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Abstract: The aim of this 5-year study was to evaluate the technical, economic, and environmental
performances of a collective-based integrated treatment system for bioenergy production and nutrients
removal to improve the utilization efficiency and reduce the environmental impact of land applied
livestock manure. The study involved 12 livestock production units located in an intensive livestock
area designated as nitrate vulnerable zone with large N surplus. The treatment system consisted of
an anaerobic digestion unit, a solid–liquid separation system, and a biological N removal process.
Atmospheric emissions and nutrient losses in water and soil were examined for the environmental
assessment, while estimated crop removal and nutrient utilization efficiencies were used for the
agronomic assessment. The integrated treatment system achieved 49% removal efficiency for total
solids (TS), 40% for total Kjeldahl nitrogen (TKN), and 41% for total phosphorous (TP). A surplus of
58kWh/t of treated manure was achieved considering the electricity produced by the biogas plant
and consumed by the treatment plant and during transportation of raw and treated manure. A profit
of 1.61 €/t manure treated and an average reduction of global warming potential by 70% was also
achieved. The acidification potential was reduced by almost 50%. The agronomic use of treated
manure eliminated the TKN surplus and reduced the TP surplus by 94%. This collective integrated
treatment system can be an environmentally and economically sustainable solution for farms to
reduce N surplus in intensive livestock production areas.

Keywords: anaerobic digestion; biological nitrogen removal; integrated treatment system;
livestock manure; renewable energy

1. Introduction

The gradual intensification of livestock farming systems can increase their total environmental
impact, resulting in higher emissions of pollutants such as greenhouse gases (GHG), ammonia
(NH3), and odors that derive from housing, storage, and field application of manure and slurry.
In Europe, animal manures contribute about 65% of total anthropogenic NH3, 40% of N2O, and 10% of
CH4 emissions [1]. These pollutants impact environmental quality (e.g., acidification, eutrophication,
climate change) and human health (e.g., respiratory diseases) even beyond the boundaries of areas
characterized by high livestock intensity [2]. Moreover, when used for crop fertilization, the amount of
nutrients from intensive livestock systems commonly exceeds crop requirements of local soil–crop systems.
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This imbalance increases the risk of nitrogen (N) and phosphorus (P) losses in water and soil [3–6],
mainly via nitrate leaching (NO3

−) to groundwater and runoff losses of NO3
−, ammonium (NH4

+),
and phosphate (PO4

3−) to surface waters [7]. To address this environmental issue, different alternatives
for improving management of nutrients in livestock manure have been developed and most have
achieved satisfactory performances. The feasibility of any manure treatment system depends on
its size, the required level of nutrient removal, the possibility to produce bioenergy, and the cost of
installation and operation [1,8]. Hence, there is no universally suitable technological strategy that
is adapted to every specific and local condition [9]. However, the integration of various treatment
systems can be an effective way to achieve higher overall efficiencies than can be accomplished in
single systems. To reduce the nutrient surpluses in manure and slurry, two approaches can be adopted:
nutrient recovery and nutrient removal. In both cases, anaerobic digestion (AD) can be considered
as a relevant process step because, even if it does not affect the nutrients content [9,10], it facilitates
economic income and produces an effluent adaptable to downstream treatment for either recovering
nutrients [11–14] or removing nutrients [15]. Commonly, AD reduces GHG emissions, however during
the storage period and in some cases in land application, the digestate could cause higher emissions of
GHG than raw manure [16]. To identify the most suitable type of integrated treatment system for a
specific situation, it is necessary to assess the magnitude of nutrient surplus at both farm and regional
scales. Where the N surplus is small at both scales, a sufficient solution can be to relocate a manure
application site or, for a slurry-based system, to introduce solid–liquid separation, because the solid
fraction is easier and more economical to transport farther or export to other farms than is slurry [17].

When the N surplus cannot be effectively managed through relocation, solid–liquid separation
can represent a valuable pre-treatment for subsequent nutrient removal or recovery. Removal can be
accomplished through nitrification–denitrification (NDN) systems and sequencing batch reactor (SBR)
treatment plants [8,18–21]. N recovery can be accomplished by ammonia stripping [14], membrane filtration
followed by cold stripping [22], or by struvite formation [23,24]. These management solutions can
be applied on an individual farm or on a centralized basis to service many farms, depending on
whether the nutrient surplus exists at farm or regional scale, or on the technological complexity of
the process [9]. Small or medium-sized farms located in intensive livestock production areas can
more easily access treatment systems for managing their N surpluses if they adopt a collective-based
management system. However, constituting a collective management system depends first on whether
farmers have a shared goal and the capability to cooperate [25]. The second requirement is that
a sufficient total quantity of livestock manure exists and is located within an acceptable distance
that facilitates economical transfers [20,26]. Nevertheless, the implementation of full-scale collective
treatment systems is limited [8,10,27]. Besides satisfying technical, economic, and energetic requirements,
a treatment system must also satisfy agronomic and environmental objectives [26,28,29]. From a
technical perspective, it is important to verify both the correct functioning of every treatment and the
appropriate characteristics of the outputs that become inputs for subsequent treatment processes. With
respect to the economic aspects, a treatment system can be considered feasible and sustainable if the
cost–benefit ratio is optimized. For example, an expensive treatment process such as biological aerobic
treatment becomes economically feasible only if accompanied by a treatment that produces an economic
income (e.g., anaerobic digestion) or if shared among several farms (i.e., collective management).
Closely linked to economic constraints, energy-related considerations are important because they
include monitoring energy consumption and production, which could offset consumption. A successful
treatment system must also address agronomic considerations, and it is fundamental to evaluate if it
produces an output with a balanced nutrient content, compared to crop requirements. Evaluation of
environmental aspects must consider that a treatment technology can reduce the emissions of some
pollutants but could increase other emissions. However, this pollution “swapping” is difficult to
assess and prevent because of complex interactions between emission processes and their process
variables [30]. Therefore, detailed studies of a potential treatment system should be performed prior to
selection and installation.
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The objective of this study was to evaluate the performance of a collective-based integrated
treatment system for bioenergy production and nutrients removal in the nitrogen vulnerable zone
(NVZ) of the Lombardy region (Northern Italy) and compare it as an alternative to the conventional
on-farm manure management systems commonly used. The plant was monitored for 5 years to collect
data to assess its technical, economic, agronomic, energetic, and environmental performances. Each unit
process of the integrated treatment system (manure receiving, treatments, storage, and transport)
was analyzed by monitoring the amount and composition of input, energy consumption/production,
efficiency of treatment, and amount and composition of output returned to the farms.

