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Abstract

:

The European Union is targeting climate neutrality by 2050, with a focus on enhancing energy efficiency, expanding renewable energy sources, and reducing emissions. Within Italy’s electricity mix, bioenergy sources, namely biogas, solid biomass, and bioliquids, play a crucial territorial role. A comparative analysis was conducted through Life Cycle Assessment (LCA), utilizing national data from the ARCADIA project, to assess the environmental sustainability of the investigated bioenergy chains and identify the most convenient ones. The study revealed that, among the bioenergy sources, solid biomass emerges as the most environmentally friendly option since it does not rely on dedicated crops. Conversely, biogas shows the highest environmental impact, demonstrating less favorable performance across nine out of the sixteen evaluated impact categories. The LCA underscores that the cultivation of dedicated energy crops significantly contributes to environmental burdens associated with electricity generation, affecting both biogas and bioliquids performance. The cultivation process needs water and chemical fertilizers, leading to adverse environmental effects. These findings highlight the importance of prioritizing residual biomass for energy generation over dedicated crops. Utilizing forestry and agro-industrial residues, municipal solid waste, and used cooking oils presents numerous advantages, including environmental preservation, resource conservation and recovery, as well as waste reduction.
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1. Introduction


The European Union (EU) population is projected to decline over the very long term. According to EUROSTAT, on 1 January 2020, the EU population was estimated at 447.7 million with a projection to reach 449.3 million in 2025 and then 449.1 in 2030 [1].



The substantial population residing in EU countries contributes to elevated energy consumption and demand. Following its peak in 2006, energy consumption has progressively decreased, indicating a successful decoupling of energy demand from economic growth. However, this downward trend is expected to pause between 2020 and 2025, primarily due to the resurgence of energy demand following the aftermath of the COVID-19 pandemic. However, it is expected that, in the future, the improvement of energy efficiency and the implementation of renewable energy policies will lead to an increasingly greater decoupling between energy consumption and economic growth [2].



In 2012, with the Energy Roadmap 2050, EU countries aimed to reduce greenhouse gas emissions (GHG) by 95% by 2050 through virtually complete decarbonization. Then, the European Commission issued the ‘Clean Energy Package’, which set the commitment to reduce CO2 emissions by at least 40% by 2030 compared to 1990, focusing on three main objectives: (i) prioritizing energy efficiency, (ii) achieving global leadership in renewable energy, and (iii) ensuring a level playing field for consumers. In addition, it was proposed to increase energy efficiency by 32.5% by 2030 and to reach 32% of renewables in overall consumption. Subsequently, in order to reach the targets proposed in the Paris COP21 (i.e., to limit global warming to 2 °C, possibly 1.5 °C), Europe set new, more ambitious targets with the Green Deal (adopted in December 2019) [3], such as the reduction of climate-altering gases by 55% by 2030 and climate neutrality by 2050.



Furthermore, during the recent COP28, held in Dubai in December 2023, several important decisions were made. These include: (i) the establishment of a fund to address losses and damages, specifically for the most vulnerable countries affected by climate change disorders, and (ii) agreements on mitigation measures that involve a more decisive phase-out of fossil fuels (surpassing the previous phase-down efforts) with the aim of achieving net-zero emissions by 2050.



The transition to clean energy aims to establish an energy system primarily fueled by renewable energy sources (RES). Technologies for generating renewable electricity offer a more sustainable solution compared to non-renewable alternatives [4,5,6,7]. Furthermore, the integration of RES technology development with carbon capture systems and storage has the potential to create negative emission technologies (NETs) [8,9]. This approach can contribute significantly to reducing carbon emissions and fostering a more environmentally friendly energy landscape.



It is apparent that each EU country must attain the targets set by the European Commission, considering its unique energy production system composed of diverse technologies and energy sources, thereby shaping its national electrical mix. Conducting a life cycle assessment (LCA) becomes crucial for a comprehensive understanding of the environmental impact. LCA serves as a valuable tool to quantify the environmental implications of any product, process, or service, employing various methods that take into account material and energy flows, as well as input resources and output emissions.



In recent years, different studies based on a LCA approach have focused on energy scenarios at a national scale, for example: Portugal [10], Belgium [11], French insular territories [12], Denmark [13], Spain [7], the UK [14], and Germany [15], or at a regional scale (Sicilia Region in Italy) [16].



Some other projects were focused on the comparison of the national energy mix with the European or extra-European context [17,18].



The analysis conducted in Portugal revealed that installing desulphurization and denitrification systems in coal power plants could significantly reduce the impact on certain environmental categories, notably acidification (−62%) and photochemical oxidation (−74%) [10].



