimum air temperature inside
the greenhouse at ~14 °C, except for a limited number of nights during which there was a
problem with the heat pump (Figure 1a). Even though external temperature was often near
or below 0 °C during nighttime, the greenhouse conditions were favorable for leaf and root
zone temperatures (Figure 1b). The solar radiation recorded inside the greenhouse was
significantly lower compared to the incident radiation to the greenhouse, due to the diffuse
glass cover (Figure 1c). However, it was possible to increase the air temperature inside
the greenhouse up to 30 °C or more, since no ventilation was applied. Water temperature
inside the trays was more uniform—especially after the first two days, following which
there was a much lower range in the air temperature of the greenhouse.

3.2. Quantitative Characteristics of Baby Leaf Lettuce

The pH in the trays containing the Hoagland nutrient solution (control) was 6.35 and
6.71 at the beginning and the end of the experiment, respectively, while its value ranged
from 6.35 to 6.99 during the cultivation (Figure 2a). In the trays with 5% digestate, the
pH was 8.03 at the beginning of the cultivation period, and it dropped to 7.8 by the end
of the cultivation, while during the cultivation the pH value ranged from 7.65 to 8.03
(Figure 2a). In the trays with 5% digestate in which the pH had been adjusted, the value at
the beginning of the cultivation was 6.69, and at the end it was equal to 7.45, while during
the experiment the range of pH values fluctuated between 6.69 and 7.45. In the trays with
10% digestate, pH was 8.07 at the beginning of the crop and 8.00 at the end; during the
cultivation, pH values ranged from 7.68 to 8.07 (Figure 2a). In the trays with 10% digestate
in which pH was adjusted, at the beginning of the experiment its value was 6.69, while at
the end it was 7.57; during the cultivation period, the pH ranged from 6.69 to 7.57. In the
trays containing 20% digestate, the pH at the beginning of the experiment was 8.11, while
at the end it was 8.29, with a range during the cultivation from 7.99 to 8.29. In the trays with
20% digestate and adjusted pH, the pH was 6.81 at the beginning of the experiment and
reached 7.88 by the end, while its values during the cultivation ranged from 6.81 to 7.88.
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Figure 1. Microclimatic data (a), external weather conditions (b), and solar radiation (c) during the cultivation period.
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Figure 2. pH (a) and electrical conductivity (EC) (b) of different digestate solutions during the cultivation period. Data

presented are mean values + standard error (p < 0.05).

We observed that the pH values in the treatments with the adjusted pH continued
to increase after the middle of the cultivation period, even though they had an initial
value close to that of the control treatment. Conversely, the pH values of the control were
found to decrease in the same period. Treatments that did not receive pH correction had
a significantly higher pH than the control at the beginning of the growing season. In
trays with 5 and 10% digestate, the pH was lower at the end of the cultivation period
than at the beginning, while in trays with 20% digestate the corresponding value was
found to be increased. The increase in the pH of the growing media of lettuce grown in a
floating system was also observed in a previous study, and was attributed to the NO3-N
absorption [26]. It is well known that baby lettuce accumulates nitrate in its leaves; thus,
proper monitoring of nitrogen sources in hydroponic cultivations should be considered in
order to improve their nutritional quality [27].

It was observed that electrical conductivity (EC) was mainly affected by the concentra-
tion of digestate for the various treatments. In trays with 5% digestate, with and without
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adjusted pH, EC was within the same limits as the control. In contrast, significant variations
were recorded by comparing the EC values of the trays with 10% and 20% digestate with
those of the control treatment. Particularly, the treatments with adjusted pH presented an
even greater difference at the beginning of the growing season.

Yield was significantly affected by the nutrient source. Specifically, the control led
to the highest obtained yield compared to all liquid digestate treatments, while the latter
followed a negative gradient from 5 to 20% liquid digestate. In particular, 5% with or
without pH adjustment showed significantly greater yield compared to the non-adjusted
10% and both 20% treatments, while both 10% treatments showed greater yield compared
to both 20% treatments (Figure 3). Our results are consistent with those of a previous
study by Celletti et al. [28], who found greater shoot and root fresh weight in maize
seedlings produced with a nutrient solution compared to liquid cow manure digestate. It
should be noted that the digestate used in the experiment was obtained after the obligatory
pasteurization process of the biogas plant. Therefore, potential microbial impacts on root
development and plant stimulation were not considered in this study.