2. Materials and Methods

2.1. Description of the Management System

The treatment system was a collective treatment plant that consisted of four main process units
(PU). As shown in Figure 1, the PUs were: an anaerobic digestion plant (PU1) for energy production,
a solid–liquid separation system (PU2), a biological N removal plant, through a NDN process
(SBR, PU3) and manure storage facilities (PU4). The whole plant was controlled by programmable
logic controllers (PLCs) for each PUs and the flow of materials was traced by the recordkeeping system
of the plant. The collective plant was located in Bergamo province (Martinengo, Lombardy, Italy),
an intensive production livestock area that had a large surplus of N and was designated as an NVZ.
Therefore, the maximum amount of N from livestock manure for field spreading is 170 kg N/ha year.
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Figure 1. Process line of the collective treatment plant consisting of four process units (PU):
Anaerobic digestion, PU1; Solid–liquid separation, PU2; Biological N removal plant (SBR), PU3;
Storage, PU4.

The collective treatment plant served 12 livestock production units (LPUs) belonging to 10 farms
(cattle, pigs, and poultry) located 0.5–6 km from the plant, which delivered in total around 280 m3/d of
manure to the plant. The manure consisted of cattle slurry (93.56%), pig slurry (2.5%), farmyard manure
(2.10%), and poultry litter (1.84%). The manure was integrated with co-substrates (maize silage,
flour cereals, and molasses) to give an input feed rate of about 10 t/d. The products leaving the
plant were the solid fraction of digestate (sold to farms outside the collective) and the liquid fraction
of digestate after being treated for N removal, which was transported back to the collective farms.
The utilized agricultural area (UAA) available for field application of the outputs was 452 ha,
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mainly cultivated with grass, cereals (Hordeum vulgare, Triticum aestivum), and maize (Zea mays).
Part of this agricultural area (170 ha) was managed in double cropping and the rotation was herbage
(Lolium multiflorum) followed by maize silage.

2.2. Scheme of the System and Treatment Units

The processing line of the collective treatment plant consisted of the following steps.
Reception and Mixing. Raw slurry received from the 12 LPUs was collected in to an 885 m3

reception pit, with a retention time of approx. 3 days. The co-substrates were stored in a silage clamp,
while solid manure and poultry manure were stored on a manure pad. Slurry was transported by slurry
tanker, except that from the closest farm, which was transferred by means of a pipeline. Solid products
were moved with a loading hopper and raw slurry was withdrawn from the reception pit.

Anaerobic Digestion (PU1). The collected slurry and added co-substrates were treated in the
AD plant for energy production. AD took place at mesophilic temperature (38–40 ◦C) in two stirred
digesters, followed by two stirred post-digesters in line. The total volume of digesters was 4560 m3,
while the post-digesters had a combined capacity of 6370 m3, providing a total hydraulic retention
time (HRT) of 38 d. The produced biogas was dehumidified, chilled, and treated to remove hydrogen
sulfide (H2S) and then used to feed the combined heat and power (CHP) unit (999 kW). Some heat was
used to maintain digesters and post-digesters at mesophilic temperature.

Solid–liquid separation (PU2). The digested slurry leaving the post-digesters went through
a screw-press (SM260, Cri-man S.p.A., Italy), in the first two years to separate solids and liquid;
thereafter the screw-press was replaced by a decanter centrifuge (Jumbo 2, Pieralisi, Italy). The solid
fraction was stored and sold to nearby horticultural farms, while the liquid fraction was directed to the
next treatment step (PU3) for nitrogen removal.

Biological nitrogen removal (PU3). The liquid fraction was treated using an NDN process to
remove N [19–21]. This treatment was carried out in two SBRs reactors of 660 m3 each, in which four
operational phases occurred: (i) fill and draw phase (during which liquid fractions were pumped
into the reactors and treated slurries were conveyed to storages); (ii) mixing phase (denitrification);
(iii) aerobic phase (nitrification); and (iv) sedimentation phase.

Final storage (PU4). The treated effluent from the SBRs was pumped to the final storage that
consisted of two covered storage tanks of 7750 m3 total volume. Trucks and slurry tankers collected
the effluent and returned it to farms participating in the collective, where it was stored prior to field
application as organic fertilizer.

2.3. Monitoring and Data Collection

The treatment plant was monitored following the common evaluation and monitoring protocol
developed in the European Union-sponsored LIFE +MANEV project (LIFE09 ENV/ES/000453) [8].
Monitoring covered 5 years of steady operation of the treatment plant (January 2011–December 2015).
Information (e.g., operation records) and data were collected at three frequencies.

