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Abstract: Source-separated, nitrified, and decontaminated human urine constitutes a promising plant
fertilizer that contains a large share of the nitrogen and phosphorus in household wastewater, and
other plant nutrients. However, human urine contains high levels of sodium and chloride that can
affect salt-sensitive greenhouse crops. Replacing mineral fertilizer with nitrified urine fertilizer could
reduce the environmental impact of lettuce production in hydroponic systems, if marketable yield,
appearance, and produce quality are not affected. In the present study, a treatment combination
of a nitrified urine fertilizer and mineral fertilizers was used to grow lettuce through the nutrient
film technique. This was compared to a conventionally fertilized control treatment. No significant
differences were observed regarding yield, phenotype, and contents of nitrate, heavy metals, phenolic
acids, and chlorophyll in leaf tissue. Calcium content was significantly reduced and sodium was
elevated in nitrified urine treatment. For the elements nitrogen, phosphorous, and potassium, a
saving of 48%, 13%, and 15% was calculated, respectively. The calculated carbon footprint from the
total fertilizer production was reduced by 34.25%, caused by the nitrified urine treatment. Based
on these results, a nutrient solution composed of nitrified urine fertilizer combined with mineral
fertilizer may be a promising alternative for growers to produce lettuce with a reduced environmental
impact without loss of plant quantity and quality.

Keywords: nutrient cycling; nitrified urine; lettuce; hydroponics; mineral fertilizer

1. Introduction

Recycling nutrients in agricultural production becomes ever more crucial. Source-
separating urine and using it as a fertilizer could reduce energy consumption for fertil-
izer production, emissions of greenhouse gases, and the depletion of phosphate rock [1].
The production of synthetic nitrogen fertilizers with the Haber-Bosch process uses large
amounts of fossil energy, mainly natural gas, releasing the equivalent of approximately
465 million tons of CO2 into the atmosphere each year [2]. European countries in par-
ticular, which are dependent on the import of phosphate fertilizers, could benefit from
self-subsistence regarding this compound [3,4]. In addition, fertilizer from rock phosphate
contains heavy metals [5] that can reduce the nutritional quality of produce. Secondly,
human urine is the main contributor of nutrients to domestic wastewater. It accounts
for 80% of the nitrogen, 50% of the phosphorus, and 60% of the potassium, but only 1%
of the total volume [6,7] and contains only low levels of heavy metals [8]. Fresh urine
measured in one study contained between 1190–4140 mg N/L, 854–1470 mg K/L, and
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106–242 mg P/L [9]. Removing these nutrients from wastewater by aeration and precip-
itation to prevent the eutrophication of water bodies is also energy-consuming [10]. A
number of physicochemical and biological methods for post-processing urine and using it
as a fertilizer have been developed in recent years and reviewed by Simha and Ganesapil-
lai [11]. Biological nitrification is one promising method that allows for the near complete
recovery of nitrogen [12,13]. This treatment stabilizes the volatile ammonium/ammonia
(NH4

+/NH3) fraction in stored urine and preserves other potential plant nutrients such as
potassium, phosphorus, and others. Additional treatment steps could include distillation
to inactivate pathogens and reduce volume [9] or only pasteurization to achieve the former,
and/or activated carbon filtration to remove pharmaceuticals and hormones [14].

Plant experiments have been conducted in soil with unprocessed human urine [15–17],
with nitrified synthetic urine [18], and in hydroponic systems with nitrified synthetic
urine [19], as well as with nitrified human urine to grow lettuce [20,21], tomato plants [22],
and cucumber plants [23]. Human urine, also after nitrification, contains concentrations of
sodium and chloride higher than those usually found in nutrient solutions (e.g., 0.3 mol Na+

and 0.4 mol Cl− per mol dissolved nitrogen) [9]. This can pose a problem for salt-sensitive
vegetable crops because almost all cultivated vegetable crops are sensitive to high salt
concentrations in the nutrient solution in varying degrees [24]. It can also be problematic in
recirculating hydroponic systems due to salt build-up [25].

Salt stress manifests in plants due to osmotic stress or ion toxicity [26]. With lettuce,
which is characterized as a moderately salt-sensitive crop regarding its tolerance for the
electrical conductivity (EC) of the nutrient solution [27], osmotic stress has a known influ-
ence on water content and thus on marketable yield. Regarding ion toxicity, the results of
Tas et al. [28] show that NaCl salinity is less well-tolerated by romaine lettuce than other
forms of salinity.