In Belgium, the focus shifted to studying the global warming potential (GWP). Understanding the hourly CO2 content of 1 kWh of electricity is crucial for assessing the potential benefits of upcoming smart grid technologies [11].



A life cycle cradle-to-gate electricity analysis was conducted for French coastal and insular territories. The findings indicated that French Guyana has the lowest greenhouse gas (GHG) emissions per kilowatt hour produced, mainly attributed to its significant reliance on renewable energy sources [12].



In Denmark, the assessment was primarily centered on the distribution of electricity and its associated impacts, with a comparative analysis against the generation and transmission processes. The goal was to evaluate the significance of electricity distribution in the overall impact of the energy system. The argument put forth suggests that impacts from electricity distribution are poised to rise in the future due to the proliferation of renewables and decentralized electricity generation. Furthermore, it is anticipated that impacts from infrastructure, such as distribution networks, could become increasingly significant compared to electricity generation itself [13].



The study on the electrical system in Spain assessed sustainability using eight environmental indicators (climate change, fossil depletion, ozone layer depletion, terrestrial acidification, human toxicity, and photochemical smog), along with economic indicators like the levelized cost of electricity and socio-economic indicators such as direct employment. Various future scenarios were analyzed, revealing that the most ambitious projections regarding renewable energy penetration yield the best outcomes in terms of environmental performance, employment generation, and reduced costs (EUR/MWh) [7].



Interesting research was conducted in the UK, exploring various electricity scenarios spanning up to 2070. These scenarios encompassed key technologies relevant to the UK (nuclear, gas, coal with and without carbon capture and storage—CCS, wind, solar photovoltaics, and biomass), and three levels of decarbonization were examined, evaluating the techno-economic, environmental, and social impacts on a life cycle basis. The findings revealed that a very low-carbon mix featuring nuclear and renewables offers the best overall environmental performance. Indeed, the complexity of energy systems extends beyond environmental considerations to encompass social and health impacts as well. While a low-carbon mix involving nuclear and renewables may offer significant environmental benefits, it is important to acknowledge and address potential social concerns such as health impacts from radiation and the requirements for storage of radioactive waste. Balancing these various factors is crucial to formulating sustainable and socially responsible energy policies. Conversely, in a scenario where an equal weighting is assigned to each sustainability impact, an equal share of nuclear and renewables emerges as the top-ranked option [14].



The life cycle assessment (LCA) of electricity production plays a pivotal role in evaluating the environmental impact. In particular, the LCA serves as an indispensable tool for decision-making in the development of roadmaps for near-future decarbonization efforts. By analyzing different perspectives and considering diverse factors, LCA enables informed decision-making that prioritizes environmental sustainability. On the path towards decarbonization, LCA will continue to be instrumental in guiding the development of more sustainable energy systems.



In this framework, the present study is the first attempt to evaluate the impacts of bioenergy sources in the Italian electricity mix by using site-specific data collected during the ARCADIA project (Life Cycle Approach in Public Tenders and the Italian LCA Database for Resource Efficiency) [19,20]. The main objective was the development of a national LCA database (IT-LCA Database) [19], not yet available in Italy, for 23 different supply chains representative of the Italian production system. The IT-LCA Database is available for free upon registration, and by now, over 180 datasets have been implemented belonging to the agri-food, buildings, energy, and wood furniture sectors. The dataset is developed according to the format of the International Life Cycle Data System [21]. In the framework of an Agreement between ENEA and the Ministry of the Environment (2024–2028), the IT-LCA Database will be further implemented and updated.



Within the energy sector, in the ARCADIA project, the following processes were investigated: (i) production of the national energy mix (including photovoltaic chain), (ii) electricity production from biogas, (iii) electricity production from solid biomass, and (iv) electricity production from bioliquids [19].



The energy sector and electricity production are important for their potential environmental impacts, as they are responsible for a significant share of national GHG. This gave rise to the need to include the national electricity mix in the Italian LCA database, and, therefore, an in-depth study was carried out on bioenergy chains, due to their strongly territorial nature.



In Italy, electricity is still largely produced from non-renewable sources such as natural gas, coal, and oil, although the development of renewable sources such as hydroelectric, solar, wind, bioenergy, and geothermal energy is steadily increasing. In 2022, 31.1% of energy demand in Italy was covered by renewable sources [22].