300

250

H o

200 | b b
150 c

100

Yield (gr per tank)
H

50 r d -
I

Control 5% 5% adj.pH  10% 10% adj. 20% 20% adj.
pH pH

Nutrient solution

Figure 3. Yield (gr/tank) of baby lettuce grown under different digestate solutions. Columns
(means + SE) with different letters are significantly different (p < 0.05).

Photosynthetic active radiation (PAR) was measured on the leaf surface. The control
treatment and 10% liquid digestate also presented significantly lower values compared
to the other treatments, probably due to momentary roof structure or curtain shadowing
(Figure 4a). Transpiration rate values were similar in both 5 and 10% liquid digestate
treatments, and significantly higher than control and both 20% liquid digestate treatments
for baby lettuce (Figure 4b). Slightly higher transpiration rates were reported by Karnout-
sos et al. [11] for non-heated cultivation in Hoagland solution during the winter season.
Stomatal conductance did not show any significant difference in baby lettuce plants except
for the treatment with 20% liquid digestate, with or without pH adjustment (Figure 4c).
Baby leaf lettuce had the highest net photosynthetic rate value in 10% liquid digestate
treatment, with a statistically significant difference compared to all other treatments. The
lowest value was measured in the treatment with 20% digestate without pH adjustment
(Figure 4d).
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Figure 4. Photosynthetic parameters (Qjqos: photosynthetic active radiation (a), E: transpiration rate (b), gs: stomatal
conductance (c), and A: net photosynthetic rate (d)) of baby lettuce cultivated under different digestate solutions. Columns
(means + SE) with different letters are significantly different (p < 0.05).

3.3. Qualitative Characteristics of Baby Leaf Lettuce

It is well established that nitrates are noxious to humans, since their action is related
to carcinogenic compounds such as nitrosamines [29]. Lettuce is one of the most popular
leafy vegetables consumed around the world, but its leaves may contain relatively high
amounts of nitrates [27]. In our experiment, nitrate concentrations were significantly greater
in lettuce grown in the control tanks compared to all liquid digestate tanks (Figure 5).
European Commission Regulation No 1258/2011 states that lettuce produced under cover
and harvested between 1 October and 31 March must not exceed 5000 mg nitrates/kg
fresh weight. In our case, lettuce treated with liquid digestate, regardless of dose and pH
adjustment, accumulated remarkably low amounts of nitrates—125-fold lower than the
maximum amount allowed by the European Commission. Remarkably, the concentration
of nitrates in lettuce grown in the control tank was also lower than the EU regulations.
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This observation can be attributed to the relatively high solar radiation of 100-300 W m 2
reaching the plants inside the greenhouse, since nitrates accumulate in leafy vegetables
under low-light conditions due to the reduced activity of nitrate reductase [16].

180
160 |
140
120
100
80 -
60 b b b b
40
A EEEN
0 .
Control 5% 5% adj. pH 10% 10% adj. pH

Nutrient solution

Nitrate concentration (ppm)

Figure 5. Nitrate content of baby lettuce leaves grown in a floating hydroponic system under
different dilutions in water during the winter period. Columns (means + SE) with different letters
are significantly different (p < 0.05).