Considering that nutrient solutions are often composed of fertilizer salts that contain
nitrate as an anion, the high nitrogen-to-calcium and nitrogen-to-potassium ratios and a
high level of ammonium nitrogen in the nitrified urine fertilizer can further complicate the
replacement of respective fertilizers.

A previous study with the nitrified urine fertilizer Aurin (Vuna GmbH, Dübendorf,
Switzerland) showed that a threshold concentration of 38% of nitrogen supplied by nitrified
urine in the initial mix did not cause yield losses and salt stress symptoms to Lactuca sativa L.
cv. 79–54 RZ [21]. The study tested four different Aurin concentrations in a greenhouse
during the winter season and lettuce plants were grown up to 60% of the expected head size
reached (stage 46 on BBCH-scale). Butterhead lettuce (Lactuca sativa subsp. capitata L.) was
examined because of its economic relevance. The cultivar Lactuca sativa L. cv. 79–154 RZ
was chosen due to its suitability for hydroponic systems.

The objective of the present study was to apply the developed nitrified urine fertilizing
strategy to spring greenhouse lettuce in a nutrient film technique system and investigate the
treatment’s impact on mineral fertilizer savings and carbon footprint (CF). The new fertilizer
strategy was compared to a conventionally fertilized control treatment by evaluating
plant development and contents of mineral elements, heavy metals, and secondary plant
compounds. Mineral fertilizer savings were calculated to demonstrate that the application
of mineral fertilizer can be reduced. To assess environmental impact, CFs of the production
of the employed mineral and nitrified urine fertilizers and the (fictional) wastewater
treatment of the applied urine were compared.

2. Materials and Methods
2.1. Experimental Set-Up, Plant Material, and Growing Conditions

The experimental set-up in a Venlo-type greenhouse consisted of six nutrient film
technique (NFT) systems covered with opaque foil and their respective nutrient solu-
tion tanks (200 L). Nutrient solution was circulated via pumps (Universal 600, Eheim,
Deizisau, Germany) at a flow rate of 2.6 L/min. Lettuce seeds (Lactuca sativa var. capitata
cv. 79–154 RZ, Rijk Zwaan, De Lier, The Netherlands) were sown on 3 April 2018, in rock
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wool cubes (Cultilene Plug, 25 × 25 × 40 mm SBS 25/150, Saint-Gobain Cultilene, Rijen,
The Netherlands) and pre-soaked with tap water in a growing chamber (24 ◦C and 63%
relative humidity). After the unfolding of the first true leaf, seedlings were watered with
a nutrient solution with an EC of 1.5 dS/m and pH 5.6. After 15 days, plants with 3 to
5 true unfolded leaves were transplanted into pre-weighed rock wool cubes (Cultilene
HR, 100 × 100 mm 28/35) in the experimental setup (24 plants per NFT system). Mean
air temperature in the greenhouse was 23.5 ◦C during the day and 15.9 ◦C at night and
the mean relative humidity was 52% for the total duration of the experiment. Ventilation
was opened above 19 ◦C and heating set points were 12 ◦C and 9 ◦C during the day and
night, respectively.

2.2. Nutrient Solution Treatments

A nutrient solution recipe for lettuce according to Göhler and Molitor [29] served
as the control treatment with three tanks as replications (n = 3) and 24 lettuce plants per
replication. A nutrient solution EC of 2.0 dS/m is usually used by commercial producers
of hydroponic lettuce, to avoid excess salinity [30] and calcium deficiency in leaves which
causes tip burn and reduces the market quality of the produce [31]. Concentrations in the
recipe were thus diluted to ensure an EC of 2.0 dS/m in the control treatment when using
local tap water and relative calcium concentration was increased to prevent tip burn [31].
The nutrient concentrations in the tap water used for the experiment are stated in the
Supplementary Materials (Table S1). Target concentrations for the nutrient solution in both
treatments were 168.1 mg/L N, 41.3 mg/L P, 286.7 mg/L K, 147.0 mg/L Ca, 24.3 mg/L Mg,
1.5 mg/L Fe, 360.3 µg/L B, 174.4 µg/L Zn, 31.8 µg/L Cu, 183.1 µg/L Mn, and 32.0 µg/L
Mo. The tested nitrified urine fertilizer, Aurin, is nitrified up to the equilibrium ratio of
nitrate nitrogen to ammonium nitrogen (1:1), activated carbon filtrated, and then distilled
by Vuna GmbH (Dübendorf, Switzerland) [9,32] (nutrient composition: Table 1). There
is inherent variability in the product and the values shown apply to the batch used in
the experiment.