According to GSE [23], electricity production from renewable sources has increased in the last decade. After a peak of 120.7 TWh reached in 2014 and a significant reduction in the following years up to 2018 (114.4 TWh), a growing trend has been recorded. In 2019, electricity production from renewables amounted to 115.8 TWh, with an increase of 1.6 TWh compared to 2018, to reach a value of approximately 116.3 TWh in 2021. Among RES, bioenergies include all those organic materials that can be used directly as fuel or transformed into solid, liquid, or gaseous fuels. In 2021, the total power of Italian bioenergy plants was equal to 4106 MW and represented 7.1% of the total electrical power from renewable sources in Italy. There were 2985 bioenergy plants for electricity production installed in Italy in 2021 [23]. In detail, 42.6% of the production in 2021 came from biogas, 35.8% from solid biomass, and 21.5% from bioliquids. Among the various bioenergies, biogas plants are still more numerous than the plants for the other biomass sources. In terms of electrical power, 41.4% of the plants are fueled by solid biomass, 35.4% by biogas, and the remaining 23.2% by bioliquids [23].



Biomass is defined as the decomposable portion of items, discards, and remnants of organic origin derived from agricultural sources (comprising both plant and animal materials), forestry, and associated industries. This encompasses materials from fisheries and aquaculture, as well as clippings and trimmings from public and private green spaces. Additionally, it includes the biodegradable segment of both industrial and municipal waste, as specified in Legislative Decree No. 28 of 3 March 2011 [24].



The primary matrices frequently utilized within the biogas supply chain originate from agriculture, specifically dedicated energy crops and livestock waste. Energy crops, being specifically cultivated for energy production, offer the advantage of yielding high amounts of biogas. However, the contentious aspect surrounding the space requirements for energy crops, along with associated environmental costs, remains one of the most unresolved and debated issues concerning this energy source [25]. Due to sustainability concerns, there has been a recent shift in focus towards plants that utilize waste biomass, which can be integrated into agro-energy supply chains. In Italy, for instance, the CRPA (Animal Production Research Centre) [26] conducted a study in collaboration with the CIB (Italian Biogas Consortium) [27] on various biomass types. This study quantified the residual biomass that could potentially be directed to anaerobic digestion plants, including livestock effluents, residues from herbaceous crops, and agro-industrial by-products, along with their associated methane yields. The findings of this study revealed that livestock effluents could represent a crucial resource in biomethane production scenarios, accounting for over 75% of what can be produced from other residual biomass and more than 25% of the total biomethane production. The projections for 2030 anticipate a significantly wider adoption of livestock effluents compared to energy crops, primarily due to the incentive mechanism outlined in the biomethane decree in Italy [28]. This mechanism offers tariff advantages only if less than 30% of the biomass used for energy production originates from dedicated crops. Consequently, it is expected that the utilization of dedicated crops will comprise less than 30% of the feedstock for anaerobic digestion plants, with a corresponding increase in the contribution of livestock effluents [29].



An interesting Italian study by the Ca’ Foscari University of Venice Foundation [30] has identified the socio-economic impact of the solid biomass power generation sector in Italy, examining the economic aspects in terms of employment, income, and tax impacts, considering the biomass production and supply sector, the transport sector, and the power generation sector in the year 2017. The concept of a solid biomass “short supply chain” [31] is very important to reduce the impact of biomass transportation and its impact in terms of GHG emissions. In Italy, according to the Ministerial Decree (DM) of 2 March 2010 [31], biomasses produced within a radius of 70 km from the power plant are considered to have a short supply chain.



On the other hand, bioliquids refer to “liquid fuels intended for energy applications beyond transportation, encompassing uses such as electricity generation, heating, and cooling”. Essentially, these are fluid fuels sourced from plant and animal biomass, serving as an alternative to fossil fuels in the generation of electricity. Bioliquids, which are investigated in this study, are only those complying with the sustainability criteria laid down in Legislative Decree No. 55 of 31 March 2011 (containing the same criteria as Directive 2009/28/EC) [32]. In addition, from a socio-economic point of view, the use of different sources of bioenergy can generate impacts [33]. The socio-economic aspects of the bioliquid production chain can be addressed on different scales, starting from the local to the global scale. The raw materials from which bioliquids are produced, namely oilseeds, have a dual market: food and energy production. These markets overlap, making it difficult to delineate on a large scale what share of the world’s production goes to the food market and what goes to the energy market. Certainly, the evidence shows an important environmental and social impact of the massive production of oilseeds that has prompted large-scale assessments, especially in the areas of the world where these crops are concentrated.