Daily records: The main parameters of the process line and of each process unit at key points
were recorded automatically and manually daily. These included incoming daily flows (raw slurry,
co-substrate biomasses, and solid manure) and outgoing daily flows (solid fraction of digestate and
liquid fraction of digestate after SBR treatment), temperatures, pH, energy production and consumption,
biogas quality in PU1, and temperatures, pH and dissolved oxygen (DO) in PU3.

Monthly sampling of manure: Representative samples of manure in each process unit were
collected monthly. Analyses of the samples for total solids (TS), volatile solids (VS), total Kjeldahl
nitrogen (TKN), total ammoniacal nitrogen (TAN), pH, electrical conductivity (EC), total phosphorus
(TP), and potassium (K) were performed according to standard methods [31].

Periodical data: Analyses of pathogenic agents (E. coli and Salmonella) and heavy metals copper
(Cu2+) and Zinc (Zn2+) in treated effluent from the SBRs, and of the biomasses used as feedstock were
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performed periodically. Analysis of NO2-N and NO3-N, and measures of redox status and conductivity
were made on samples taken periodically from the SBR reactors.

The monitoring of emissions from SBR reactors was carried out during three different periods
(i.e., spring, late spring, and summer). In each period, one of the SBRs was monitored during one 6-h
cycle that included the four phases: 30 min for phase 1 (fill and draw phase), 2 h 30 min for phase 2
(mixing phase), 2 h 30 min for phase 3 (aerobic phase), and 30 min for phase 4 (sedimentation phase).
GHG and NH3 emissions were measured using a dynamic chamber method [32,33] from the surface
of SBR contents. Measurements were performed by using floating funnel systems [34] placed at two
different points on the slurry surface. Each measuring system covered 0.07065 m2 of slurry surface and
consisted of a polyvinyl chloride funnel fixed on floats, a vacuum pump, a volume meter, and a flow
meter. Airflow through the funnel system was approximately 9 L/min. The system was connected to a
photoacoustic gas trace analyzer (P-TGA, 1302 Photoacoustic gas-monitor, Innova AirTech Instruments,
Denmark) to measure GHG (CH4, CO2, and N2O) and NH3 concentrations.

The instrument was operated using automatic corrections for cross interferences between CO2-H2O
and N2O and between CO2-H2O and CH4 [35,36]. Fluxes were calculated using Equation (1):

F = (Q × (Cin − Cout))/A, (1)

where F is the GHG flux (mg/m2/h), Q is the air flux (m3/h), Cin is the NH3, N2O, CH4, and CO2

concentrations of the air above the slurry surface covered by the funnel (mg/m3), Cout is the
corresponding background GHG concentrations in air (mg/m3), and A is the funnel surface (m2).

2.4. Mass Balance and Nutrient Balance

The mass balance of the integrated treatment plant was determined considering flows among the
individual PUs based on the data collected during the 5-year monitoring (Section 2.3). Input substrates
to AD, the solid fraction from AD, and the effluent from the storage after SBR treatment were weighed.
The digestate leaving AD that was sent to the solid–liquid separator could not be measured but was
quantified by summing the amounts of solid and liquid fractions. The liquid fraction to SBR was
considered equal to the effluent from SBR. The balance of TS and nutrients (TKN, TAN, and P) was
determined using the mass balance of liquid and solid fractions and the concentrations determined by
the chemical analyses performed at each step of the integrated treatment system.

2.5. Methodology to Assess the Manure Management System

Six criteria were selected and analyzed for the global evaluation of the manure management
system. The four main criteria were environment, agronomy, economy, and energy. Social and
biosecurity considerations completed the evaluation framework (Table 1). Each criterion included a
list of indicators quantified through specific parameters and homogenized based on reference units
using characterization factors.

2.5.1. Environmental Balance

Contributions of the 12 LPUs to N and P release in soil and water were evaluated with and
without consideration of the integrated treatment plant. For the case that included the treatment
plant, the average annual quantity of N and P that left the treatment plant (PU4) was quantified to
assess land availability for field application of the effluent in the NVZ. In practice, the effluent leaving
the SBR plant was transported to farms to be stored prior to land application. During this storage
on the farm, N losses occurred and, in compliance with national regulations, were considered equal
to 15% [37]. The amounts of N and P leaving PU4 were compared with the land available for the
effluent distribution after treatment in the plant. Nutrients contained in the separated solids were
not counted because they were relocated to farms outside the collective. For the case ignoring the
treatment plant, based on the amounts of nutrients input into the treatment plant, it was possible to
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estimate the amount of land needed for field application, considering the average annual quantity of
nutrients that farmers should have managed without the collective treatment plant. In addition for
this case, N losses from storage were considered equal to 15%. Periodical analysis of Cu2+ and Zn2+

contents of the liquid fraction of digestate allowed to assess the load of these heavy metals on the 452 ha
available for land application of digestate. Swine slurry is the most critical slurry for heavy metals
contamination [38], but in this treatment plant, only 2.5% of the total treated slurry derived from swine
livestock system. The Cu2+ and Zn2+ content applied to the soil is similar to the initial slurry content
and the amount applied is in balance with crop uptake [38]. This applies also to the solid fraction
as, although it has a higher concentration of heavy metals, it is applied to the soil at a lower dose.
Atmospheric emissions of CO2, CH4, N2O, NOx, NH3, and SO2 were calculated separately for each
stage of the slurry management, both with and without considering the treatment plant, to estimate
global warming potential (GWP) and acidification potential (AP) in accordance with [27]. In more
detail, IPCC Tier 2 and Tier 3 were used for CO2, CH4, and N2O emissions assessment, while EEA Tier
2 for NOX and NH3, and EEA Tier 1 for SO2 emission. This was carried out for every phase of the
slurry management, therefore including storage, transport, and field application [39,40].

