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Abstract: Digestate is an anaerobic digestion by-product rich in inorganic-nitrogen (N) that can be
used as an organic fertilizer. Digestate agronomic efficiency and its impact on the environment have
not yet been studied in detail, therefore this study tries to fill this gap. The agro-environmental
sustainability of digestate fractions was evaluated in a holistic way by comparing the best manage-
ment practices available in the Veneto Region agroecosystem. A farm experiment involving mineral
fertilizer and both liquid and solid digestate fractions was established involving silage winter wheat
and silage maize as main crops. Agro-environmental sustainability was investigated coupling crop
performance analysis (e.g., yield, N uptake and N use efficiency (NUE)) with a novel proposed
agro-environmental sustainability index (AESI) (i.e., product of the dry yield and NUE). The results
showed that the liquid digestate fraction gave agronomic performances comparable to mineral
fertilizers and a satisfying AESI while solid digestate showed lower performances. In conclusion,
liquid digestate fractions might be an effective substitute for mineral fertilizers in the Veneto region
agroecosystem reaching encouraging levels of agro-environmental sustainability. On the contrary,
longer-term experiments are requested to evaluate solid digestate fraction sustainability.

Keywords: liquid digestate fraction; solid digestate fraction; denitrification and decomposition
(DNDC) simulation; silage winter wheat; silage maize; nitrification inhibitor; circular economy

1. Introduction

During the last decade, biogas production has steadily increased in the European
Union (EU), encouraged by renewable energy policies [1,2]. Indeed, EU biogas reached
18 billion m3 of methane in 2015, produced by 18,202 plants, mainly concentrated in Ger-
many, Italy, and the Czech Republic [3,4]. Currently, the EU is the world leader in biogas
and biogas electricity production and accounts for half of the global output [4].

A biogas plant, also called an anaerobic digester, transforms organic materials into
two different products—i.e., biogas and anaerobic digestate (AD)—through the anaerobic
digestion process. The AD is an anaerobic digestion by-product that exhibits organic
fertilizer characteristics, such as relatively stable organic matter and a high level of soluble
inorganic nitrogen [5], which makes it suitable for agronomic purposes [6].

The use of AD as fertilizer is often hindered by economic (e.g., high transport and
storage costs), practical (e.g., large volumes to managed), and environmental issues (e.g.,
nitrogen and phosphorus fertilization limits in high nutrient areas) [7]. Therefore, AD is
generally subjected to further processes of nutrient concentration and recovery to favor its
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storage and transport [8]. Among others, solid–liquid separation is one of the most com-
monly used technologies [9]. The solid fraction is mainly composed of organic compounds
and phosphorous, while the liquid fraction contains the larger part of N and K [10].

AD is characterized by a high biochemical variability, which is due to (i) the source
materials’ heterogeneity and (ii) the residence time inside the digester [11]. Indeed, a
lower residence time may lead to incomplete AD stabilization with consequent odor
emissions, toxic organic compound formation (organic acids), pathogens, and the presence
of phytotoxic compounds that may inhibit crop growth [12,13]. Thereby, AD agronomic use
is strongly regulated by the EU and, before its on-field application, should comply with the
end-product requirements of European legislation [14] (e.g., the absence of Salmonella spp
and Clostridium perfringens and low heavy metal contents).

In Italy, biogas plants are fed with both agricultural and animal waste and energy
crops. More than half of the national production takes place in Lombardy, Veneto, and
Emilia Romagna, all regions located in the Po valley—a vast plain naturally suited to
intensive agriculture and livestock farming [2,15]. In this area, there is an urgent need
for managing a great amount of animal waste and, at the same time, maintaining crop
productivity and protecting water bodies [16].

As in the other EU countries, the use of AD as an alternative to mineral fertilizers may
play a big role in reducing the fossil fuel dependency that is a key factor in reaching sustain-
able development goals. Generally, the best AD performances in crop production have been
found in cereals (e.g., wheat, maize, barley, and triticale) and root crops (e.g., sugar beet
and potatoes), which attained similar yields to mineral fertilizer [2,17–20]. Additionally,
Walsh et al. [21] reported improved yields in forage crops suggesting the replacement of
mineral fertilizer with digestate in grass pastures [21]. On the contrary, contrasting results
were observed for horticultural crops, like watermelon and cauliflower [22].

The AD application technique is a key factor in reducing the ammonia (NH3) volatiliza-
tion and, in turn, retaining the total nitrogen (N) amount [23]. The digestate application
should be synchronized with the crop demand to increase the N efficiency and prevent
possible release into the environment [20]. Despite no common European guidelines being
available for AD spreading, the Nitrate Directive (91/676/CEE) may suggest some man-
agement practices, including AD liquid fraction injection into the soil or AD solid fraction
application promptly followed by soil tillage.