Finally, biogas is defined as “a gas primarily composed of methane and carbon dioxide, generated through the anaerobic digestion of biomass” according to EU Regulation 147/2013 [34]. An interesting socio-economic analysis of the biogas supply chain was carried out in 2018 by Fiper (the Italian Federation of Renewable Energy Producers) [35], together with CMA (Consorzio Monviso Agroenergia), bringing together more than 120 farms owning biogas and other agro-energy plants. This study showed that the biogas chain represents an important element of strength in the national production fabric. In detail, the agricultural sector in Italy invoiced about EUR 2 billion per year of incentivized electricity from biogas, corresponding to about 4% of the total standard electricity production in 2016 [35,36]. The incentives granted to the biogas sector made the national rural area grow, develop, and innovate, with significant positive economic and social impacts.



Therefore, the key contribution and novelty of this research work is the assessment and comparison of the environmental impacts of three different renewable energy sources in the Italian electrical mix, based on local national data. Similar studies have yet to be found in the literature.




2. Materials and Methods


2.1. LCA Methodology


Life Cycle Assessment (LCA) is a methodology that provides qualitative and quantitative data on the environmental performance of a product, process, or service throughout its entire life cycle, encompassing indirect impacts. LCA was employed in this study to assess the environmental performance of electricity production from biomass, specifically comparing electrical energy derived from biogas, solid biomass, and bioliquids in Italy. This assessment adheres to the protocols recommended by ISO standards 14040 and14044 2006 [37,38]. As per standard procedure, the LCA process comprises four phases: (i) goal and scope definition, (ii) life cycle inventory (LCI), (iii) impact assessment (LCIA), and (iv) interpretation of results. Each phase is detailed in the following paragraphs.




2.2. Goal and Scope Definition


LCA analyses were carried out according to an attributional approach (ILCD Handbook). The aim of this study was two-fold: (i) collection of data, specific to the national context, for building the datasets for the Italian LCA database; (ii) evaluation and comparison of the impacts associated with the Italian electricity production from biogas, solid biomass, and bioliquids in order to identify the environmental advantages and disadvantages of each energy source as well as the most eco-friendly option. Such an assessment could help to support the elaboration of decarbonization strategies, suggesting which bioenergy chain should be more incentivized through ad hoc politics.



Functional Unit and System Boundary


According to ISO 14040 [39], the functional unit (FU) plays a crucial role in defining the performance characteristics of the product, service, or system under investigation [39]. The primary objective of the FU is to establish a reference point to which inputs and outputs are connected, thereby ensuring the comparability of LCA results [40]. The FU chosen in this study is the Italian production of 1 kWh of electricity from each source, namely biogas, solid biomass, and bioliquids. The biogas energy supply chain [19,20] consists of the following phases: (i) production of biomass, including collection and transport to the treatment site; (ii) biomass treatment (anaerobic digestion) to transform the collected biomass into biogas; and (iii) production of heat and electricity through cogeneration in a combined heat and power (CHP) plant. For biogas production, both dedicated biomass (different types of energy crops, such as corn, ryegrass, and sorghum) and discarded biomass were considered. The discarded biomass includes residual biomass (livestock manure, agricultural, and agro-industrial residues) as well as the organic fraction (OF), consisting of municipal solid waste (MSW) and sewage sludge. For the biogas, energy supply chain, a “Cradle-to-Gate” approach was followed. In particular, for dedicated biomass, all phases from biomass cultivation up to energy generation were considered (Figure 1a). As for biogas from discarded biomass, the “zero burden” approach was applied, i.e., the environmental burden of the process generating the waste was neglected, according to the pertinent literature [41]. The biogas supply chain generates electricity and heat; therefore, an exergetic allocation was applied to determine the environmental impact of each energy co-product.



Also, in the analysis of the solid biomass supply chain, a “zero burden” approach was applied since discarded biomass (solid urban waste, industrial residues, and agro-forestry residues) was employed at 95% [42]. Thereby, the analyzed phases were [19,20]: (i) biomass collection and pre-treatment (chipping); (ii) biomass transportation to an energy conversion plant; and (iii) energy production in a combustion plant. In this case, (solid biomass energy supply chain), the produced heat was considered only used for self-consumption and/or dissipated and, therefore, not accounted for as a co-product (Figure 1b).



Regarding the bioliquids supply chain, all the phases, from crop cultivation up to energy production, were included in the system boundary, according to a “Cradle-to-Gate” approach (Figure 1c). Indeed, in Italy, 77.4% of bioliquids for energy purposes are obtained from dedicated biomass, such as palm, soybean, sunflower, corn, and rapeseed crops [19,20]. The remaining percentage is represented by exhausted oils, like edible oils as well as vegetable and animal fat oils [43]. For this energy chain, the investigated phases were: (i) biomass production from dedicated crops; (ii) transport of dedicated and discarded biomass; (iii) oil extraction and refining (only in the case of dedicated biomass); (iv) transport of bioliquids from the place where dedicated biomass is cultivated to the energy conversion plant; and (v) energy production in a combustion plant. However, it is worth noting that for exhausted oils, the “zero burden” approach was applied. Moreover, it should be pointed out that the produced heat was not included in the system boundary since it was assumed that the part exceeding self-consumption was dissipated [43].





