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Abstract

:

Collective manure processing facilities to reduce nutrient loads and produce renewable energy are often proposed as feasible solutions in intensive livestock production areas. However, the transferring of effluents from farms to the treatment plant and back to farms, as well as the treatment operations themselves, must be carefully evaluated to assure the environmental sustainability of the solution. This study evaluated the global warming potential (GWP) and acidification potential (AP) of a collective treatment plant for bioenergy production and nitrogen removal as an alternative strategy to conventional on-farm manure management systems. Two manure management scenarios were compared: manure management on individual farms and management by a collective treatment plant. Data were collected at a collective processing plant and at the individual farms of the consortium to estimate emissions of CO2, CH4, N2O, NOx, NH3 and SO2. The plant receives manure from 21 livestock production units, treating 660 tonnes day−1 of manure. The GWP and AP indicators were calculated to evaluate the potential impact of the two management solutions. The collective solution reduced both GWP (−52%) and AP (−43%) compared to manure management separately by each farm. Further improvement might be obtained in both indicators by introducing mitigation techniques in farm manure storage and manure application to soil.
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1. Introduction


1.1. Manure Management Challenges


Among agricultural activities, those in the livestock sector have the most critical impact on environmental quality and manure management causes the main share of pollution [1]. Livestock production makes an important contribution to most economies and livestock commodities represent the highest value of agricultural production for most countries. In recent decades, the high intensity of livestock production has been accompanied by its dissociation from crop production, because current livestock production techniques substantially rely on imported feed for economic profitability. This approach has generated new challenges related to the treatment and disposal of manure, because increased nutrient concentrations on crop fields and in groundwater and surface water have caused significant environmental problems. The environmental impact of intensive livestock farming is often related to manure management systems and practices that have not implemented updated techniques. Considering livestock intensification, there is a need to develop technology and strategies that address the associated environmental concerns [2,3].



A manure management system must address the principal local environmental risks and any surplus of nutrients with respect to crop requirements, bringing the cropping system towards a balanced fertilization status.



The design of future manure management systems and the improvement of existing ones should, on one side, focus on maximizing nutrient recycling and controlling manure application rates in order to both reduce the pollution of air, soil and water resources and to improve the human health and safety. On the other side, the systems must be designed to minimise the capital and operating costs and the energy requirements [4].



The present concern about global climate change should stimulate practical solutions in areas with nutrient surpluses towards an effective reduction of greenhouse gases (GHGs) by implementing improved manure management systems. At the same time, such solutions must also reduce other emissions to air (especially ammonia), leaching of nitrate to water resources and excessive loading of phosphorus in soils.




1.2. Collective Manure Management Systems


In this context and considering the regulatory constraints (for example the Nitrate Directive of the European Union 91/676/EEC and Industrial Emissions Directive 2010/75/EU), the application of novel techniques of collective manure treatment and management represents a possible solution to improve the sustainability of intensive livestock farms [5].



Manure processing facilities can be found both at the individual farm and collective scales. Collective treatment facilities serve several farms and are feasible in areas with intensive livestock production because the concentrated operations facilitate logistic optimization [6].



The aggregation of farms into a consortium or cooperative for manure treatment benefits from economies of scale. Furthermore, the usual high treatment capacity also facilitates energy production, reducing specific investment and treatment costs, promoting effective operations for the treatment plant and making feasible the introduction of treatment techniques that reduce the effluent nitrogen content. On the other hand, these facilities are uncommon among livestock farms in the Italian agricultural scenario.



Collective plants treating livestock wastes besides economic and environmental benefits, allows an overall increase in the amount of effluent treated on a territorial scale, because even encourage smaller farms access to an energy recovery system of their own manure [7]. The operation of these centralized facilities is usually more dependent on road transport than individual plants. It is important not to underestimate that centralised biogas plants fed with livestock manure, must keep transport cost under control due to distances to collect manure, to stay competitive [8]. Moreover, the transfer of effluents from farms to the treatment plant and back to farms for utilization must be carefully evaluated to take into account the associated pollutant emissions, although, in some condition the emissions due to transport to a centralised facility might have a limited influence on the overall impact [9].



Instead, in the cases without a source of income as biogas plant, the consortium management of livestock waste in an area with an excess overload, the relocation and careful distribution of livestock waste are more sustainable than the introduction of an energetic biological aerobic treatment [10].



Regarding the management aspects of the plants, Zemo et al. [11] evidenced that, despite high investment cost and high demand for return on investment and possible public resistance, farmers are willing to participate in collective projects as long as the average size of a partnership-based biogas plant is predicted to be around 96,000 tons/year, which is between the amount produced by current farm scale and large scale centralized biogas plants. A possible solution to make more feasible these projects is reported by Manos et al. [12] and Fantozzi et al. [13], describing case studies of private-public partnerships operating in an agricultural context, which shows the viability of the agro-energy district concept, in which also the collective management of livestock wastes can be classified and find an economic justification.