The determination of AD nitrogen use efficiency (NUE) is pivotal in promoting its
sustainable use as a surrogate for mineral fertilizers among farmers; however, currently,
only a few attempts exist in the literature. Baral et al. [24] showed that raw AD produced
from livestock slurry improved the NUE with respect to untreated pig and cattle slurries.
Sigurnjak et al. [25] found fertilizer use efficiency comparable to conventional mineral
fertilizers for both solid and liquid digestate fractions in a three-year field experiment.

With the general aim of evaluating the agro-environmental sustainability of cropping
systems that make use of AD as fertilizer, our study aims to (i) identify and test a practical
protocol for solid and liquid AD fractions applications, (ii) determine the optimal AD rate
according to a novel agro-environmental sustainability index, and (iii) evaluate the AD
fraction NUE results in a field experiment in north-eastern Italy. We tested the hypotheses
that (i) AD cropping systems can reach performances comparable to those of mineral
fertilizers and might replace traditional mineral fertilizers in intensive cropping systems
and (ii) the agro-environmental sustainability index can be used to predict cropping system
performances and agro-environmental sustainability and, in turn, determine the optimal
nitrogen rate.

2. Materials and Methods

A field experiment was conducted in 2018–2019 at two farms in the Veneto region,
north-eastern Italy. Farm 1 (F1) is located in Mira (Venice) (45◦24.253′ N; 12◦9.982′ E) on a
lagoon plain, which formerly originated as transition area between the alluvial plain and
the sea. The area developed as marshland that was later reclaimed. The site lies below
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sea level (−1 m a.s.l.), and agricultural activity is made possible by controlling the depth
of the water table by subsurface drainage systems. Difficult drainage conditions, which
tend to decrease the organic matter mineralization rate, together with former marshland
vegetation, lead to soil organic carbon (SOC) content accumulation in the surface horizon
(1.2%–2%). Soils are also highly decarbonated due to the ancient age of the alluvial surface
underneath the surface horizon with texture classes ranging between silty clay and silty
clay loam [26]. These are classified as Endogleyic Vertic Calcisols (Epiclayic and Endosiltic)
or Calcic Gleysols (Calcaric, Hypereutric, and Orthosiltic) [27].

Farm 2 (F2) is located in Salizzole (Verona) (45◦14.870′ N; 11◦4.523′ E) on an alluvial
plain originating from relatively coarse Adige river deposits, which originate soil types
with sandy loam to loam surface texture classes. Soils are classified as Cutanic Luvisols
(Hypereutric) with a reddish colored argic horizon due to illuvial clay accumulation
or Haplic Cambisols (Hypereutric) [27] (Table 1). The organic carbon content is low
(0.7%–0.9%) and soils are mostly well drained, due to coarse particle size presence [26].
The climate (2000–2019) is sub-humid, with an annual rainfall of 926 mm in F1 and 832 mm
in F2. At both sites, rainfall is highest in the autumn and lowest in the winter, while the
temperature rises from January (minimum average −0.5 ◦C and −0.4 ◦C, respectively) to
July (maximum average: 29.7 ◦C and 31.1 ◦C, respectively). Yearly average temperatures
are 13.6 ◦C (F1) and 14.1 ◦C (F2).

Table 1. Soil profile characteristics at Farm 1 and 2.

Characteristic Unit

F1 F2

0–50 cm 50–90 cm 90–150 cm 0–50 cm 50–70 cm 70–100 cm 100–150 cm

Ap Bkg Ckg Ap EB Bt C

Sand g 100 g−1 10 10 0 65 63 72 85
Silt g 100 g−1 46 45 64 24 25 11 11

Clay g 100 g−1 54 45 36 11 12 17 4
Bulk density g cm−3 1.51 1.58 1.57 1.41 - 1.46 1.45

pH 8.2 8.9 8.8 6.7 7.8 8 8.7
Carbonate g 100 g−1 2 50 32 0 0 0 28

Organic carbon g 100 g−1 1.53 0.64 0.26 1.02 0.89 0.38 0.26
Total nitrogen g 100 g−1 1.30 0.50 <0.50 0.87 0.71 <0.50 <0.50

2.1. Experimental Design

We tested mineral (MF), liquid digestate (LD), liquid digestate with a nitrification in-
hibitor (N-LockTM, Corteva Agriscience, Wilmington, DE, USA) (LD+), and solid digestate
(SD) fertilization treatments on continuous silage wheat (Triticum aestivum L.) and silage
maize (Zea mays L.) cropping systems. The treatments were allocated in 48 fields according
to a randomized complete block design with three replicates (four treatments × two crops
× two farms × three replicates). The experimental fields were rectangular (approximately
450 × 30 m) with an average area of 1.3 ha, totaling 48 ha.