Table 1. Criteria, indicators, and parameters established for the common evaluation and monitoring
protocol developed in the LIFE + MANEV project.

Criteria Indicators Parameter

Environment WATER: Eutrophication N balance, P balance

AIR: Acidification NH3, SO2, NOx emissions

AIR: Global Warming CO2, CH4, N2O emissions

Agronomy Fertilizing units NP NP Balance

Economy Incomes Energy production, end-products

Expenses Depreciation, energy consumption, chemicals, maintenance, manpower

Energy Energy production Electricity and heat

Energy consumption Electricity, heat, and fuel

Social impact Odor Reference values

Noise Reference values

Impact in local activity Jobs created

Biosecurity E. coli Reduction/No reduction

Salmonella Reduction/No reduction

2.5.2. Agronomic Balance

The agronomic balance was determined by evaluating the N and P applied to the available land
(inputs) with respect to the crop requirements (uptake). The balance considered the 12 LPUs and was
evaluated both with and without considering the integrated treatment plant. In the case without the
treatment plant, the N and P available for application was the average annual quantity of nutrients in
livestock manure conferred by the 12 LPUs. Whereas, for the case with the treatment plant, N and P
available for application was the average annual quantity of nutrients leaving the SBR plant (PU3).
Nutrients contained in the solid fraction were not included in the balance as they were relocated to
farms outside the collective. Similar to the evaluation of the environmental balance, N losses of 15%
due to on-farm storage were assumed. For both N and P, the “effective” amounts (i.e., plant available
amounts) were determined using values fixed in regional action plans for the implementation of the
European Union’s “Nitrate Directive 91/676/CEE” [37] and national rural development programs [41].
The amount of effective N was calculated as a weighted average among different types of manure and
slurry and their respective efficiency values (utilization efficiency) established by regional regulations.
In particular, cattle slurry and manure and other biomasses had an efficiency value of 50% (or 55% for
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digested material), pig slurry was assigned 60% (65% digested), and poultry manure had a value of
60% (65% digested). The effective P was established at 75% of total P.

2.5.3. Economic Balance

Assessment of the economic performance of the manure treatment system included the incomes
and expenses for the treatment plant process units (AD, solid–liquid separation, SBR, and storage)
and transport costs of materials to and from the plant. Incomes were derived almost entirely from
the electricity sold, and to a much lesser extent, from the sale of solid fraction. Because the electricity
produced at the plant was generated from renewable sources, it benefitted from public subsidies
(280 €/MWh) established by the national law 99/2009 for renewable energy production. The expenses
included: consumption of electricity for AD and SBR, consumables, such as reagents used in the plants
operation (flocculants, coagulants, and antifoaming agents), maintenance of the treatment plant’s
equipment (replacement of devices, lubricating oil, etc.), wages for staff according to the number and
qualifications of employees operating the treatment plant, transport of raw manure, by-products and
end products, acquisition of co-substrates, external assistance, taxes and insurance, and other costs
such as depreciation (asset costs, including all costs related to project, building, and starting up) and
financing costs (the price of obtaining loan capital).

2.5.4. Energy Balance

An energy balance was determined considering both energy consumption and production.
Energy production was calculated as the electricity produced by the CHP unit and sold net of
self-consumption within the treatment plant, as recorded daily. The heat produced by the CHP unit
was used partially to heat digesters, while the surplus was dissipated. The heat energy was therefore
not included in the energy balance. Energy consumption included the electricity consumed daily by
the AD and SBR process units and the fuel consumed during transport of materials to and from the
treatment plant. Manure/slurry from the 12 LPUs was transported to the treatment plant and SBR
effluent was transported from the plant back to these farms. The solid fraction arising from treatment
was sold and transported to farms outside the collective. Given the large number of transits, it was
assessed the impact of fuel consumption associated with the transport of manure/slurry, SBR effluent,
and solid fractions by both slurry tankers and trucks. The number of transits to and from the plant,
the total weight of the effluent input and output, and the average weight of each transit were accounted.
Total fuel consumption was calculated following guidelines from the Intergovernmental Panel on
Climate Change [40].

2.5.5. Social Impact and Biosecurity

The social impact of the collective treatment plant was assessed by examining three factors:
odor, noise, and impact on local activity. Odor was measured following the standardized dynamic
olfactometry method defined by EN-13725 “Air quality—Determination of odor concentration by
dynamic olfactometry” [42]. Noise was assessed directly following the standardized methodology and
reference limits specified by Directive 2002/49/CE. Impact on local activity was assessed by quantifying
the number of hours of employment created by the collective treatment plant. Biosecurity was assessed
by characterizing E. coli [43] and Salmonella according to [44], in livestock manure. The assessment was
made analyzing samples of raw manure and end-products produced by the treatment plant.

3. Results and Discussion

3.1. Mass Balance and Nutrient Balance

The 5-year sampling plan produced the necessary data to quantify mass and nutrient balances.
In total, 59 samples were collected from slurry and manure received by the treatment plant, as were
37 samples of digestate after anaerobic digestion, 26 samples of liquid fraction, 27 samples of solid
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fraction, and 94 samples of SBR effluent. The mass balance for the treatment plant is summarized in
Figure 2. The overall performance of the treatment system was 66%, 40%, 38%, 41%, respectively for
TS, TKN, TAN, and TP.
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Figure 2. Mass balance of the integrated treatment plant based on the mass (Q) of material treated
annually and the analyses of total solids (TS), total Kjeldahl nitrogen (TKN), total ammoniacal nitrogen
(TAN), and total phosphorus (TP). The PUs were: PU1—anaerobic digestion, PU2—solid–liquid
separation, PU3—biological N removal plant (SBR).