In the assessments of the economic and organizational performances of collective facilities, often the agronomic and environmental benefits for the farms involved in a collective of manure management system is not considered adequately.



Besides, collective management of livestock waste may represent a way to restore a crop-livestock balance at different levels of integration, beyond the farm level: local coexistence, complementarity and synergy, among farmers [14].




1.3. Environmental Assessment of Manure Management Systems


Although the environmental impacts related to manure management have been widely investigated [15,16,17], there is a need for integrated assessment of management solutions. Regulations aiming to minimize the environmental impact of livestock manure are one of the external constraints that farmers must consider. Indeed, when dealing with livestock manures in a whole-farm perspective, the evaluation of cross- and side-effects of regulations based on scientific knowledge still poses significant challenges for farmers [18]. This is often the case for manure processing aimed to reduce the nutrient load and satisfy regulation requirements because such solutions might, as a consequence, increase the emissions to air.



To quantify the environmental performance achievable by this type of management system, it is essential to set up an integrated assessment. This assessment has to consider the entire process of handling and treatment of livestock wastes, from the conferring farms to the end use of the treated products.



Thus, cross effects and emissions to air must be evaluated in the environmental sustainability evaluation of collective manure management/treatment systems.



The main emissions to air from farms are methane (CH4) produced by ruminal digestion and stored manure, as well as ammonia (NH3) and carbon dioxide (CO2) from animal respiration and manure storage. In addition, the spreading of manure on fields results in the volatilization of NH3 and nitrous oxide (N2O). Ammonia emissions cause soil and water acidification, together with emissions of NOx and SO2. Furthermore, NH3 emissions contribute to particulate matter formation in the atmosphere. In several European countries, approximately 90% of NH3 emissions are due to agriculture, 40% of which derive from animal housing and manure storage [19]. Carbon dioxide emissions from agricultural systems are usually negligible because they are overshadowed by emissions from burning fossil fuels. However, CO2 emissions might be significant from the collective management of manure due to road transport of raw and processed manure. Emissions during transportation include also NOx and SO2. The amounts of CH4 and N2O emitted to the atmosphere are low compared to CO2 but their global warming potentials are, respectively, 34 and 298 times higher than that of CO2 over a time horizon of 100 years [20]. Within the European Union, CH4 and N2O emissions from agriculture represents about 10% of the total European GHG emissions and are mainly due to livestock activity and manure (61%) and management of agricultural soil (39%) [21]. The important role played by agriculture and livestock farming in these environmental issues increases the need for reliable models to estimate pollutant emissions from farming activities. These models are used both to highlight the critical points of farming systems and to establish sustainable manure management solutions [18]. In particular, when a new treatment facility is introduced, its effect on greenhouse gases (GHGs) and acidifying emissions also must be evaluated in order to verify its sustainability; such an evaluation might be part of a life cycle assessment (LCA). The magnitude of the potential impact of individual substances can be determined by multiplying the aggregated emission using an equivalency factor for each impact category to which it may potentially contribute. For this purpose, global warming potential (GWP) and acidification potential (AP) indicators are widely used in LCA studies [16,22,23].



Often the different stages of a management system are addressed individually or in any case without the overall vision of their environmental impact. When assessing a collective manure management system, it is relevant to include the emissions derived from transport, storage and land spreading of the final products.



Many collective treatment plants are based on anaerobic digestion of manure and eventually other products to obtain energy. In this case, the assessment should consider carefully the use of resources and the possible cross-effect. In fact, biogas production by itself reduce GHG emissions but does not affect ammonia emissions that might increase during storage and spreading if these operations are not correctly carried out [24]. A collective biogas plant, from the other side, allows an economic revenue through energy recovery of manure makes more feasible the virtuous projects management and treatment, for example to reduce or recover the nitrogen surplus of the consortium.




1.4. Aim of the Study


Few studies report an environmental assessment of a collective management system that combine anaerobic digestion, solid-liquid separation and biological nitrogen removal considering the whole systems from the farms to land spreading. Therefore, an environmental assessment of collective management systems might be of useful and a starting point for a complete impact assessment using site-specific information about the emissions.



The objective of this study was to evaluate the GWP and AP of a collective treatment plant for bioenergy production and nitrogen removal as an alternative strategy to conventional on-farm manure management systems that commonly are used in N-vulnerable areas of the Lombardy region (Northern Italy). The environmental assessment in terms of GWP and AP of a collective treatment plant was set up with the approach of an integrated whole chain of management of livestock manure, (production, treatments, field application, related transports), evaluation. To this purpose, a methodology to calculate emissions for two scenarios (manure managed on individual farms or at a collective treatment facility) was defined and implemented. Data were collected through two years of monitoring at both the collective treatment plant and at the individual farms in order to estimate emissions of CO2, CH4, N2O, NOx, NH3 and SO2. The emissions from the two scenarios were then compared both on the basis of individual pollutants and using the GWP and AP indicators. The results were analysed to evaluate the potential environmental impact of the two management solutions.