Winter wheat was sown in November 2018 and harvested in June 2019, while maize
was sown in June 2019 and harvested in September 2019 (Table 2). The agronomic protocol
differed between treatments and employed the best available techniques for each fertilizer
type—i.e., subsoiling followed by subsurface digestate injection and harrowing in LD and
LD+, amendment application and incorporation through 20 cm-ploughing followed by
harrowing in SD, and subsoiling followed by harrowing in MF.

Crop fertilization consisted of one single application before tillage for the digestate
(LD, LD+, and SD treatments) and two side dressing applications for the MF (Table 2), the
latter using nitrate (40% application rate) and urea (60% application rate) in winter wheat
and only urea in maize (50% application rate each). Irrigation was performed according to
the crop water needs using a lateral movement system at F1 and emergency irrigation with
a gun machine at F2.
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Table 2. Agronomic protocol of management systems for both silage winter wheat and silage maize.

Operation Farm 1 Farm 2

Winter wheat

Liquid digestate application 5 October 2018 5 October 2018
Solid digestate application 5 October 2018 5 October 2018

Seeding 16 November 2018 13 November 2018
Nitrate fertilization 18 February 2019 1 March 2019

Urea fertilization 1 April 2019 1 April 2019
Harvest 20 June 2019 18 June 2019

Maize

Liquid digestate application 25 June 2019 25 June 2019
Solid digestate application 25 June 2019 25 June 2019

Seeding 27 June 2019 27 June 2019
1◦ Urea fertilization 12 June 2019 12 June 2019
2◦ Urea fertilization 2 July 2019 2 August 2019

Harvest 14 October 2019 11 October 2019

The digestate used in this experiment was collected from two biogas plants located
in the proximity of the experimental fields, both fed with energy crops (e.g., silage maize
and silage winter wheat) and animal wastes (e.g., poultry manure and swine slurry in F1,
cattle and swine slurry in F2). The biogas plants have a nominal power of 999 KWh; the
reactors use thermophilic bacteria and work at a temperature between 52 and 56 ◦C with a
residence time of 60 days. The obtained AD was then treated with a solid–liquid separation
process to obtain solid (SD) and liquid (LD) fractions. The digestate main characteristics
are reported in Table 3.

Table 3. Digestate characteristics during the experimentation at farm 1 (F1) and farm 2 (F2).

Site
DM VS TN TP TK

g 100 g−1 g 100 g−1 g 100 g−1 g 100 g−1 g 100 g−1

Liquid digestate F1 9.9 7.3 (± 0.4) 0.76 (± 0.06) 0.2 (± 0.08) 0.52 (± 0.09)
F2 6.1 4.1 (± 0.24) 0.64 (± 0.04) 0.11 (± 0.04) 0.36 (± 0.06)

Solid digestate F1 23.8 21.2 (± 0.96) 0.69 (± 0.07) 0.23 (± 0.1) 0.61 (± 0.1)
F2 21.1 18.1 (± 0.84) 0.7 (± 0.08) 0.22 (± 0.09) 0.4 ± (0.07)

DM: dry matter (105 ◦C oven-dried), VS: volatile solids, TN: total nitrogen, TP: total phosphorous and TK: total
potassium.

2.2. Crop Biomass and Soil Samplings

During 2018–2019, one m2 (wheat) and two m2 (maize) sample areas per replicate
were identified to measure vegetation traits and collect soil samples. Measurements were
carried out on three sampling dates per season, at tillering (112 days after seeding—DAS),
flag leaf (133 days DAS) and, maturity (211 DAS) for wheat and at emergence (27 DAS),
flowering (58 DAS), and maturity (100 DAS) for maize. An active GreenSeeker spectrometer
(Ntech Industries Inc., Ukiah, CA, USA) was used to measure normalized difference
vegetation index (NDVI) within the range of 660–770 nm, while the leaf area index (LAI)
was determined through a ceptometer (Decagon Devices Inc., Pullman, WA, USA). The
chlorophyll content was measured as the average of ten lateral leaves measurement inside
the sampling area through a leaf clip sensor (Force A, Paris, France). The volumetric water
content of soil was measured using a FieldScout TDR 350 (Spectrum Technologies Inc.,
Aurora, IL, USA) considering a 20 cm soil depth. Finally, the plant height was obtained by
measuring the distance between the root–stem-transition and the apical bud using a tape
measure.

The fresh crop biomass was destructively harvested and oven-dried at 65 ◦C for 48 h, to
determine the total above-ground dry biomass and total N concentration using the Kjeldahl
method [28]. Finally, the N uptake was calculated by multiplying the N concentration by
the total above-ground dry biomass. Soil samples were taken at a 0–20 cm-profile using
an auger, stored at −18 ◦C and analyzed for the total Kjeldahl nitrogen (TKN) using
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the Kjeldahl method [28] and for NH4 and NO3 using method XIV of the Italian DM 13
September 1999 [29].