3.1.1. Anaerobic Digestion (PU1)

During the 5 years, the average feeding of the AD plant (PU1) was 105,931 metric tons (t)/y,
corresponding to 290 t/d. The residual digestate mass after AD was 101,658 t/y, corresponding to 4%
less than the input feeding mass. This reduction was due to the production of biogas (4364 t/y) and it
was comparable to the findings by Schievano et al. [45]. They reported a similar biogas production
in plants with the same electrical power installed but fed with biomasses with a higher TS content
(12.1%–18.4%) which resulted in a mass reduction of digestate around 8.3%–13.3%. The mass reduction
was comparable to the reduction of TS content from 7.90% in the feedstock to 4.24% in the digestate,
which corresponded to 4000 t of TS present in digestate (about 49% less than the feedstock TS).
In this case, Schievano et al. [46] showed a much higher values around 63%–73%, probably due to
the initial TS in feedstock. TKN concentration in digestate (3.64 kg/t) was very close to that of the
feedstock (3.67 kg/t), but the total mass of TKN decreased during AD by about 5%, from 389,000 kg
in feedstock to 370,000 kg in digestate after AD. In [45], the reduction was close to this value in two
of the three plants studied (5.9%–6.0%), while it was higher in the third (9.2%). Even if minor (<1%),
this N decrease could be connected to the precipitation of struvite [23] and ammonium carbonate,
while traces of N were volatilized in the biogas stream, as also found by [47]. TP exhibited a similar
mass decrease of 5%, from 120,000 kg in AD feedstock to 113,000 kg in digestate; this was probably
due to settlement of material to the bottom of digesters. The TP reduction was lower than that found
by [45,47], who generally observed small TP reductions (i.e., <10%), although these could be as much
as 36%. TAN concentration increased by about 24% (from 1.81 to 2.34 kg/t) during AD due to the
mineralization of organic matter. In the two plants fed with agricultural feedstock studied by [45],
the increases of TAN were comparable (20.6%–27.7%).

3.1.2. Solid–Liquid Separation (PU2)

After solid–liquid separation (PU2) of AD digestate, the solid fraction amounted to about 5090 t/y.
Relative to the amounts in AD digestate, the solid fraction from PU2 contained an average of only 27%
as much TS, 9% as much TKN, 5% as much TAN, and 19% as much TP. Solid–liquid separation was a key
treatment process. First, because the solid fraction from PU2 was sold to farms outside the collective,
this process reduced the nutrient load to be managed on the collective farms. Second, PU2 removed
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the coarse solids from the AD digestate, which made the remaining liquid fraction more amenable for
subsequent biological N removal. Given the importance of PU2, the screw-press separator used for the
first two years was replaced by a centrifuge decanter. As a result, the TS removal efficiency of PU2
increased from 13% (screw-press) to 35% (centrifuge decanter); likewise, removal efficiency increased
from 3% to 13% for TKN, and from 6% to 30% for TP. These values were generally lower than those
reported by [17], who determined the separation index (namely the mass of a component in the solid
fraction compared to the mass of the same component in the original raw slurry) for the screw-press to
be 11% for volume, 37% for dry matter (DM), 15% for TKN, and 17% for TP. The separation index for
the decanter centrifuge studied by [17] showed a better performance, equal to 14% for volume, 61% for
DM, 28% for TKN, and 71% for TP.

3.1.3. SBR Treatment Plant (PU3) and Final Storage (PU4)

The last process of the integrated treatment system included biological N removal from the
liquid fraction of AD digestate and was carried out in the SBR. The digestate after the SBR plant
(PU3) treatment was stored for a short period in covered storages (PU4) before being brought back
to farms, and the analyses were performed on samples taken from these storages. The SBR reduced
TKN by 30% and TAN by 47%. The TP content was reduced by 23%, probably due to sedimentation
of cellular biomass as sludge at the bottom of the reactors [48]. TKN, TAN, and TP removal rates
achieved by the SBR were far less than those reported by other authors in studies at the laboratory or
pilot scale; frequently removals of over 90% for both TKN and TAN were observed [49–51]. For full
scale studies on pig slurry, TKN and TAN removal rates ranging from 66% [52] to 90% [53] were
reported. Some authors reported P removal efficiencies of 48.8%–70.6% [48–52]. Figure 3 portrays
the variation in dissolved oxygen (DO) content in the SBR during one working day of the reactor
(four cycles). The oxygen content increased quite slowly during the aeration phase due to the high
oxygen requirement by microorganisms for the degradation of organic matter. DO content in the
aerobic phase remained between 3.5 and 4.0 mg/L. The pH showed limited variation during the process,
assuming the value 9 during anoxic (phase 2) and 9.15 during aerobic phase (phase 3). The pH values
recorded in the SBR plant were higher compare to values of digestate (7.8 ± 0.18) and liquid fraction of
digestate in input in the SBR plant (8.1 ± 0.2). The reason for this increase of pH value could be caused
by the stripping of CO2 due to aeration [54].
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Figure 3. O2 concentration (blue line) and pH trend (red line) in the sequencing batch reactor (SBR)
during one working day (four cycles).
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Figure 4 shows the concentration of NH3, CH4, CO2, and N2O in the air just above the
surface of the SBR contents during one cycle (6 h) of operation. During the aerobic phase
(i.e., phase 3), NH3 concentrations reached their maximum values (95 mg/m3), as did CO2 concentrations
(average concentration of 2900 mg/m3). N2O concentrations during treatment were low and stable
during all four phases, whereas CH4 concentrations were variable (10–70 mg/m3).Sustainability 2020, 12, x FOR PEER REVIEW 10 of 17 
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Figure 4. Concentrations of NH3 (a), N2O (b), CO2 (c) and CH4 (d) in the air above the surface of the
SBR contents during one 6-h monitoring period. Phase 1 (ph.1) fill and draw, phase 2 (ph.2) anoxic
phase, Phase 3 (ph.3) aerobic phase, Phase 4 (ph.4) sedimentation).