Secondary metabolites including phenolic compounds are produced in response to
stress factors, and are involved in plant defense and signaling [30]. The lowest concen-
tration of total phenolics was found in the control treatment, and was significantly lower
compared to the treatments in which 10% digestate was added (with and without pH
adjustment). Furthermore, 10% liquid digestate also showed significantly greater values
compared to 5% with adjusted pH (Figure 6). A previous study also demonstrated the ben-
eficial effects of manure-based fertilizers on the phenolic compounds of fruit and vegetable
plants compared to conventional farming systems [31]. Leafy vegetables such as lettuce
contain several antioxidant compounds that are essential both for a healthy human diet
and for the control of oxidative stress in plants [32]. The antioxidant potential displayed
by FRAP was significantly enhanced in non-adjusted 5% and both 10% liquid digestate
treatments compared to the control (Figure 7). These results are consistent with those
of a previous study reporting that the application of liquid digestate in 10, 20, or 30%
concentrations enhanced the total phenolic content and DPPH scavenging activity of cu-
cumber compared to the treatment that was grown in non-fertilized soil [33]. These results
showcase the positive effects of organic fertilization on the production and accumulation
of antioxidant compounds in crops.

A method to evaluate and quantify the taste of leafy vegetables is the determination
of soluble sugar content. In a study with tomatoes, the authors reported greater fruit
Brix in plants treated with digestate derived from food waste compared with a synthetic
fertilizer or no fertilizer [34]. Another study with tomatoes revealed greater Brix content
in organically produced fruits compared to conventional systems, while bell peppers in
the same study did not show significant Brix differences [31]. In our case, no significant
differences were observed in soluble sugar content among the nutrient sources (Figure 8).
It must be noted that lettuce grown with 20% wastewater treatment, either with or without
pH adjustment, did not produce sufficient yield for phytochemical determinations.

3.4. Mineral Uptake

The need for increased plant growth via optimal nutrition and the improvement of the
nutritional quality of plants as foods sheds light on mineral accumulation in the cultivated
plants [35]. Humans require several dietary minerals for health and metabolism [15];
among them, K is involved in electrolyte balance and various metabolic functions, Ca and



Energies 2021, 14, 7199

110f 16

Mg are critical for bone health [36], while iron (Fe) and zinc (Zn) are of particular concern
for vegan diets, since vegetables are low in these trace minerals [15].

The determination of nutrient composition in the baby leaf lettuce demonstrates par-
tially efficient mineral uptake by the plants (Table 3), in comparison with the corresponding
value of the plants grown in Hoagland solution (control). Specifically, for a group of miner-
als (P, K, Ca, Mg, and Fe), all digestate treatments had significantly lower concentrations
than the control; the reduction was 16-30% for P, 24-44% for K, 8-36% for Ca, 9-24% for
Mg, and 41-69% for Fe. Conversely, the concentration of Mn was significantly increased by
2.1-4.8-fold compared to the control, and was negatively correlated with the concentration
of digestate in the growth medium. Mn is an essential element for the photosynthetic
apparatus, as it is involved in the water-splitting reaction in photosystem II [37]. Similarly,
significantly higher concentrations of Zn and N were observed for all digestate treatments,
except for 20 and 5%, respectively. On the other hand, no differences were recorded for Cu
and B accumulation in baby lettuce leaves.
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Figure 6. Total phenolics of baby lettuce leaves grown in a floating hydroponic system under
different dilutions in water during the winter period. Columns (means + SE) with different letters
are significantly different (p < 0.05).
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Figure 7. Total antioxidant capacity of baby lettuce leaves grown in a floating hydroponic system
under different dilutions in water during the winter period. Columns (means + SE) with different
letters are significantly different (p < 0.05).
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Table 3. Plant nutrient concentrations of baby lettuce grown in different digestate conditions (Hoagland solution 100% and digestate 5, 10, and 20%). Values followed by different letters

present statistically significant differences (p < 0.05).

N P K Ca Mg B Mn Zn Fe Cu

Lettuce (%) (%) (%) (%) (%) (mg kg—1) (mg kg—1) (mg kg—1) (mg kg—1) (mg kg—1)