2. Materials and Methods


2.1. Treatment Plant Description and Data Collection


The assessment was conducted in the Province of Bergamo, in Northern Italy, in an intensive livestock production area characterised by a high nitrogen surplus according to Nitrate Directive. The area was designated as a nitrate vulnerable zone. Some farms in the area formed a cooperative with the aim to improve manure management and reduce the nitrogen excess while producing electricity. The collective manure treatment plant includes an anaerobic digestion (AD) installation for energy production and biological nitrogen removal (BNR) from digestate (Figure 1).



The collective treatment plant studied consists of 21 livestock units. It has been made to deal more effectively the nitrogen overload that constitutes a very pressing issue in the area. It is a virtuous example of partnership among livestock farms but uncommon in the Italian agriculture and therefore of great importance and innovative. Table 1 reports the main data about these farms. Live weight has been calculated considering the number of animals and average live weight per head for each category of animal. The amount of manure produced was determined from the recordkeeping of the transportation system. Total nitrogen was calculated using the average concentration of total nitrogen contained in the manure that was periodically sampled in the farms. All farms are located between 0.5 and 16 km from the collective plant. The total daily production of manure for the farms is around 660 tonnes (t). Most of the incoming products consist of manure (slurries and farm yard manure), while the processed liquid effluent after AD and nitrogen removal treatment is the main product transported back to the associated farms.



Trucks and slurry tankers transport raw manure from farms to the treatment plant, except for one farm near the treatment plant that is directly connected by means of a pipeline. The first stage involves processing of manure in an AD reactor for energy production. Four digesters and four post-digesters are present and the digesters are fed with manure and other biomasses (silage). Then, the digested effluent is treated to remove nitrogen and reduce the load of nitrogen and phosphorus on farmers’ lands. A solid-liquid separation process produces solid and liquid fractions. The solid fraction is sold to farms in the surroundings of the plant, while the liquid fraction is subjected to BNR through four sequencing batch reactors (SBR) operating in parallel. The final stage consists of storing the effluents in covered tanks and subsequently transporting them back to farms by means of trucks, slurry tankers or pipelines.



Throughout the study, data were collected throughout the production system and manure characteristics of the 21 livestock units connected to the treatment plant were determined. In particular, information was gathered on the amount of raw manure transported to the plant and the amount of treated effluent withdrawn from the plant and transported to the farms. Moreover, data were collected about (i) number and type of animals, (ii) storage type and capacity for the treated effluent, (iii) crops and related cultivated surface and (iv) organisation of manure applications (amounts and scheduling).



The process was monitored for two years (1/1/2014–31/12/2015) and data about the amount of manure treated, the characteristics of the manure in the different stages and energy consumption were determined based on García-González et al. [25]. The monitoring activity included the transportation of manure to and from the treatment plant in order to assess the energy and emissions associated with the operation.




2.2. Description of the Scenarios, System Boundaries and Stages


To compare the collective system with the individual farm management of manure, two scenarios were considered in the assessment. The baseline scenario (BS) was the system in which every farm manages the manure individually without any treatment, storing the manure produced and applying it to the soil. The collective scenario (CS) was the system in which the manure is transported to the collective processing plant and the treated digestate is transported back to the individual farms, where it is stored and applied to the soil.



In the system boundaries of the BS the following stages were included.

	
Manure collection and short-term storage. This stage includes manure removal from livestock and manure storage under slatted floors or in pits collecting liquid manure before it is placed in the main manure storage.



	
On-farm manure storage. The slurry and solid manure are stored in open facilities with a capacity of at least 180 days for liquids and 90 days for solid excreta.



	
Transport and field application of manure. The operation is performed by slurry tankers that both transport the slurry to the field and then apply the slurry using a splash plate.








In the system boundaries of the collective manure management system the following stages are included.

	
Manure collection and on-farm manure short-term storage. A storage capacity of 14 days for each livestock production unit is considered. This storage is functional to the transport system that transports manure to the treatment plant and to intermediate storage.



	
Transport to the treatment plant. This stage includes the transport of raw manure by trucks and slurry tankers from the livestock units to the intermediate storage of the collective treatment plant



	
Intermediate storage of the raw manure in two continuously-mixed pre-treatment tanks (885 m3 and 570 m3).