2.3. Modelling and Fertilizers Application Rate

The optimal fertilizer application rate was identified by maximizing a decisional index
based on the output of the Denitrification and Decomposition (DNDC) model [30]. DNDC
is a biogeochemical model designed for the simulation of crop growth and carbon and
nitrogen dynamics in an agroecosystem [31]. DNDC has been successfully used worldwide
to predict biogeochemical cycles, including the Veneto low plain [32,33]. Simulations were
carried out over a 9-year period (2010–2018) for estimating the effects of four management
systems (LD, LD+, MD, and SD) on crop performances and N use efficiency.

The input parameters were daily weather data (e.g., temperature and rainfall), soil
properties (e.g., soil density, texture, and initial SOC), land use (e.g., crop type and rota-
tion system), and management practices (e.g., tillage, fertilization, irrigation, and crop
residue management). For each fertilizer type—i.e., liquid digestate, solid digestate,
and mineral fertilizer—the simulations were repeated at increasing nitrogen input from
50 to 500 kg N ha−1 at 50 kg N ha−1 interval steps. Since digestate was not included in the
DNDC model, its peculiar high mineral N content was represented as a combination of
animal waste and urea. The proportions between the two components were defined in
function of laboratory analysis.

The optimal N application rate was defined as the maximum of the product between
the crop dry matter (kg C ha−1 y−1) at harvest and the nitrogen use efficiency (NUE)
calculated according to the Nitrogen Expert Panel [34] as the ratio between the crop N
uptake and N input obtained through fertilization (Figure 1). The applied index, here-
after called the agro-environmental sustainability index (AESI), should reflect the balance
between the agronomic performance (i.e., yield) and environmental sustainability (i.e.,
NUE). Afterward, N prescription maps were built for each fertilizer using the geographic
information system (GIS) platform (ESRI, ArcGIS, Redlands, CA, USA).

Figure 1. Optimal N application rate determination process: the red dotted lines define the N
application rate when the maximum between dry biomass and N use efficiency (NUE) is reached.

2.4. Statistical Analysis

Statistical analysis was performed applying a mixed-effects model based on a restricted
maximum likelihood estimation method to all i-th variables for each monitored farm and
crop. The treatment (i.e., different fertilization), the crop phenological stage (tillering, flag
leaf, and maturity for wheat and emergence, flowering, and maturity for maize) and their
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interactions were tested as categorical variables, while sand, TKN, NH4, and NO3 were
used as continuous variables.

All the previous effects were treated as fixed, blocks were treated as random, and
measurements inside the same field as repeated. The post hoc pairwise comparison of least-
squares means was performed with the Tukey method to adjust for multiple comparisons
at the significance level of p ≤ 0.05. Statistical analysis was performed through SAS (SAS
Institute Inc. Cary, NC, USA) version 5.1.

3. Results
3.1. Simulation Results

During the nine-year DNDC simulations, the optimum N rate varied from 90 to 350 kg N ha−1

at F1, from 60 to 350 kg N ha−1 at F2 for wheat, and was in the 180–500 kg N ha−1 (F1) and
120–400 kg N ha−1 (F2) range for maize (Table 4). On average, at both sites and crops, the
lowest optimum N rate was predicted for MF, and the highest was for SD. The final crop
yield for silage winter wheat was predicted between 9.3 and 10.3 t ha−1 at F1 and between
5.7 and 8.8 t ha−1 at F2. For silage maize, the simulated production varied considerably at
F1 (between 12.2 and 27.2 t ha−1) with MF resulting in the highest yield and the LD in the
lowest, while F2 was similar among the treatments, at 15 t ha−1 on average.

Table 4. The optimum N rate, yield, nitrogen use efficiency (NUE), and agro-environmental sustain-
ability index (AESI) results after 9 years (years: 2010-2018) DNDC simulation for both farms (F1 and
F2) and crops (winter wheat and maize). MF: mineral fertilizer; LD: liquid digestate fraction; LD+:
liquid digestate fraction with nitrification inhibitor; and SD: solid digestate fraction.