Hoagland solution 552 £0.09e 290 £0.10a 9.99 £047 a 1.61 +0.17a 0.53 £0.01a 22.30 £0.90d 48.00 £+ 0.56 £ 36.70 £1.83d 85.70 £2.42a 8.01 £0.82a
Digestate 5% 5.63+0.15¢ 2.09+022¢ 775+ 0.70b 148 £0.17Db 0.48 +0.06 b 26.00 £0.29 ¢ 215.00 £21.48b 64.30 £5.55Db 40.70 £2.31¢ 10.39 £ 340 a
Digestate 5% adj pH 568 £0.13 e 244 £0.07b 748 £0.15b 142 +0.05b 0.46 £0.01b,c 275+£0.70b 232.00 £ 14.28 a 747 £9.87 a 50.10 £ 4.77 b 790 £ 1.08 a
Digestate 10% 5.96 + 0.05d 198 £0.12¢ 7.36 £0.09b 1.27 £0.07 ¢ 0.44 £0.03b,cd 2010+155d,e  183.00+12.99¢ 60.30 £5.24Db 43.60 £ 1.61 ¢ 733+320a
Digestate 10% adj pH 6.16 £0.10 ¢ 2.40 £0.08 b 6.70 £0.32 ¢ 1.19 £ 0.07 ¢,d 0.41 £0.03d 30.50 £3.51a 202.00 +£4.70 b 73.30 £11.01a 49.40 £2.87b 8.95+0.80a
Digestate 20% 6.88 £ 0.08 a 1.53 £ 0.09b 561 £0.27d 1.02+0.09¢ 0.40 £0.04d 15.10 +1.01 £ 103.00 £ 890 e 4130+ 1.86d 26.30 £5.29d 6.18 £ 0.89 a
Digestate 20% adj pH 6.59 £0.32b 2.07 £0.26 ¢ 6.32£0.36 ¢ 1.08 £0.07 d,e 0.42 £0.04 cd 19.80 =2.62¢ 128.00 £ 15.43 d 51.60 £ 4.53 ¢ 4140 £ 6.33 ¢ 8.18 £ 0.65a
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Figure 8. Soluble sugar content (Brix°) of baby lettuce leaves grown in a floating hydroponic system
under different dilutions in water during the winter period. Columns (means =+ SE) with different
letters are significantly different (p < 0.05).

The reductions in nutrient concentrations in the growth media with the above results
demonstrate adequate mineral uptake by the plants (Figure 9). Specifically, the concen-
trations of all elements in the growth media (except for Na in the treatments in which 5%
digestate was added) decreased throughout the cultivation period. Conversely, the increase
in Na concentration in the treatment that included 5% digestate could be attributed to low
uptake by the plant, and subsequent accumulation in the root zone. It has previously been
reported that Na interferes with other elements, such as Ca and Mg, which often leads to
plant disorders [38]. Further studies are required in order to study the interaction between
mineral concentrations in the growth media and their accumulation in plant tissues.
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Figure 9. Concentrations of nutrients in the different growth media prior to (Initial), and at the end
of (Final), the cultivation period.
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4. Conclusions

The present study demonstrates an efficient application of liquid digestate as a fertil-
izer for the hydroponic cultivation of baby lettuce grown in a greenhouse using a floating
system. Specifically, even though the plant growth was affected by the increased digestate
concentration, the qualitative characteristics of the baby leaf lettuce demonstrated enhanced
antioxidant capacity and efficient production of secondary metabolites. Moreover, the
reductions in nutrient concentrations in the growth media demonstrated enhanced residual
resource recovery, suggesting that the exploitation of digestate can partially replace some
inorganic fertilizers. For this reason, the current exploitation of liquid digestate can be
envisaged as a promising method to recycle and upcycle nutrients and carbon within
greenhouses, reducing the environmental footprint of the end products. Thus, this agro-
nomic practice offers unique opportunities for the achievement of a more sustainable and
environmentally friendly food production, creating synergies between the agricultural
and bioenergy sectors. As such, the agricultural residues from greenhouses can serve as
influent feedstock for biogas plants, while the obtained digestate can be used as a nutrient
supplement for greenhouse crops. Based on the outcomes of the present work, the micro-
bial impact on stimulating plant growth—and particularly the potential colonization of
microbes in the root endosphere and rhizosphere—might provide essential information for
further optimization of current farming systems. Finally, it would be beneficial to evaluate
the impact of digestate as the sole or partial nutrient source in other greenhouse crops to
reduce their carbon footprint.
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