Table 1. Nutrient concentrations in the Aurin fertilizer (Vuna GmbH, Dübendorf, Switzerland)
batch that was used for the given experiment according to Continuous Flow Analysis (NH4

+-N and
NO3

−-N) and ICP-OES (remaining elements).

Element Unit Concentration

NH4-N 26.3
NO3-N 31.9
Total N 58.2

P 4.4
K 24.1

Na [g/L] 28.1
Cl 36.0
Ca 1.3
Mg 0.2
S 5.7

Fe 3.8
B 42.6

Cu 9.4
Mn [mg/L] 0.6
Mo 0.5
Zn 23.2

In the nitrified urine treatment, ‘Aurin + mf’ (n = 3), nitrate salts, and other mineral
fertilizers (mf) were substituted with varying concentrations of the nitrified urine fertilizer
to obtain the same total N, P, K, Ca, Mg, Fe, and B concentrations as in the control treatment.
In the initial mix, 38% of total nitrogen was supplied by nitrified urine, according to a
previous study [21]. Due to the high concentration of ammonium in Aurin (50% of total
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nitrogen according to the manufacturer, 45% according to our own analysis after storage,
sampling, and dilution of samples), the control treatment was adjusted to contain a similar
ammonium concentration and 24% of total nitrogen was supplied in the form of ammonium
in all treatments. Nutrient concentrations in each tank were analyzed at the start of the
experiment and three weeks later, and then weekly afterward. Three days after taking
the nutrient solution samples, nutrients were added to each tank in the form of mineral
fertilizer or mineral fertilizer and Aurin, respectively. Values of pH and EC were measured
daily with a hand-held device (HI9811-5, Hanna Instruments, Vöhringen, Germany). The
pH was adjusted with phosphoric acid and potassium hydroxide to a value between
6.0 and 6.8 with no greater difference than 0.3 between the treatments. Total fertilizer
used during the experiment is specified in Table 2. The chloride (Cl) concentration in the
nutrient solutions was determined on three occasions with a hand-held photometer (Pocket
Colorimeter II, Hach Lange, Düsseldorf/Berlin, Germany). The analysis was repeated three
times and a mean value was calculated.

Table 2. Amount of each fertilizer applied in both treatments is given as a mean of the total experiment
per tank. Manufacturers are named in footers.

Fertilizer Unit Control Aurin + mf Product

Nitrified urine fertilizer [L] 0 0.432 Aurin 1

CaNO3 [g] 61.171 78.741 YaraLiva Calcinit 2

KH2PO4 [g] 62.252 57.285 YaraTera KRISTA MKP 2

KNO3 [g] 138.752 113.038 YaraTera KRISTA K PLUS 2

KAS (76% NH4NO3 + 24% CaCO3) [g] 90.614 0 Triferto KAS 27% 3

Yara Krista MgS [g] 28.412 28.963 Yara Krista MgS 2

Fe-EDTA 13% [g] 3.759 4.017 COMPO Fetrilon 13 4

Microelement stock [L] 0.037 0.032 Premixed stock solution 5

KOH 20% [L] 0.054 0.059 Potash lye 6

H3PO4 2.5% [L] 0.237 0.205 Phosphoric acid 6

1 Vuna GmbH, Dübendorf, Switzerland 2 YARA GmbH & Co KG, Dülmen, Germany. 3 Triferto, Doetinchem,
Netherlands. 4 COMPO GmbH, Münster, Germany. 5 (see Table S2 in Supplementary Materials). 6 Carl Roth
GmbH & Co KG, Karlsruhe, Germany.