	
Treatment (AD, solid-liquid separation, BNR). This stage encompasses: (a) mixture of raw manure with the co-substrates (approximately 10% maize silage, cereals flour, molasses and poultry manure); (b) AD; (c) solid-liquid separation of digestate; (d) BNR; and (e) intermediate storage of the treated effluents. AD is carried out in four digesters (mesophilic conditions, 38–40 °C) and four post-digesters. The total volume of the digesters is 10,930 m3, while the volume of post-digesters is 12,740 m3. The slurry mixture is pumped to the four digesters, where it is anaerobically digested and then conveyed to the post-digesters. The produced biogas is dehumidified, chilled and fed to two combined heat and power (CHP) units, each with an engine of 1 MW of electric power. CHP output are electricity and heat. CHP output are electricity and heat. The electric production is sent to the electric grid and sold as renewable energy; heat is partially used to maintain digester and post-digester in mesophilic conditions (38–40 °C). After retention in the post-digesters, the digested slurry is separated through two decanter-centrifuges. The solid fraction is stored at the plant and sold to nearby farms. In contrast, the liquid fraction is treated through nitrification-denitrification to remove nitrogen in the four SBRs that work in parallel. In each SBR, four phases occur: (i) fill and draw phase (the liquid fraction is pumped in the reactor and the treated slurry conveyed to storages); (ii) mixing phase; (iii) aerobic phase; and (iv) sedimentation phase. An overall value of 70% has been used for nitrogen removal efficiency based on the data collected during the monitoring activity.



	
Storage in the treatment plant. After the BNR unit, the treated effluent is pumped to the intermediate storage at the treatment plant, which consists of three covered storage tanks having a total capacity of 12,620 m3.



	
Transport of the end-product to the farms. The treated effluent is moved by trucks and slurry tankers from the collective treatment plant to the individual livestock units that contributed raw manure. As the same truck or slurry tanker is used both for the transport of raw and treated the two transport operations are considered together.



	
On-farm manure storage. At farm-level the treated effluent is stored in open tanks for an average period of 100 days.



	
Field application. The treated effluent is both transported to the field and applied by slurry tankers. The slurry is applied using a splash plate.









2.3. Emissions Assessment


To compare the two scenarios, emissions of CO2, CH4, N2O, NOx, NH3 and SO2 were calculated separately for each stage of manure management in the two systems.



The calculation methodology differed for each stage. When possible, methodologies in previously published guidelines for conducting emission inventories were used, mainly those proposed by the European Environment Agency (EEA) [26] and the Intergovernmental Panel on Climate Change (IPCC) [27]. When available, data directly collected from the farms and the treatment plant were used. Table 2 summarises the methods and tier levels used for the different stages of manure management.



Gas emissions were calculated for both scenarios (BS and CS). All emissions related to the production and management of co-substrates or additional material before entering the plant were not included in the system boundary. Also the environmental impact of the capital goods (structures and equipment manufacturing), in accordance to other works [16,25,28] was not considered.



To evaluate emissions from storage, data about the pits and tanks used on each farm and in the collective treatment plant were collected. Because the storage period (hydraulic retention time) is limited when the manure is transported to the treatment plant, a duration factor was introduced to avoid overestimation of emissions. Therefore, a linear trend of emissions was considered and the default emission factor (EF) was reduced according to the ratio between the actual storage period and a period of 180 days. Thus, if the storage capacity of a tank is 36 days, the duration factor is 0.2. The EF is then multiplied by 0.2 to consider the limited permanence of slurry in the tank.



CO2 emissions from manure storage or treatment were not taken into account for the calculation of GWP because they are considered to be part of the short-term carbon cycle, that is, resulting from recent CO2 uptake by crops [10]. For transport and off-road transportation IPCC Tier 2 methodology was used. Emissions were estimated considering fuel consumption and travelled distances that were directly measured during the monitoring period. The energy balance in the treatment plant was determined as the difference between the energy produced and the energy required to run the treatment plant during the monitored period and was reported on the basis of 346 g CO2 eq. kWh−1 [29].



Fossil fuels consumption of agricultural machinery and their related emissions were included in the analysis as were the emissions from field application of treated effluents.



Methane emissions in both scenarios were calculated using IPCC Tier 2 methodology. For on-farm storage the information was obtained from monitoring data (volume transported to the plant and periodic characterisation of manure). For maximum CH4 production capacity (B0), a methane conversion factor (MFC) for each manure management system and default CH4 density values were used. This method was used also for intermediate storages and final storage. The methane emissions during biogas production were considered to be 1% of the methane produced in the biogas plant. This value was assumed to account for the accidental emissions due to membrane cover permeability [30], leaky gaskets, maintenance operations and flaring or venting of the overproduction [31,32]. For road transportation, the IPCC Tier 3 methodology was used. Emissions were estimated from the distance travelled by each vehicle type and road type. For off-road transportation CH4 emissions were determined using the IPCC Tier 2 methodology and country-specific fuel consumption. For the EF, the default value was used.



Nitrous oxide emissions from all manure storage (farm storage, intermediate storage and final storage) occurred in direct and indirect forms and in both cases the quantities were estimated using the EFs of IPCC Tier 2 methodology, whereas the nitrogen supplied to the manure management system was based on actual monitoring data.