Optimum N
Rate

(kg N ha−1)
Yield (t ha−1) NUE (%) AESI (t ha−1)

F1 F2 F1 F2 F1 F2 F1 F2

Wheat

MF 95 60 10.1 5.7 100.2 88.7 10.1 5
LD 250 150 9.3 7.1 36.4 44.9 3.4 3.2

LD+ 275 150 10.3 7.1 35.6 44.7 3.7 3.2
SD 350 350 9.4 8.8 24.3 23.3 2.3 2

Maize

MF 193 133 27.2 14 86.6 67.7 13.9 5.5
LD 200 350 12.2 15.7 34.1 28.5 4.1 4.5

LD+ 275 342 13.3 15.6 28.7 28.7 3.8 4.5
SD 500 400 23.7 14.8 29.4 23.6 7 3.5

The simulated NUE decreased with the increase of the N application rate and ranged
from the minimum in SD (24.3% at F1 and 23.3% at F2) to the maximum in MF (100.2%
at F1 and 88.7% at F2) for winter wheat. The maize NUE follows the same behavior of
the winter wheat except at F1 where the lowest efficiency was recovered in LD+ (28.7%)
instead of SD (29.4%) (Table 4).

For winter wheat, the AESI was predicted between 2.3 and 10.1 t ha−1 at F1 and
between 2 and 5 t ha−1 at F2, while for maize this was between 3.8 and 13.9 t ha−1 at F1 and
between 3.5 and 5.5 t ha−1 at F2 (Table 4). In the optimum N rate determination process
(Figure 1), no clear peaks were detected in the SD treatment, and, consequently, the N
application rate was set at 350 kg N ha−1 in winter wheat for both farms and at 500 (F1)
and 400 kg N ha−1 (F2) in maize to comply with the Nitrate Directive regulation [35].

3.2. Meteorological Conditions

The crop growing season for winter wheat was characterized by precipitation of 467 and
404 mm at F1 and F2, respectively, with a peak of 181 mm at F1 and 216 mm at F2 in May. In
maize, the precipitation amounted to 269 mm at F1 and 202 mm at F2, with a peak of 142 mm
in July at F1 and 85 mm in September at F2. The air temperature ranged between −1.7 and
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26.3 ◦C at F1 and between −1.6 and 26.3 ◦C at F2 for winter wheat, while maize temperatures
were in the 13.5–29.8 ◦C range at F1 and in the 14.1–30.7 ◦C range at F2.

3.3. Crop Traits

The effect of cropping systems on plant height was appreciable only at F1 (treatment × date
significant at p = 0.05). In winter wheat, at maturity, the values ranged from 100 cm in LD+
to 134 cm in LD. On the contrary, in maize at flowering, the plant height was higher in LD+
(273 cm) and lower in LD (253 cm), SD (259 cm), and MF (216 cm). No significant differences
were observed for the other dates. At F1, crop height was also positively correlated with
the TKN (p = 0.0681) in winter wheat and sand in maize, respectively.

The winter wheat LAI ranged from 0.6 and 0.4 at tillering to 3.6 and 4.1 at maturity
at F1 and F2, respectively. Similarly, the maize LAI steadily increased from emergence
(0.7 and 0.3) to maturity (6.1 and 5.4) at F1 and F2, respectively. Statistical differences
occurred for both crops during the intermediate stage only at F1 (Table 5). Indeed, at winter
wheat flag leaf, SD exhibited the highest LAI (3.8) and MF the lowest (0.9), while LD and
LD+ had intermediate results. Conversely, during the maize flowering stage, LD+ (4.6) and
MF (2.9) showed the highest and the lowest LAI, respectively. In winter wheat, the TKN
was positively and negatively correlated to the LAI at F1 and F2, respectively.

The NDVI dynamics were similar for both crops and sites showing a growing pattern
between the first and second sampling date (e.g., the tillering and flag leaf for winter
wheat and the emergence and flowering for maize) followed by a decrease at maturity.
The maximum observed NDVI ranged between 0.62 and 0.82 at F1 and between 0.79 and
0.82 at F2 for winter wheat and was slightly higher for maize, being in the 0.79–0.87 range.
Statistical differences were found only at the early growing stages at F1, for both maize
and winter wheat.

In the latter, both digestate fractions resulted in a significantly higher NDVI (0.68, on
average) than MF (0.41) at the tillering stage, while the SD had the highest and the MF the
lowest NDVI at flag leaf. Similarly, at F1 maize emergence, the liquid digestate fraction
exhibited 58% of the greatest NDVI, while the SD was comparable to the MF (0.36 vs. 0.31).
The NDVI was influenced by the soil N, being positively correlated with the TKN and
ammonium in winter wheat at F1 and in maize at F2, respectively. The NDVI was also
negatively correlated with sand in winter wheat at F2.

In general, the NDVI was always positively correlated with the LAI and N uptake
at the early phenological stages (i.e., the tillering and flag leaf in winter wheat and the
emergence and flowering in maize) with average coefficients of correlation of 0.56 and 0.64,
respectively, with the exception of F2 maize where the relationship was also not significant
at flowering.