2.3. Nutrient Solution Analyses

Nutrient solution analyses were performed regularly to ensure the accuracy of treat-
ments. This was at the start of the experiment and three weeks later, then weekly afterwards.
Two samples of each nutrient solution tank were taken and filtered with filter paper (595 1⁄2,
Whatman, GE Healthcare, Buckinghamshire, UK). Nutrient concentrations (B, Ca, Cu,
Fe; K, Mg, Mn, Mo, Na, S, P, Zn) were analyzed via inductively coupled plasma-optical
emission spectrometry (ICP-OES) using an ICP Emission Spectrometer (iCAP 6300 Duo
MFC, Thermo Fisher Scientific, Waltham, MA, USA). The method was performed accord-
ing to the application note of Thermo Fisher Scientific with modifications described by
Dannehl et al. [33] with the following adaptions: nebulizer gas flow was 0.5 L/min and
calibration curves were generated with the reference solutions listed in the Supplementary
Materials (see Table S3). Dissolved nitrogen concentrations (NO3-N and NH4-N) in the
water samples were analyzed using continuous flow analysis (CFA) (San++, SKALAR,
Breda, Netherlands) according to VDLUFA [34] and modified by Suhl et al. [35] with the
following adaptions: the used reference solutions were 2.336 mg/L NH4

+ (Ammonium
standard solution, Merck, Darmstadt, Germany) and 2.26 mg/L NO3

− (Nitrate standard
solution, Merck, Darmstadt, Germany) (see Table S4 in the Supplementary Materials for
standard curve).

2.4. Calculation of Fertilizer Savings and Carbon Footprints

Fertilizer savings were calculated for each fertilizer salt, comparing the mean amounts
used in both treatments given in Table 2. This was done for each nutrient contained in the
N, P, and K fertilizers and for each fertilizer salt. Assuming a production of 830,000 heads
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per hectare [36] in [37], savings were expressed as kg ha−1. From these results, the saving
potential of CO2 equivalent [kg CO2-eq ha−1] was calculated according to the results of
Brentrup et al. [38] for CaNO3 (0.64 kg CO2-eq kg CaNO3) and KAS (0.95 kg CO2-eq kg
KAS), and Umweltbundesamt [39] for KH2PO4 (1.26 kg CO2-eq kg KH2PO4) and KNO3
(1.2 kg CO2-eq kg KNO3).

The CF of the production of the nitrified urine fertilizer Aurin was calculated from
the amount of kg N from Aurin used in the experiment according to Faust et al. [40]. An
operational CF of 9.2 kg CO2-eq kg N−1 was assumed to apply after implementation of
the proposed NO2 mitigation strategies. For the control treatment, a fictional CF (9.78 kg
CO2-eq kg N) of the wastewater treatment of the urine applied in the Aurin + mf treatment
was calculated according to Maurer et al. [10]. For calculations of the Aurin production CF
as well as the wastewater treatment CF, a European electricity mix of 230 g CO2-eq kWh−1

was used for calculations [40], as we assume this to be comparable to the CFs for mineral
fertilizer production.

2.5. Yield and Product Quality Parameters

Immediately before harvest, plant diameters of every plant were measured at the
broadest expansion of the head, and leaves were counted. Plants were harvested after
35 days, on 23 May 2018. Fresh weights were taken of all lettuce heads after removing non-
marketable leaves that showed initial signs of rot or senescence. The remaining rootstocks
in rock wool cubes were dried at 105 ◦C until constant weight and then weighed. After
measuring the leaf area of eight lettuce heads per NFT system, these samples were dried at
105 ◦C until constant weight to determine the head dry weight.

For mineral content, nitrate, and secondary compound analysis, three pooled samples
per NFT system were taken and frozen in liquid nitrogen, using one-quarter of four
lettuce heads. Samples were freeze-dried and ground to a fine powder (Retsch, Haan,
Germany) and used in all analyses described as follows: For Ca, Cd, Cu, Fe, K, Mg, Na,
Ni, P, Pb, S, and Zn analysis, 0.25 g of each sample was digested in a microwave (MARS
Xpress MD-8216, CEM, Matthews, NC, USA) according to DIN EN ISO 19747:2009 [41]
as described by Dannehl et al. [33]. The analysis of the elements in the digestion solution
was conducted via ICP-OES as described above, except that 10 mL HNO3 (65%) and
6 mL H2O2 (30%) were added to 100 mL of all reference solutions. Reference solution
concentrations and measurement specifics are given in the Supplementary Materials (see
Table S5). Carbon and nitrogen content in lettuce was analyzed using an elemental analyzer
(vario MAX cube, Elementar Analysensysteme, Langenselbold, Germany) according to
DIN EN 15936:2012 [42] and DIN EN 16168:2012 [43]. The analysis was performed twice.
Carbon and nitrogen contents were calculated using glutamic acid as the reference standard
and expressed in percent. Nitrate content of the samples was determined with an RQFlex
20 reflectometer and Reflectoquant test strips for nitrate (Merck, Darmstadt, Germany).