Direct N2O emissions occur via combined nitrification and denitrification of nitrogen contained in the manure. Nitrification (the oxidation of ammonia nitrogen to nitrate nitrogen) is a necessary prerequisite for the emission of N2O. Nitrites and nitrates are transformed to N2O and dinitrogen (N2) during the naturally occurring process of denitrification, an anaerobic process. Direct N2O emissions during treatment (in the SBR units) were obtained using the EF for direct N2O emissions from a manure management system in accordance with IPCC methodology (0.005% of total nitrogen, aerobic treatment with forced aeration systems). Emissions were estimated from total annual amount of nitrogen treated, which was assessed through direct analysis of manure composition during monitoring period. As for CH4 emissions, road transportation emissions of N2O were estimated from the distance travelled by vehicle type and road type (IPCC Tier 3), whereas off-road transportation emissions were determined using the IPCC Tier 2 methodology and country-specific fuel consumption. Direct N2O emissions from land application were calculated using the IPCC Tier 2 methodology. The EF for direct soil emissions was set at 1% of the nitrogen applied to soils or released from soils through activities that result in mineralisation of organic matter in mineral soils.



Indirect emissions result from volatile nitrogen losses that occur primarily in the form of NH3 and NOx (nitrogen returned to the soil from volatilisation of manure during management). In addition, nitrogen is also lost through runoff and leaching into soils from manure storage. Thus, a portion of the nitrate that is leached can also be denitrified and result in N2O emissions [33]. The values of the fraction of livestock nitrogen input that volatilises as NH3 and NOx, as well as the values of the fraction of the manure nitrogen lost to leaching and surface runoff, were also based on IPCC guidelines.



The nitric oxide emissions were estimated following the method proposed by EEA for Tier 2. The EFs, as a proportion of total ammoniacal nitrogen (TAN), were specific for each manure type (slurry or solid) and each stage (storage and treatment) of manure management. Transportation emissions were estimated from the distance travelled by vehicle type and road type using EEA Tier 2 methodology. The NOx emitted during land application was estimated using the EEA 2009 Tier 1 method.



Ammonia emission occurs from all activities in which manure is in contact with air (storage, land application and storage in tanks without any cover in treatment plants) and from transport activities. Ammonia emissions that occur during manure storage, treatment, transport and land application were estimated using the EEA Tier 2 methodology and a mass flow approach through the manure management systems. The EFs for each stage in manure handling, expressed as a proportion of TAN, were specific for each manure type (slurry or solid). Transport emissions were estimated from the distance travelled by vehicle type and road type (EEA Tier 2 method). Ammonia emissions from treatment operations were considered to be 1.8% of the total nitrogen treated [34]. For the final storage, the same EEA Tier 2 methodology was used as intermediate storage but the TAN content was calculated according to the transformation in the treatment plant. To evaluate emissions during land application the average conditions, derived from the farm practice observed through recordkeeping on the farms, were used to obtain an average EF. As the EF is expressed as percentage of the TAN content of the manure, the emissions after the treatment considered the nitrogen removed during the treatment process.



Sulphur dioxide emission takes place in all those activities in which manure or end-products are transported. The SO2 emissions were estimated using the EEA Tier 1 methodology and country-specific fuel consumption and assuming that all sulphur in the fuel is transformed completely into SO2.




2.4. GWP and AP Calculation


Emissions evaluated for the different stages were utilised to obtain the GWP and AP based on the following equivalency factors:

	-

	
1, 34 and 298, respectively, for CO2, CH4 and N2O to obtain GWP expressed in CO2 eq. [20].




	-

	
1.6, 0.5 and 1.2, respectively, for NH3, NOx and SO2 to obtain AP expressed in SO2 eq. [10,22].











3. Results


3.1. Emissions in the Baseline Scenario


The evaluation of the emissions by management systems in the baseline scenario (BS) related to individual livestock production units are summarised in Table 3.



The AP (440 t SO2 eq.) mainly (98%) is due to ammonia emissions. Both the NOx and SO2 emissions are very limited. NOx derives mostly from nitrogen transformation after manure application to soil; SO2 is produced during transportation. Approximately 31% of AP is due to manure collection and storage while the remaining derives from the emissions during manure spreading (Figure 2). The variability of AP among livestock units is high in absolute value reflecting their different sizes and types. However, by referencing the emissions to the live weight of animals, the mean ± standard deviation is 84.2 ± 28.5 kg SO2 eq. (t of live weight)−1. Thus, even on a live weight basis the variability is still high because the emissions are affected by the type of livestock and management system in place (which, in turn, determine the amount of nitrogen produced, size of the manure storage pits and size of storage tanks).



The GWP (22,600 t CO2 eq.) was mainly contributed by CH4 (79%) and N2O (20%). Methane is produced during storage and in very limited quantity during transport, while N2O is generated in all management stages. The remaining 1% of GWP is due to CO2 emitted from diesel fuel combustion during manure transport to the field. Figure 3 shows that manure collection and storage account for 84% of the total emissions and the application to soil accounts for only 15%.