3.4. Crop Performances

Crop biomass production was unaffected by treatments at the early development
stages, being 2.5 t ha−1 at F1 and 0.9 t ha−1 at F2 at tillering and 2.7 t ha−1 at F1 and
2.4 t ha−1 at F2 at flag leaf in wheat, and being 0.3 t ha−1 at F1 and 0.04 t ha−1 at F2 at
emergence and 6.8 t ha−1 at F1 and 4.5 t ha−1 at F2 at flowering in maize. At maturity, the
silage winter wheat production was 9 t ha−1 at F1 and 12.6 t ha−1 at F2 without significant
differences between treatments (Figure 2).
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Table 5. Crop trait results (plants height, leaf area index (LAI), and normalized difference vegetation index (NDVI)) for both farms (F1 and F2) and crops (winter wheat and maize).
Different letters identified significant differences among treatments according to the Tukey test at p ≤ 0.05. ns = not significant.

Plants Height (cm) LAI NDVI

Treatment Treatment Treatment

MF LD LD+ SD MF LD LD+ SD MF LD LD+ SD

Winter
wheat

F1
Tillering 9 ns 18 ns 12 ns 14 ns 0.5 ns 0.7 ns 0.6 ns 0.5 ns 0.41 b 0.78 a 0.63 a 0.63 a
Flag leaf 21 ns 28 ns 27 ns 35 ns 1.0 b 3.0 ab 2.1 ab 3.8 a 0.62 b 0.80 ab 0.75 ab 0.82 a
Maturity 102 ab 134 a 100 b 104 ab 3.6 ns 3.3 ns 2.7 ns 4.6 ns 0.42 ns 0.35 ns 0.32 ns 0.49 ns

F2
Tillering 9 ns 9 ns 10 ns 8 ns 0.4 ns 0.4 ns 0.4 ns 0.4 ns 0.45 ns 0.46 ns 0.46 ns 0.43 ns
Flag leaf 44 ns 49 ns 40 ns 45 ns 3.7 ns 3.2 ns 3.1 ns 3.8 ns 0.82 ns 0.79 ns 0.81 ns 0.80 ns
Maturity 136 ns 124 ns 141 ns 135 ns 5.0 ns 3.2 ns 3.9 ns 4.4 ns 0.70 ns 0.65 ns 0.68 ns 0.68 ns

Maize

F1
Emergence 60 ns 68 ns 70 ns 75 ns 0.6 ns 0.8 ns 0.8 ns 0.7 ns 0.31 b 0.48 a 0.50 a 0.36 ab
Flowering 216 b 253 ab 279 a 259 ab 2.9 b 3.9 ab 4.6 a 4.0 ab 0.82 ns 0.87 ns 0.84 ns 0.90 ns
Maturity 285 ns 289 ns 306 ns 306 ns 5.6 ns 5.9 ns 6.6 ns 6.2 ns 0.82 ns 0.79 ns 0.84 ns 0.79 ns

F2
Emergence 18 ns 20 ns 17 ns 16 ns 0.2 ns 0.4 ns 0.3 ns 0.2 ns 0.23 ns 0.19 ns 0.18 ns 0.15 ns
Flowering 196 ns 194 ns 198 ns 214 ns 2.8 ns 2.7 ns 2.3 ns 3.9 ns 0.87 ns 0.86 ns 0.83 ns 0.79 ns
Maturity 303 ns 282 ns 290 ns 351 ns 6.0 ns 5.5 ns 5.4 ns 4.9 ns 0.80 ns 0.76 ns 0.82 ns 0.77 ns

MF: mineral fertilizer; LD: liquid digestate; LD+: liquid digestate with a nitrification inhibitor; and SD: solid digestate.
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Figure 2. Crop dry biomass (bars) and biomass N content (points) by treatment (MF: mineral fertilizer, LD: liquid digestate,
LD+: liquid digestate with a nitrification inhibitor and SD: solid digestate) for both farms (F1 and F2) and crops (winter
wheat and maize); * missing data. Different letters identified significant differences among treatments according to the
Tukey test at p ≤ 0.05. ns = not significant.

The silage maize yield was affected by treatments at F1, where LD+ reported the best
performances (+28% with respect to MF) followed by SD while MF and LD had lower
productions (Figure 2). The treatments did not impact the crop yield at F2, which resulted
in 17.4 t ha−1. The dry yield was influenced by soil N in winter wheat at F1, and was
positively correlated with the TKN.