Similar to NH3 concentrations, NH3 emission fluxes were much higher during the aerobic phase
than in the anoxic (phase 2). The highest NH3 emission flux (360 mg/m2/h) was recorded at the end of
the aerobic phase (i.e., last 30 min of aeration). During the anoxic phase, NH3 fluxes were similar to
those observed during the fill-and-draw and sedimentation phases (150 mg/m2/h) (phases 1 and 4,
respectively). N2O emission flux also varied during the SBR cycle. The mixing phase (anoxic conditions)
contributed more to N2O emissions than the subsequent aerobic phase. During the fill-and-draw and
sedimentation phases, N2O emissions were close to 0. CO2 and CH4 emission fluxes were also much
higher during the aerobic phase than in the anoxic. The higher CH4 emissions in the aerobic phase were
probably due to CH4 stripping that was produced during the previous anoxic phase. Table 2 shows the
values of gaseous emissions from the SBR calculated on a daily basis (g/m3/d) based on observations
during the 6 h of monitoring in each of the three monitoring periods (spring, late spring, and summer).
Results are reported per phase in the cycle.

On a daily basis, the average emission of NH3 was 1.08 g/m3/d, with a maximum emission rate
of 2.4 g/m3/d. As shown in Figure 2, the reduction of TKN content due to biological aerobic
treatment was 1.06 kg/m3 (from 3.48 to 2.42 kg/m3). Therefore, NH3 emission from the SBR
compared with the N removed was negligible (≈ 0.1%). Low daily emissions of N2O and CH4

were observed (0.01 and 0.63 g/m3/d, respectively), but the daily emission of CO2 was 23.36 g/m3/d.
Loyon et al. [55] reported emissions per unit volume of biologically treated slurry to be 15.11 g/m3

NH3, 35 g/m3 N2O, 996 g/m3 CO2, and 437.7 g/m3 CH4, which were higher respect to all gaseous
emissions from the SBR. The differences for CO2 and CH4 in the two studies may depend on AD,
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which was absent in [55]. In the present study, AD reduced the TS content of digestate, thus reducing
the amount of carbon that could be removed as CH4 and CO2 during SBR treatment.

Table 2. Mean values of gaseous emissions from the sequencing batch reactor calculated on daily basis
(g/m3/d) during each phase of a 6-h cycle. The data reported are the mean and standard deviation
(in brackets) for the three periods monitored (spring, late spring, and summer).

Phase N-NH3 N2O CO2 CH4

1. Filling/decanting (g/m3/cycle) 0.014 (0.01) 0.000 (0.00) 0.088 (0.10) 0.010 (0.01)
2. Anoxic reaction/mixing (g/m3/cycle) 0.076 (0.03) 0.002 (0.00) 0.437 (0.19) 0.058 (0.02)
3. Aerobic reaction (g/m3/cycle) 0.163 (0.07) 0.001 (0.00) 5.221 (1.39) 0.086 (0.04)
4. Settling/sedimentation (g/m3/cycle) 0.017 (0.00) 0.000 (0.00) 0.093 (0.03) 0.005 (0.00)
Total cycle (g/m3/cycle) 0.271 (0.10) 0.003 (0.00) 5.840 (1.61) 0.157 (0.06)
Day (g/m3/d) 1.08 (0.41) 0.01 (0.02) 23.36 (6.44) 0.63 (0.25)

3.1.4. Comparison with Other Case Studies

Overall, the integrated treatment plant removed 40% of TKN and 41% of TP from feedstock.
These reductions depended especially on the relocation of the solid fraction of AD digestate to
non-collective farms and on the effectiveness of the SBR treatment. Relocation of solid fraction
eliminated 33,000 kg/y of TKN (8.6% of the initial TKN content of feedstock) and 22,000 kg/y of TP
(18.2% of the initial TP content in feedstock). The SBR reduced the TKN content of the liquid fraction
of AD digestate by 102,000 kg/y (i.e., by 30.0%) and the TP content by 21,000 kg/y (i.e., by 23%).

Although no similar treatment plant as the one analyzed in this study was found in literature,
several research studies have been done on treatment plants composed of multiple treatment processes.
Most of them treat swine slurry achieving higher performances in the reduction of TKN and TP than
digestate, probably because swine slurry has a lower TS content and a higher TAN /TKN ratio that make
them easier to treat. For example, [8] studied various full-scale integrated treatment plants consisting
of solid–liquid separation, coagulation–flotation, and NDN, and reported 91% TKN removal and 89%
TP removal. The researchers reported similar performance (85% TKN removal; 86% TP removal)
for a Sharon-SBR biological treatment process that was preceded by AD and solid–liquid separation.
Removal efficiencies higher than 90% for TKN and TP were reported also by [56] who analyzed an
integrated treatment plant with solid separation, nitrification–denitrification, and soluble phosphorus
removal/disinfection, as well as by [57] who treated swine slurry in AD, followed by flocculation and
struvite precipitation, a biological treatment to co-cultivate algae and bacteria, and a final advanced
treatment with activated carbon adsorption. When digestate was treated in integrated treatment plants,
the technologies used were different and the removal efficiencies were lower. Ledda et al. [22] examined
an integrated system consisting of AD, solid–liquid separation, membrane separation (ultrafiltration
and reverse osmosis), and ammonia stripping. They reported a 22% recovery of TKN (as ammonium
sulfate) from cattle manure digestate and 45% TKN recovery from pig manure digestate. For a similar
plant, but without the final treatment of ammonia stripping, [58] showed performances in line with
those of Ledda et al. [22]. They observed a TKN recovery in reverse osmosis of 17% from cattle manure
digestate and 41% from pig manure digestate.