As is the case for AP, the variability in GWP among livestock production units is large. When referenced to the live weight of animals, the mean ± standard deviation of GWP is 4.3 ± 2.0 t CO2 eq. (t of live weight)-1. The lower values are related to livestock units with laying hens, where only solid manure is produced and the CH4 generated represents only 44% of the total GWP. The higher value reflects the high CH4 production of some dairy cow units with a large number of animals and limited production of solid manure.




3.2. Emissions in the Collective Treatment Scenario


To better compare results for the BS and CS scenarios, the results for the CS scenario are reported for each livestock production unit even though a collective treatment plant was adopted in CS (Table 4).



As in the BS, the AP (253 t SO2 eq.) in the CS derives mainly (98%) from NH3 emissions. As shown in Figure 3, approximately 50% of the emissions occur during land application, while the emissions from the treatment plant account for 13% of the total. The remaining AP is contributed by the collection and storage of manure on the farms, both before and after manure processing. The mean ± standard deviation AP referenced to the unit of live animal weight is 48.4 ± 15.7 kg SO2 eq. (t of live weight)−1.



The GWP indicator for CS is affected by the renewable energy produced, which reduces the total CO2 eq. emissions. However, the saving does not completely offset the emissions of GHGs in the form of CH4 and N2O. Thus, the GWP is still positive (10,721 t CO2 eq.). Without accounting for the energy produced, the GWP of CS would be 14,969 t CO2 eq., only 65% of which is due to CH4 emissions, while 29% is due to N2O.



The contribution of the different stages of the system to GWP, reported in Figure 4, provides evidence that the emissions during collection of manure and storage on the farms are approximately 60% of the total. Treatment contributes 15% of total GHGs emissions due to the N2O production during the nitrification-denitrification process.



The GWP, including the offset from energy production, referenced to the animal live weight, is 2.1 ± 0.9 t CO2 eq. (t of live weight)−1.




3.3. Comparison of Scenarios


Figure 4 shows the differences in AP comparing CS to BS for each livestock unit in order to better understand the effect of the collective treatment plant. As expected the variations are mainly influenced by the differences in NH3 emissions. However, the differences in emissions of NOx and SO2 are relevant in relative terms. Compared with those from the BS, NOx emissions from the CS are 38% lower. This reduction derives from an increase of the emissions during transport (+455 kg year−1) and a reduction of emissions during land application (−7960 kg year−1) due to the reduced nitrogen content in the manure after treatment. On the contrary, SO2 emissions increase significantly (+425%) in the CS due to the transport of manure to and from the treatment plant. Although relevant in terms of variation of emissions, NOx and SO2 emissions have little influence on the overall result, where the variation of NH3 emissions (−43%) is predominant in the AP value.



The average reduction of AP achieved by the CS was 43% ± 1.8%, which was mainly due to the reduced emissions during manure storage and field application. The effect of the CS on ammonia emissions does not vary significantly among livestock production units. The main differences are between farms that produce mostly liquid manure and those that produce solid manure. In fact, solid manure is mixed with liquid in the treatment plant and, considering the nitrogen removal, the emissions are reduced.



The emissions of GHGs are greatly influenced by the collective treatment system (Figure 5). The methane emissions are lowered significantly (45%) due to the recovery of energy in the biogas plant. Of course, the methane emissions in the intermediate storage before the transportation to the treatment plant entails some methane emissions (collection was made weekly in each farm) and the treated effluent has still some methane production potential (the volatile solids were 1.4–1.5% of the total mass of slurry applied to the land). However, the main methane emissions in CS are related to the emissions during farm manure storage, both before and after treatment of the manure.



The additional benefit of the treatment plant in the CS refers to the reduction of CO2 emissions due to energy production. The overall benefit in term of total CO2 eq. reduction is 55%, which seems to be a very good achievement. The reduction is relatively uniform for all the farms except for two (n. 4 and n. 12). The explanation of this different behaviour is related to the livestock type of these farms (i.e., laying hens that produce solid manure with high nitrogen content). When used in the treatment plant, this type of manure affects N2O emissions, especially in the nitrification-denitrification process and these are just partially compensated by the reduction obtained in the field application of treated manure.



The reduction of GHGs demonstrates how a collective manure management system can be environmentally sustainable, considering climate change impact, despite the higher emissions due to transportation. Thus, collective manure treatment should be carefully considered as a management option in intensive livestock production areas because it can contribute significantly to the overall emissions reduction. In the case study considered, the CO2 emissions in the scenario with the collective manure treatment plant were over four times those in the scenario without collective manure treatment because slurry transported to and from the treatment plant is mostly accomplished using trucks and tractors with slurry tankers. However, even without considering the CO2 “saved” by renewable energy production, the effect of collective manure treatment is positive (albeit lower) due to the general decrease of methane emissions.