Chlorophylls and carotenoids were extracted according to Taylor et al. [44] with the
following modifications: 0.5 mL of MeOH THF solution (1:1 v:v, three times) was added
to 10 mg of freeze-dried and ground samples, shaken at 24 ◦C and 500 rpm for 5 min
and centrifuged at 20 ◦C and 4.500 rpm for 5 min. The pellet was re-extracted twice. The
supernatant was transferred to a glass vial and dried under a nitrogen stream. Samples
were dissolved with 0.1 mL dichloromethane and 0.3 mL isopropanol and thoroughly
mixed, filtered (SpinX filters, 0.22 µm), and transferred to HPLC vials. Extracts were
analyzed on a Thermo Scientific HPLC system consisting of an UltiMate 3000 autosampler,
pump, photodiode array detector, and a thermostated column compartment (Thermo Fisher
Scientific, Waltham, MA, USA). Ultra-high performance liquid chromatography analysis
was performed according to Baldermann et al. (2013) with slight modifications: eluent
was used without ammonium acetate, gradient mode: 0–10 min 0% B, 10–40 min 0–100%
B, 40–42 min 100% B, 42–45 min 100–0% B, 45–55 min 0% B. Samples were separated
on a YMC-C30 column (2.1 × 100 mm, 3 µm) at 25 ◦C oven temperature and a flow of
0.2 mL/min. Carotenoids were detected at 456 nm and identified by retention times and
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specific UV spectra using reference compounds (trans-β-carotene, cis-β-carotene, lutein,
neoxanthin, chlorophyll a, and chlorophyll b). Amounts of compounds (in micrograms per
gram of dry weight) were calculated based on the peak area relative to the related external
standard curve, including their specific response factors.

Phenolic acids and flavonoids were analyzed from 20 mg of freeze-dried and ground
samples based on an HPLC method described by Mewis et al. [45] and modified by Förster
et al. [46]. In summary, the method consists of extraction with 70% methanol in an ultrasonic
bath. Samples were analyzed by HPLC using a C16 column (AcclaimPA, 3 µm, Dionex,
Sunnyvale, CA, USA). Compounds were quantified at 290 nm against the internal standard,
4-methoxycinnamic acid (1 mM, Sigma Aldrich, St. Louis, MO, USA). Commercially
available standards of single compounds with a similar chemical structure to the identified
ingredients were used as references (caffeic acid, 4-caffeoylquinic acid, caffeoyl malic acid,
quercetin-7-O-glucoside). Relative response factors were used to correct for absorbance
difference. Qualitative identification was carried out by retention time, specific UV spectra,
and mass spectrometry.

2.6. Statistical Analysis

Data were analyzed with SAS 9.4 software for Windows (SAS Institute Inc., Cary, NC,
USA). As the study focuses on nutrients, one hydroponic system with 24 lettuce plants was
counted as statistical replication. The statistical model for analysis of variances comprised
nutrient solution as a fixed treatment factor with three replications (n = 3) and the random
variation between tanks. For the treatments, homogeneous variances were assumed (as this
is not testable for n = 3). According to the Central Limit Theorem, the normal distribution of
the tank mean values can be assumed irrespective of the initial distribution of the individual
values. For each trait, least squares means and standard errors of the means were estimated,
and comparisons between control and Aurin + mf treatments were performed using the
Student’s t-test (p ≤ 0.05).

3. Results
3.1. Nutrient Solution Salinity and Fertilizer Savings

Sodium levels in the nutrient solution accumulated to 101 mg/L Na+ in the control
treatment and 150 mg/L Na+ in the Aurin + mf treatment by the end of the experiment. Sim-
ilarly, chloride levels reached 113 mg/L and 210 mg/L, respectively. Electrical conductivity
at harvest was 2.4 dS/m in the control treatment and 2.6 dS/m for nitrified urine.

Fertilizer applications resulted in a calculated total nitrogen application of 52.96 g to
the control treatment and 52.85 g to the Aurin + mf treatment. Based on nutrients contained
in nitrified urine (Aurin) fertilizer, it was calculated that mineral fertilizer contribution
was reduced (by mass) relative to the control by 48% of N, 15% of K, and 13% of P in
the Aurin + mf treatment (see Table S6 in Supplementary Materials). The nutrient use
efficiencies (NUEs) for nitrogen, potassium, and phosphorus were calculated for each tank
to verify the actual impact of the aforementioned fertilizer savings (Table 3). The NUE of
the Aurin + mf treatment for nitrogen was 258 (±9) compared to 268 (±31) for the control,
252.3 (±26.6) compared to 236 (±16.2) for potassium, and 759.5 (±55.4) compared to 784.9
(±136.4) for phosphorus.