The nitrogen content in the wheat biomass ranged between 2.9% (F1) and 3.1% (F2)
at tillering and 1.3% (F1) and 0.9% (F2) at maturity. Similarly, the maize N content varied
from 3.6% (F1) and 4.3% (F2) at emergence to 1.2% (F1) and 1.3% (F2) at maturity (Figure 2).
The nitrogen uptake results showed comparable performances among the treatments for
both crops and sites (Figure 3). Generally, the N uptake showed an increasing pattern with
the phenological stage from 35 to 117 kg N ha−1 at F1 and from 21 to 189 kg N ha−1 at F2
for winter wheat and between 5 and 265 kg N ha−1 (F1) and between 1 and 235 kg N ha−1

(F2) for maize. In winter wheat, the N uptake was positively and negatively correlated
with the TKN and sand (p = 0.07) at F1 and F2, respectively.
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Figure 3. Crop N uptake by treatment for both farms (F1 and F2) and crops (winter wheat and maize); * missing data. Dif-
ferent letters identified significant differences among treatments according to the Tukey test at p ≤ 0.05. ns = not significant.

The greatest NUE was recorded on MF treatment for both crops and sites, which was
always above 100% and reached the maximum value of 240% in F2 winter wheat (Figure 4).
In contrast, SD gave the lowest NUE for both crops and sites, being 15% and 54% in winter
wheat and 46% and 59% in maize. The NUE of LD and LD+ was generally lower than MF
and comparable to SD in all cases except for F1 maize where the performance was similar
to that of MF. Nitrate was positively correlated with the NUE in winter wheat at F1 and
negatively in maize at both farms (F1 and F2).

MF treatment gave the greatest AESI, always above 14.9 t ha−1 for both crops and sites
except in F1 maize where no statistical differences were found among treatments (Figure 4).
Conversely, SD reported the lowest AESI in winter wheat at both sites (F1 and F2) and was
always below 12.7 t ha−1. Overall, the lowest AESIs were recorded in F1 winter wheat,
reflecting the results of the nitrogen uptake (Figure 4). The AESI was positively correlated
with the TKN (p = 0.0592) and nitrate in winter wheat at F1 while maize at F2 reported a
negative and a positive correlation with nitrate and sand, respectively.
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Figure 4. The nitrogen use efficiency (NUE) (bars) and agro-environmental sustainability index (AESI) (points) by treatment
for both farms (F1 and F2) and crops (winter wheat and maize). Different letters identified significant differences among
treatments according to the Tukey test at p ≤ 0.05. ns = not significant.

4. Discussion

Liquid and solid digestate fractions led to crop performances (e.g., dry biomass, plant
height, LAI) that were consistently comparable to those of mineral fertilizers. On the one
hand, this confirms the good potentialities of by-products as digestate for N delivering and
maintaining crop performances [2,20,21,36–38]. On the other hand, this may suggest that
the adoption of different N rates is more suitable compared with adopting an equal rate
when different fertilizers (e.g., organic and mineral) are involved, in order to homogenize
crop performances and evaluate the cropping system agro-environmental sustainability in
a holistic way.

The addition of a nitrification inhibitor to LD did not consistently increase the crop
performances as no differences between the LD and LD+ were detected for all parameters
except for maize at F1. The nitrification inhibitor reduced the nitrogen losses via denitri-
fication and leaching; however, their magnitude can considerably vary as a function of
soil properties (e.g., pH and cation exchange capacity) [39,40]. Indeed, for example, in
alkaline soil (pH ca. 8), ammonia volatilization (NH3) can significantly reduce the nitrogen
availability and, in turn, decrease the positive effect of nitrification inhibitor [41]. In the
studied farms, the pH averaged 8.6 at F1 and 7.8 at F2, and the comparable performances
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between LD and LD+ might confirm what was reported by other authors [39–42] who sug-
gested a reduced effect of nitrification inhibitors in alkaline soil due to the high ammonia
volatilization. The effect of a nitrification inhibitor was more visible in maize (spring crop)
than in winter wheat (autumn crop). This may suggest that meteorological conditions,
with temperature first, played a key role in the microorganism activity and, consequently,
may synchronize N release with crop nutrient requirements and, in turn, may rule the N
environmental fate.

The maize NUE for mineral fertilizer was always around 100% or higher, likely due to
the presence of soil residual nitrogen [37,43]. The NUE was calculated following the EU
Nitrogen Expert Panel [34] suggestion as the N output to N input ratio, where NUE < 50%
indicates the risk of environmental losses and NUE > 90% the risk of soil mining. The higher
(not always significant) NUE in MF compared to LD could be attributed to the nature of
fertilizer (presence of readily available N forms) and agricultural practice (e.g., fertilizer
fractionation and timing) [20] and it could also be associated with the risk of soil mining.
On the contrary, LD showed satisfying maize NUE (e.g., >50%) but did not exceed 90%,
falling close to the “sustainability zone” according to the graphical NUE representation
of the EU Nitrogen Expert Panel [34] (Figure 5). Contrarily to liquid, the solid digestate
fraction reported a lower maize NUE, being <50% in almost all cases, confirming the results
of Cavalli et al. [43] who reported a lower apparent nitrogen recovery with a digestate solid
fraction compared to both the liquid and mineral fertilizers. Despite this, the N in organic
form, likely to be still set in SD, might represent a N source for subsequent crops.