The assessment highlighted that the two stages in manure management that might be further improved are on-farm manure storage and the application of manure to soil. In fact, both operations typically use the standard techniques (uncovered storages and broadcast spreading); therefore, significant reductions of AP and GWP can be obtained if Best Available Techniques are adopted.




3.4. Discussion


The scheme of the collective management and treatment system of livestock manure studied in this work has some peculiar aspects. The most relevant are the management system that include the storage and land spreading of the treated manure in the farms of the consortium and the treatment system that combines three processes (anaerobic digestion, solid-liquid separation and aerobic treatment). Therefore, it is not easy to find in literature studies on similar systems. However, the results obtained can be partly compared with other studies that have some similarities with the system studied in this work.



With regard to AP, as shown in Figure 4, CS allows a reduction of 43% of AP in comparison to BS, mainly due to mitigation of NH3 emissions obtained by the biological nitrogen removal. Amon et al. [35] evaluated the effects of different types of treatment on NH3 and GHG emissions from dairy cattle slurry, during storage and after field application. They obtained an increase of 77% of ammonia emissions when a solid-liquid separation treatment was introduced, while emissions were comparable to the scenario with no treatment when anaerobic digestion was adopted. This is in line with the results obtained in this work as the reduction of AP obtained is mainly due to nitrogen removal. Rigolot et al. [19] reported a study carried out on pig slurry in which ammonia emissions were reduced by 4% with anaerobic digestion and 8% with biological nitrogen removal. This is not fully in agreement with the results of this study as an increase of emissions due to the treatment has been found although the process lines considered are different. Moreover, the work of Rigolot et al. [19] did not include the manure management after treatment that might affect significantly the results. Loyon et al. [36] show a comparison between conventional storage of pig slurry and three types of aerobic treatment, combined or not with solid-liquid separation. Ammonia emissions reductions were 68% with biological treatment; 52% with compacting screw + biological treatment; 30% with decanter centrifuge + biological treatment. Also in this case the process lines are not the same of the one assessed in this study but the results obtained are of the same magnitude.



Considering the GWP, CS allows a reduction of 55% of GHGs as CO2 eq. in comparison to BS (Figure 5). These results are in line with those obtained by other authors. In fact, Amon et al. [35] reported a reduction of total GHG emissions of up to 36% with solid-liquid separation and 59% with anaerobic digestion in comparison to untreated slurry. Rigolot et al. [19] obtained a more limited reduction of GHG emissions (29%) with anaerobic digestion while with biological nitrogen removal they did not obtain significant effects. Finally, based on results of Loyon et al. [36], aerobic treatment combined or not with solid-liquid separation allowed a general reduction of GHG emissions of 55% compared to untreated.



Although not directly comparable, the results obtained seems in line with other works and confirm the relevant reduction of GWP and AP obtained with the collective management systems. The assessment of GWP and AP highlighted the need to consider the whole system, including the return of treated manure to the farm and land spreading. These stages might contribute significantly to the overall emissions. It has to be emphasised that those stages are not jet optimised in the studied system because they are not managed by the consortium but by the single farmers.



The results obtained confirm how a reduction of both GWP and AP can be obtained only with a combination of treatments in order to reduce GHGs and NH3 emissions. Of course, also appropriate mitigation techniques might be necessary, like storage coverages and incorporation during spreading.



Road transport of manure (from farms to the centralised plant and back) does not seem to be a relevant source of emissions but should become considerable if the distances increases. Moreover, it should be carefully considered from the economic point of view. When feasible, manure transport with pipelines should be preferred as they can further decrease emissions and reduce traffic on rural roads.





4. Conclusions


The methodology used in this study was effective for assessing the environmental impact of different manure management systems (one including a collective treatment plant and one without the treatment plant). The case study highlighted how a collective manure treatment system might be effective in the reduction of AP and GWP. The combination of anaerobic digestion and nitrogen removal treatment was demonstrated to be sustainable even if the benefits of renewable energy production are not considered. In a collective manure treatment system, the reduction of emissions related to methane collection can compensate the increase in CO2 emissions from the transport of manure from the livestock units to the treatment plant and back. Moreover, the income obtained from selling the electric energy produced might reduce the cost of the nutrient removal treatment, helping to make this solution economically sustainable as well as environmentally sustainable. Further benefits may derive from the reduction of odours and the production of a stabilized effluent that can be used as fertilizer more efficiently, with a possible reduction in the use of mineral fertilizers and the consequent further economic and environmental benefits.



Although the methodology used was shown to be adequate for the assessment, it should be pointed out that some aspects, such as the emissions from the different treatments, will benefit from further studies in order to better consider the possible effect of different technological alternatives on the emissions to air.



Moreover, it should be underlined that, for a whole assessment of the different manure management solutions, others environmental aspects should be considered (e.g., PM production and eutrophication). However, those evaluations should be based on inventory data regarding emissions obtained in assessments like the one reported in this work.