3.2. Carbon Footprint of Fertilizer Production and Wastewater Treatment

The calculated CFs for the difference in amounts of mineral fertilizers used in the
two treatments are shown in Table 4. The CF for the Aurin + mf treatment was 8003.1 kg
CO2-eq ha−1 compared to 12,763.85 kg CO2-eq ha−1 for the control treatment, with a
resulting difference of 4371 kg CO2-eq ha−1 or 34.25%.
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Table 3. Calculation of nutrient use efficiencies for nitrogen, potassium, and phosphorus. Means and
standard deviations of yield per tank, nitrogen, potassium, and phosphorus applied per tank and
nutrient use efficiencies per tank of both treatments.

Control Aurin + mf

Unit Mean SD Mean SD

Y 1 [g] 8188 387 8647 195
FN

2 [g] 30.8 3.0 33.5 0.9
NUEN

3 - 268 31 258 9
FK

2 [g] 34.7 0.9 34.5 3.3
NUEK

3 - 236.0 16.2 252.3 26.6
FP

2 [g] 10.6 1.3 10.9 0.7
NUEP

3 - 784.9 136.4 795.5 55.4
1 Y = estimated leaf fresh mass for 24 plants per tank, 2 F = mass of respective nutrient per tank applied over the
course of the experiment minus discharge at the end of experiment, 3 NUE = Nutrient use efficiency for respective
nutrients calculated as NUE = Y/F (partial productivity factor).

Table 4. Calculated carbon footprints (CFs) for fertilizer salts of the two experimental treatments.

Unit Control Aurin + mf

Mineral fertilizer extra 1 - KAS, KH2PO4,
KNO3

CaNO3

Mineral fertilizer difference 2 [kg ha−1]
3133.72, 171.78,

889.27 607.63

CF mineral fertilizers [CO2-eq ha−1] 4260.60 388.88
N from Aurin® fertilizer [kg ha−1] - 869.90
CF urine fertilizer [CO2-eq ha−1] - 8003.1
CF wastewater treatment [CO2-eq ha−1] 8503.24 -

CF Total [CO2-eq ha−1] 12,763.85 8391.94
1 Amounts used of fertilizers indicated have positive differences to the other treatment, 2 Differences shown are in
comparison to the second treatment.

3.3. Yield and Morphological Parameters

No significant differences were found in head fresh and dry weight, head diameter,
root dry weight, number of leaves, and leaf area (Figure 1). The average fresh weight of
heads was 341 g (±16 g) per head for the Aurin + mf treatment and 360 g (±8 g) per head
for the control. The dry weight of heads was 16.19 g (±0.39 g) for the Aurin + mf treatment
and 15.68 g (±0.68 g) for the control treatment (see Table S7 in Supplementary Materials for
other parameters).

3.4. Product Quality

The sodium content in the leaf tissue of lettuce plants grown in the Aurin + mf
treatment was significantly increased by 33% compared to the control; calcium content was
significantly decreased by 17% compared to the control, but no tip burn occurred. All other
examined minerals showed no significant differences (Figure 2).

Analytic results found cadmium levels to be below the detection limit of 0.1 mg Cd/kg
dry weight, and other heavy metals, such as lead, copper, nickel, and zinc were not found
to be significantly different between the treatments (see Table S8 in Supplementary Ma-
terials). Nitrate accumulation in fresh leaf tissue observed in both treatments did not
differ significantly from each other (see Figure S1 in Supplementary Materials). No signifi-
cant differences were found for carotenoids, chlorophylls, phenolic acids, and flavonoids,
whether the lettuce plants were treated with Aurin + mf or the control nutrient solution
(Tables 5 and 6).
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Caffoyltartaric acid 414.27 (±105.56) 494.97 (±177.46) 
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Figure 2. Effects of different fertilizer treatments on mineral element content in leaf tissue. Mean
± standard deviation (dw = dry weight). Asterisks indicate significant differences (t-test, p ≤ 0.05).
Schemes follow the same formatting.
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Table 5. Effects of fertilizer strategies on carotenoid and chlorophyll content in leaf tissue.