3.2. Assessment of the Manure Management System

Table 3 reports the results of the evaluation of the six criteria described in Table 1, and highlights
that for all criteria, the scenario without the treatment system has worse results than the one with
the treatment system. The economic and energetic criteria have values equal to zero in the case
without treatment because the manure management in the farm after treatment is the same than
without treatment.
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Table 3. Summary of the monitoring and evaluation results of the collective treatment system.

Criteria Parameter Units With Treatment
System

Without
Treatment System

Environment (1) Global Warming Potential kg CO2 eq./t treated 20.79 74.30

Acidification potential kg SO2 eq./t treated 0.90 1.83

Land available (170 kgN/ha) ha 1112 1840

Agronomy (1)
Nitrogen Balance kg N/ha 250 361

Phosphorus Balance kg P/ha 118 191

Economy (2)
Incomes €/t 18.43 0

Expenses €/t 16.82 0

Energy (3) Electrical Energy Balance kWh/t 58.47 0

Thermal Energy Balance kWh/t - 0

Fuel kWh/t 0.99 0

Social Impact (2)

Job demand—Operator h/y 6800 0

Job demand—Technician h/y 425 0

Odor 1(little)-4(much) 1 -

Noise YES/NO NO -

Biosecuriy
Pathogens reduction E. coli 99.6% 0%

Pathogens reduction Salmonella absent/present present
(1) Values refer to the whole manure management system from farm storage to land application. (2) Values refer
to the process line of the treatment plant including plant storage and transport farm/plant, but not to the field
distribution (assumed equal in both scenarios). (3) Values are referred to process units PU1 (anaerobic digestion),
PU2 (solid–liquid separation), and PU3 (biological treatment by sequencing batch reactor).

3.2.1. Environmental Balance

The average annual amount of TKN into the treatment plant as feedstock was 389,000 kg (368,000 kg
from livestock manure/slurry and 21,000 kg from other types of biomass), and the average annual
quantity leaving the SBR was 234,000 kg. This reduction was of almost 40% and included TKN exported
to farms outside the collective. Ignoring the treatment plant, the TKN produced by the 12 LPUs in
the collective (and reduced by 15% for the N losses due to on-farm storage) amounted to 312,800 kg.
When distributed over the 452 ha of land available of the 10 farms, the applied TKN corresponded
to 692 kg N/ha, which was 522 kg N/ha higher than allowed. Thus, without the treatment plant,
a further area of 1388 ha would be needed to reduce the N load to the 170 kg/ha allowed by law [4].
As noted above, the TKN leaving the SBR was 234,000 kg. However, this amount was reduced to
189,000 kg considering that 95% of the TKN originated from livestock and that 15% of the N was
lost from on-farm storage. To comply with the limitations of the Nitrate Directive (170 kg N/ha) and
considering the 452 ha of land available at the collective farms, an additional land of 660 ha was needed
to accommodate this TKN load. Ignoring the treatment plant, the production of P by the 12 LPUs
was 115,000 kg that would result in a quite high dose of 254 kg P/ha when applied to the 452 ha.
However, considering the treatment plant, the P leaving the SBR was 71,000 kg. If applied uniformly,
it would result in 157 kg P/ha, which is still quite high but much lower than for the case without
the treatment plant. As in the previous case, also for P, the availability of additional land for slurry
spreading would help in reducing the amount of nutrients applied on field. Alternatively, the residual
surplus of P could be solved by introducing an additional treatment step to enhance P removal with a
struvite precipitation [23] or P precipitation by adding Ca(OH)2 or Al2(SO4)3 [59].

The analyses of heavy metals on the treated effluent from the SBRs showed a low content equal to
4.31 and 14.17 mg/kg, respectively for Cu2+ and Zn2+, compared to data reported for pig and cattle
slurry [38,60,61], the effluent of this integrated treatment system could be considered as low impacting
on soil pollution in regard of heavy metals load.
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The contribution of the treatment plant emissions to GWP was 20.79 kg CO2 eq./t of treated
manure, while AP was 0.90 kg SO2 eq./t of treated manure. Compared to the management system
without the treatment plant, the system with treatment reduced GWP by 70% and AP by almost 50%.
These results are in line with [8,62]. The GWP reduction obtained with the treatment system was greatly
influenced by the renewable energy production achieved by AD (−35%), by the low CH4 emissions
(6% from the treatment plant and 34% from farm storage), by the low N content of treated effluent in
the final storage, and by the land application of treated AD digestate. Regarding AP, the reduction was
mainly due to the reduced release of NH3 emissions from the treatment plant (17%) and from the final
storage and land application (81%), while NOX and SO2 had a very limited contribution to AP.