The results obtained in this study might be a further support to the promotion of collective manure management systems, especially in intensive livestock area. In fact, the increasing concern on NH3 emissions and the need to achieve the desired target of emission reduction of GHGs, require identification of mitigation techniques. From this point of view, the reductions of AP and GWP assessed in the monitored collective management system are far higher than those that might be obtained in individual farms, by introducing specific mitigations techniques not including a plant with combined treatments. Moreover, the centralised system can provide data on manure use that can be integrated in the local environmental monitoring network and used to estimate the possible impact also on water quality.



In order to improve the performances of the system, the treatment technologies should be optimised and a nutrient recovery (N and P) process should be introduced. Energy conversion and its effective use should also be considered. Further assessments are therefore needed to confirm the environmental and also economic sustainability of manure collective system with different configurations. Stakeholders and policy makers might benefit of these studies to enhance the diffusion of collective manure management systems and improve the sustainability of the livestock sector.
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Figure 1. Schematic presentation (flowchart) of the collective manure management system (CS) for bioenergy production and nitrogen removal considered in the assessment. (CHP = combined heat and power; SBR = sequencing batch reactor). 
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Figure 2. Contribution to acidification potential (AP) and global warming potential (GWP) of the different stages of manure management in the baseline (BS) scenario (manure managed on individual farms). 
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Figure 3. Contribution to acidification potential (AP) and global warming potential (GWP) from different stages of manure management in the collective treatment (CS) scenario (manure is transported from each farm to a collective treatment system and treated effluent is transported back to the farms). The GWP shares have been calculated without considering the emissions offset of the energy produced. 
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Figure 4. Comparison of acidification potentials for each livestock production unit for the two management systems. CS = collective treatment scenario; BS = baseline scenario without collective manure treatment. 






Figure 4. Comparison of acidification potentials for each livestock production unit for the two management systems. CS = collective treatment scenario; BS = baseline scenario without collective manure treatment.



[image: Sustainability 10 03653 g004]







[image: Sustainability 10 03653 g005 550]





Figure 5. Comparison of GWP for each livestock production unit for the two management systems. CS = collective treatment scenario; BS = baseline scenario without collective manure treatment. 
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Table 1. Main characteristics, manure and nitrogen production by the livestock units considered in the assessment.
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	Farm
	Type of Livestock
	Live Weight (t)
	Slurry (t)
	Solid Manure (t)
	Total N (kg)





	1
	dairy cows
	206
	10,398
	903
	33,589



	2
	dairy cows
	151
	8809
	296
	30,501



	3
	dairy cows
	184
	11,791
	-
	26,177



	4
	laying hens
	162
	-
	1055
	12,095



	5
	dairy cows
	100
	5383
	255
	19,477



	6
	dairy cows
	358
	25,445
	130
	78,356



	7
	beef cattle
	25
	795
	-
	2339



	8
	dairy cows
	164
	10,384
	270
	27,497



	9
	fattening pigs
	76
	4012
	-
	12,558



	10
	fattening pigs
	242
	6435
	-
	27,027



	11
	dairy cows
	349
	15,373
	416
	49,837



	12
	laying hens
	176
	-
	2687
	30,808



	13
	beef cattle
	810
	22,371
	2406
	71,924



	14
	dairy cows
	117
	4899
	539
	20,119



	15
	dairy buffalo
	389
	17,435
	570
	53,944



	16
	dairy cows
	59
	2760
	286
	9276



	17
	dairy cows
	231
	10,329
	1024
	55,154



	18
	dairy cows & laying hens
	440
	26,955
	1674
	128,893



	19
	dairy cows
	181
	8033
	279
	23,768



	20
	dairy cows & beef cattle
	662
	29,026
	1946
	97,530



	21
	dairy cows
	140
	4957
	90
	16,485
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Table 2. Methodology used for the calculation of the emissions for each pollutant (CO2, CH4, N2O, NOx, NH3 and SO2) and for each stage of manure management.
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	Stage
	CO2
	CH4
	N2O
	NOx
	NH3
	SO2





	Farm storage
	nd
	IPCC, Tier 2
	IPCC, Tier 2
	EEA, Tier 2
	EEA, Tier 2
	nd



	Transport
	IPCC, Tier 2
	IPCC, Tier 3
	IPCC, Tier 3
	EEA, Tier 2
	EEA, Tier 2
	EEA, Tier 1



	Intermediate storage
	nd
	IPCC, Tier 2
	IPCC, Tier 2
	EEA, Tier 2
	EEA, Tier 2
	nd



	Treatment
	Energy mix
	IPCC, Tier 2
	IPCC, Tier 2
	EEA, Tier 2
	Monitoring
	nd



	Transport off-road
	IPCC, Tier 2
	IPCC, Tier 2
	IPCC, Tier 2
	EEA, Tier 2
	EEA, Tier 2
	EEA, Tier 1



	Land application
	nd
	nd
	IPCC, Tier 2
	EEA, Tier 2
	EEA, Tier 2
	nd







nd: not determined.
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