Control Aurin + mf
[µg/g Dry Weight] 1

Chlorophyll a 4287.68 (±197.50) 4206.54 (±626.96)
Chlorophyll b 2332.45 (±181.96) 2334.73 (±424.07)
Cis-β-carotene 16.53 (±2.21) 16.26 (±3.14)
Lutein 391.48 (±36.67) 341.20 (±43.98)
Neoxanthin 160.80 (±15.70) 154.63 (±30.31)
Trans-β-carotene 105.95 (±14.57) 102.90 (±20.25)

1 Means ± standard deviation. No significant differences were found according to t-test (p ≤ 0.05).

Table 6. Influence of different fertilizer strategies on phenolic acid content in leaf tissue.

Control Aurin + mf
[nmol/g Dry Weight] 1

Caffeoylmalic acid 522.33 (±179.87) 535.44 (±233.12)
Caffeoylquinic acid 665.81 (±207.43) 750.09 (±315.18)
Caffoyltartaric acid 414.27 (±105.56) 494.97 (±177.46)
Dicaffeoylquinic acid 67.74 (±7.77) 102.70 (±59.98)
Dicaffeoyltartaric acid 2071.25 (±583.11) 2441.38 (±971.56)
Quercetin-3-O (6-malonyl)
glucoside 15.38 (±5.57) 16.36 (±6.16)

1 Means ± standard deviation. No significant differences were found according to t-test (p ≤ 0.05).

4. Discussion
4.1. Yield, Salinity of the Nutrient Solution, and Cations in Plant Tissue

Based on our results, lettuce (Lactuca sativa var. capitata cv. 79–154 RZ) can be grown
in a nutrient solution composed of nitrified urine fertilizer and mineral fertilizer with an
average electrical conductivity of 2.3 dS/m without loss of yield quantity and secondary
plant compounds if the rise in overall salinity is caused by NaCl. Mineral content in leaf
tissue such as sodium and calcium, however, were significantly different. These plant
responses are in accordance with findings of an earlier experiment [21], and with NaCl
and overall salinity thresholds [30,47,48]. However, for the parameter of fresh weight,
Andriolo et al. [30] found a threshold of 2.0 dS/m, which was contradicted by our re-
sults. The Aurin + mf treatment, with an electrical conductivity at harvest of 2.6 dS/m,
did not surpass the overall salinity threshold modelled for the dry weight of lettuce
plants by Andriolo et al. [30] and equals the lowest of several thresholds modeled by
Sonneveld et al. [48]. However, in our experiment, the target electrical conductivity of the
control treatment was already close to the mentioned salinity thresholds (2.0 dS/m target
and 2.4 dS/m actual average value).

The accumulated levels of sodium and chloride in the nutrient solution are far below
the tolerable concentration of 40 mM NaCl for lettuce described by Tzortzakis et al. [49].
Still, sodium ions in the nutrient solution interfere with potassium and calcium uptake, and
calcium content is also influenced by the osmotic potential of the nutrient solution [50]. This
explains why detected calcium levels in the leaf tissue of the Aurin + mf treatment were
lower than those caused by the control treatment, just above the sufficiency minimum of
11 mg/kg dry weight [51]. The calcium sufficiency is supported by the absence of tip burn
on lettuce plants. Surprisingly, Table 2 shows that more CaNO3 fertilizer had to be applied
over the course of the experiment to sustain equal concentrations of Ca in the nutrient
solution. This might be due to the precipitation of Ca salts in the Aurin + mf treatment.
In a study where the nitrified urine fertilizer was manually applied, calcium levels were
higher than in the control treatment [20]. High levels of ammonium usually also interfere
with calcium and potassium uptake [50], but this was avoided in the given experiment by
adjusting ammonium levels in the control nutrient solution. Our results suggest that when
using nitrified urine in lettuce production, it is not sodium toxicity but the overall salinity
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of the nutrient solution that is a limiting factor. In future experiments aiming to increase
the nutrient recycling ratio from nitrified urine fertilizers with low calcium content, such as
Aurin, a reduced overall salinity of the nutrient solution should be evaluated in control
treatments to avoid calcium deficiency and ensure product quality.