Figure 5. Graphical presentation of the Nitrogen Use Efficiency (NUE) as results of the
N input vs. N output. The lines corresponding to NUE = 90%, desired maximum
surplus = 80 kg ha−1 yr−1, NUE = 50%, and desired minimum productivity = 80 kg ha−1 yr−1 des-
ignate the “sustainability” zone (in grey). For further details please see the EU Nitrogen Expert Panel
(2015). Error bars represent the standard error.

As the opposite to what was reported for maize, for F1 winter wheat both digestate
fractions exhibited lower NUE performances (<38%) compared to MF (123%). The solid
fraction of digestate contains a high amount of organic nitrogen that is not readily available
for plants, a high C:N ratio and cellulosic and hemi-cellulosic compounds [44–47]. There-
fore, the intrinsic nature of SD combined with a low temperature during the winter wheat
growing season may have reduced the mineralization rates leading to N immobilization
in the soil [48]. Soil N immobilization occurs after organic amendment application [49],
which limits the N availability in the short-term [50] but provides a gradual N release in the
medium-term [37]. In the present study, the SD nitrogen application was between 350 and
500 kg N ha−1, which was the highest among the studied treatments. Thus, we speculate
that not all the N was in a mobile or crop-available form; thus, the SD nitrogen might have
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contributed to the soil organic matter on the one hand [20] and represents a constant source
of available nutrients for the following crops [51] on the other.

According to Nabel et al. [52], fertilization with digestate may improve soil physical
properties, such as water retention capacity. For these reasons, the advantages of digestate
over mineral fertilizer might increase over time [52]. Finally, as opposed to mineral
fertilizer, digestate is an agricultural by-product often treated as waste and subjected to
further treatments [9,53,54], which does not require fossil fuels for its production. Therefore,
using digestate as an alternative to mineral fertilizer may sustain the circular economy
and give insight to sustainable development goals (SDGs) [55,56]. Indeed, the agricultural
sector might contribute to SDGs (e.g., clean water and sanitation, responsible consumption
and production and climate action) mainly by improving nitrogen [57,58] and irrigation
use efficiency [59,60].

To the best of our knowledge, only a few attempts exist in the literature using DNDC
or other models to simulate digestate performances. Shen et al. [61] modified the UK-
DNDC to implement digestate application and found that the model well fitted the field
observations. Räbiger et al. [62] reported that the Plant–Soil–Atmosphere model well
depicted the N uptake dynamic with a coefficient of determination ranging between 0.79
and 0.82.

The classical Economic Optimum Rate approach maximizes the farmer’s financial
returns but does not consider the environmental pollution risk [63]. As a consequence,
many authors have proposed several methods to optimize the N rates taking into account
economic and environmental sustainability goals at the same time. Basso et al. [63] sug-
gested a decisional method to determine the optimal N rate based on the plant’s available
soil water through simulations with increasing fertilization. Another method, proposed
by Cammarano et al. [64], aims to maximize the economic profit and to minimize the
environmental impact using the Decision Support System for Agrotechnology Transfer
(DSSAT) model but this requires information that is not always available, such as nitrate
leaching, a marginal net return probability analysis, reliable weather forecast, and detailed
yield maps.

Alternative criteria should be followed for identifying the optimum digestate rate. In-
deed, the digestate is a zero-cost by-product whose use as a fertilizer surrogate is restricted
by side effects on the environment. The proposed AESI might represent a more synthetic
and rapid tool to define the optimal N rates of by-products (e.g., digestate) combining
agronomic (yield) and environmental sustainability (NUE) and, thus providing new insight
into the circular economy through the better utilization of existent resources as digestate.

5. Conclusions

In this work, a practical protocol for the use of solid and liquid digestate fractions
was tested according to agronomic and environmental metrics. Our experiment fully and
partially confirmed the first and second starting hypotheses, respectively. Indeed, on the
one hand both digestate fractions gave agronomic performances comparable to those of
mineral fertilizers suggesting that they can be an effective substitute for mineral fertilizers
in intensive cropping systems. On the other, the lower agro-environmental sustainability
of the solid fraction in the first year might suggest the need for longer-term study to fully
exploit its additional benefits (e.g., improvement of the soil physical properties, residual N
release). Therefore, using digestate fractions might be an asset for the circular economy,
allowing fulfilment of the 2030 Agenda for sustainable development, adopted by all United
Nations member states.
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