3.2.2. Agronomic Balance

The amounts of N and P produced by the 12 LPUs were evaluated in comparison to the crop
requirements, and Table 4 reports this balance. Considering that grass, cereals, and maize were the
main crops cultivated on the 452 ha of UAA of farms, and considering the presence of about 170 ha in
double cropping (herbage + maize silage), the total annual uptake of crops results in 159,347 kg N
(352 kg/ha) and 51,046 kg of P (113 kg/ha). Without the treatment plant, 52% of the N produced by
the 12 LPUs net of storage losses (163,000 kg or 361 kg/ha) was considered available to satisfy crop
requirements. With the treatment plant, the N output from PU4 was 234,000 kg; considering the losses
from storages (15%) and a N efficiency equal to 57%, which (due to AD) was greater than that in the
case without treatment, the effectively available N leaving the PU4 amounted to 113,000 kg (250 kg/ha).
Hence, crop requirements for N exceeded the amount of N available in the treated effluents, requiring to
supplement the treatment-supplied nutrients with mineral fertilizer. Without the treatment plant,
effective P (75% of total P) deriving from the 12 LPUs amounted to 86,250 kg (191 kg/ha). In contrast,
the treatment plant yielded 53,250 kg of effective P (118 kg/ha). In both cases, the crop requirements
for P were lower than the amount supplied by either raw manure or treated effluents. Although this
surplus was much lower (by approximately 94%) in the system with the treatment plant, to eliminate
the residual P surplus, additional treatment steps could be introduced [23,59].

Table 4. Agronomic balance for N and P of systems with and without the collective treatment plant.

Nutrient
Crop

Requirements
Output without
Treatment Plant Surplus Output with

Treatment Plant Surplus

kg/ha

Nitrogen (*) 352 361 9 250 −102

Phosphorus (**) 113 191 78 118 5

(*) considering 15% N loss during farm storage and 52% N availability efficiency for untreated manure and 57% N
availability efficiency for treated effluent. (**) considering 75% P availability efficiency for untreated manure and
treated effluents.

3.2.3. Economic Balance

The incomes and expenses relevant to the entire treatment process (AD, solid–liquid separation,
SBR, and storage) included on-site storage and transport costs (from farms to plant and vice versa).
The current income (99% from energy production and 1% from the sale of solid end-products)
was 18.43 €/t of treated feedstock and the ongoing cost amounted to 16.82 €/t of treated feedstock,
generating an economic profit of 1.61 €/t. The expenses for the treatment system were mainly
attributed to co-substrates (27%), depreciation (19%), maintenance (18%), and transportation (17%),
manpower (5%), interest (4%), external assistance (3%), other cost (energy consumption, tax and
insurance, consumables), (7%). The investment cost was 4,300,000 € + VAT (as of 2010). The economic
viability of this treatment system, eliminating the profit, was maintained as long as the public incentive
exceeded 255 €/MWh. This threshold could have been lowered to 240 €/MWh by considering the lower
costs related to the smaller land needed to apply the treated effluent. The cost per ton of manure
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treated was in line with that reported by [63] in the simulation of a similar integrated treatment system
(AD, solid–liquid separation by centrifugation, liquid fraction treated with NDN) treating 100,000 m3

of pig slurry, but based on the performance observed at the pilot-scale. These researchers determined a
gross cost of 13.74 €/t that was significantly greater (29.79 €/t) if the proportion of slurry in feedstock
decreased to 60% and the remaining 40% had to be replaced by vegetable residues from commercial
sources. The income from such systems is difficult to compare among countries because of the different
public subsidies and tariffs.

3.2.4. Energy Balance

The average electricity produced by the AD process unit was 73.18 kWh/t treated digestate
(Table 3). The average energy consumption by the entire treatment plant was 14.71 kWh/t treated
digestate (AD process unit 7.41 kWh/t, solid–liquid separation 0.7 kWh/t, SBR NDN 5.61 kWh/t,
and fuel for transportation to and from the plant 0.99 kWh/t). Therefore, the plant produced an energy
“surplus” of 58.47 kWh/t of treated effluent, thanks to the bioconversion of manure and slurry.

3.2.5. Social Impact and Biosecurity

The treatment plant employed four workers full-time and one specialized technician
part-time. The odor emissions from the plant easily satisfied ambient air quality standards.
Furthermore, odor measurements highlighted the very low odorous emissivity (<200 OUe/s) of
the SBRs during the aerobic phase (phase 3). The acoustic impact conformed to limits specified
by local regulations (emissions < 45 dB(A) during nighttime and < 55 dB(A) during daytime).
Additionally, the treatment plant achieved a 99% reduction of pathogenic agents (E. coli) in both solid
and liquid products from the plant. Nevertheless, Salmonella Spp. was present, especially in the
solid fraction.

4. Conclusions

The results of the study promoted understanding of whether and how the use of a collective
plant for the treatment of livestock manure is feasible. This type of plant can facilitate processing raw
manure, reducing potential N and P surplus and pollution of surface and ground waters in intensive
livestock areas. These objectives can be achieved within overall positive environmental, economic,
energy, agronomic, and social balances, all of which have achieved satisfactory results. Although the
results of this case study are positive, the public financial support for “green” energy generation
is crucial to compensate the cost of biological N removal through SBR. Furthermore, the overall N
removal efficiency of the SBR plant achieved during the 5-year study was good (average value 30%)
and higher efficiency (up to 60%) was observed for short periods. Nevertheless, the total N removed
was less than anticipated based on the plant design. Moreover, in future installations, it would be more
environmentally friendly and cheaper to replace the N removal process with a N recovery process,
which allows to easily relocate the removed nutrients (e.g., ammonia stripping). Future research should
endeavor to define the range of variables (e.g., number of collective farms, transportation distances,
feasible crop production systems, support levels for green energy, additional treatments to reduce N
and P surplus etc.) that assure collective treatment of livestock wastes the highest possible economic
and environmental benefits.
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