4.2. Fertilizer Savings and Carbon Footprint

In this experiment, 48% of N, 15% of K, and 13% of P were contributed by nitrified urine
fertilizer Aurin instead of mineral fertilizer. The corresponding nutrient use efficiencies
found for nitrogen, potassium and phosphorus were not equal, but comparable and thus
support the calculated nutrient savings. Halbert-Howard et al. [22] found these ratios to
be 80%, 17%, and 32%, respectively, for tomato. An even higher rate was achieved with a
nitrified urine fertilizer with a higher share of nitrate nitrogen and added calcium [12]. A
question that remains to be answered in further experiments is whether yields comparable
to the control treatment could also be attained by supplying a higher share of nitrogen from
nitrified urine while reducing other ion concentrations in favor of a low overall salinity.

With the calculated CFs for both treatments, a total saving of 34.25% (12,763.85
CO2-eq ha−1 vs. 8391.94 CO2-eq ha−1) of greenhouse gas emissions was possible due
to the Aurin + mf treatment. It has to be considered that this applies to a distilled nitrified
urine fertilizer with reduced volume for transport. On-site production of the fertilizer, in
an urban farming context with pasteurization instead of distillation and with the possible
use of green energy, would reduce the carbon footprint much more [40].

4.3. Product Quality

Cadmium (Cd) and lead (Pb) contents in food products produced in Europe are subject
to Regulation (EC) No 1881/2006 [52]. Analytic results found cadmium levels to be below
the detection limit and lead content far below the maximum level of 0.3 mg Pb/kg fresh
weight. As described, no significant differences in heavy metal content were detected be-
tween treatments. Consequently, the hypothesis that the replacement of mineral fertilizers
with nitrified urine could reduce heavy metal content in leaf tissue must be rejected for the
given experimental conditions.

The detected nitrate accumulation in fresh leaf tissue was below the European maxi-
mum level for summer greenhouse lettuce of 4000 mg/kg fresh weight [52]. Ammonium
levels in both treatments were elevated. The same effect was found by Gunes et al. [53],
who showed reduced nitrate accumulation in lettuce when nitrogen in the nutrient solution
was partly from ammonium-rich nitrogen sources such as urea and proteinate.

Chlorophyll, carotenoid, phenolic acid, and flavonoid content can be influenced
among other factors by the cultivar [54,55]. There is no reference data for the selected
lettuce cultivar. However, the contents of the detected compounds in the present study
were comparable to the studies referred to above. Previous studies found that romaine
lettuce plants exposed to 5 mM NaCl respond with an increase in carotenoid contents and,
depending on the salt sensitivity of the plants, with a decrease in phenolic acids [56]. The
same effect was observed for extremely high NaCl concentrations (100 mM) [57]. How-
ever, no influences of the higher sodium concentrations caused by Aurin + mf treatment
(4.37 mM Na+) on these secondary metabolites were found. It might be possible that the
differences in sodium concentrations were not high enough to trigger such metabolic
responses in the specific cultivar.

5. Conclusions

The proposed fertigation strategy for lettuce (Lactuca sativa var. capitata) with the
nitrified urine fertilizer Aurin resulted in the reduced consumption of mineral fertilizers
relative to the control (48% of N, 15% of K, and 13% of P) with comparable nutrient use
efficiencies between treatments, and thus in a saving of greenhouse gas emissions (34.25%).
In addition to this environmentally friendly production, equal yields were achieved with
equal accumulations of valuable secondary plant compounds. Calcium levels in leaf tissue
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were reduced to almost sufficiency minimum, while sodium levels were increased by the
fertigation strategy. The greenhouse gas emission savings may be further increased by
on-site fertilizer production because it eliminates the need for energy-intensive distillation
to reduce volume. Further experiments are required to explore the application of more
nitrogen from nitrified urine while reducing other ion concentrations to minimize overall
salinity. Additionally, it is necessary to investigate the detectability of pharmaceutical and
hormone residues in plant tissue, even if these compounds had been removed below the
analytic detection level in the examined nitrified urine fertilizer.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su151310684/s1, Table S1: Nutrient concentrations in tap water used
during experiment; Table S2: Composition of the micro element stock solution; Table S3: Reference
solutions and measurement specifics for ICP-OES of nutrient solution samples; Table S4: Standard
curve for Continuous Flow Analysis; Table S5: Reference solutions and measurement specifics for
ICP-OES of leaf tissue samples; Table S6: Nutrients (N, P, K) supplied by each fertilizer in both
treatments; Table S7: Treatment means of yield and physiological parameters; Table S8: Treatment
means heavy metal content in leaf tissue; Figure S1: Nitrate content in fresh leaf tissue of both
fertilizer treatments.
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