2.3. Inventory Data Analysis and Assumptions


The life cycle inventory includes recognizing and measuring the utilization of materials and energy (input flows), along with the generation of products, by-products, waste, and emissions (output flows), across the complete life cycle of the investigated systems [44]. For all the investigated bioenergy supply chains, data representative of the Italian context, derived from GSE technical reports, company reports, interviews, bibliographic sources, and environmental declarations, were used. In Table 1, the inventory of each bioenergy supply chain, referred to as the selected FU (1 kWh of electricity), is reported.



2.3.1. Biogas Inventory


For the production chain of electricity from biogas, national data were used for processes relating to cultivation, biomass transport, anaerobic digestion (biogas production), biogas conversion into electrical and thermal energy (CHP plant), as well as waste and emissions generation. According to the GSE report [45], the main biomass sources for electricity from biogas in Italy were of agro-forestry origin, including animal manure (82%). Instead, the residual biomass was made up of MSW and sewage sludge (about 18%). Specifically, the amount of dedicated and residual biomass (i.e., livestock manure and agricultural and agro-industrial residues) was retrieved from the National Agency for Agricultural Mechanization (ENAMA) project and referred to different regions of Italy. Moreover, for the OF (MSW and sewage sludge), data from two Italian plants, representative of the national context, were used. In detail, the selected Italian plants were the Province of Bolzano’s Plant [46] and the Herambiente Spa composting plant in Voltana [47].



The anaerobic digestion and cogeneration processes were modeled according to the processes in the EcoInvent database v.3.7.1, using data from: (i) GSE [45] for biogas amounts; (ii) the Higher Institute for Environmental Protection and Research [48] for the emissions from the cogeneration plant fed with agro-forestry biomass; (iii) Reichhalter et al. [46] and Herambiente [47] for emissions from conversion plants fed with OF; and (iv) ENAMA for the emissions from the anaerobic digester (methane, CH4). The consumption of water and chemicals was considered negligible due to their recycling in the system. Moreover, for each MJ of biogas combusted in the cogenerator, a lubricant consumption of 0.03 g, according to [49], was considered. Regarding the biomass transport, an average distance of 70 km between the collection point and the conversion plant was assumed, in accordance with the Ministerial Decree [31].




2.3.2. Solid Biomass: System Description and Inventory


According to the GSE report [43], in Italy, 65% of the solid biomass used in energy conversion processes was of agro-forestry and industrial origin, while 35% came from MSW. In this study, for the production of 1 kWh of electricity from solid biomass in Italy, both primary and secondary data were used. Primary data were provided by the Energy from Solid Biomass (EBS—Energia da Biomasse Solide) association, made up of 15 operators and counting 18 facilities distributed across the national territory [42]. In detail, primary data were related to residual biomass amount, water consumption, waste amount (wastewater, hazardous waste, and non-hazardous waste), and the cogeneration plant (quantity of electricity produced). Specifically, the plants of EBS members fell within the 1–75 MWe power range, which is representative of approximately 98% of the Italian electricity production from agro-forestry and industrial residues [50]. For all other flows and processes, secondary data were used. In particular, for the pre-treatment (chipping) phase of agricultural and forestry biomass, data were retrieved from Scrucca et al. [19,51], while data for the energy conversion process were taken from the EcoInvent (v.3.7.1) process “Electricity, high voltage {IT}|cogeneration of heat—electricity, wood chips, 6667 kW, state of the art 2014|Cut-off, U”. Moreover, data about emissions generated by the energy conversion plant were provided by ISPRA [48].



Data related to electricity production from MSW biomass were obtained as an average from environmental declarations of 7 waste-to-energy plants (located in Friuli Venezia Giulia, Lombardia, Piemonte, Veneto, Emilia Romagna, Lazio, and Molise regions), representative of the Italian context. They were based on primary data concerning biomass quantities, water consumption, characteristics of cogeneration plants (e.g., nominal electric power and self-consumption of electricity by the plant), and quantity of electricity produced [50]. Since all urban waste (not just biomass-related waste) is processed into waste-to-energy plants, biomass energy has been considered to account for only 51% of the total energy produced by waste-to-energy plants, in accordance with D.M. 06/07/2012 [52].



For all solid biomass from Italy, the average distance between the biomass collection point and the energy conversion plant was assumed to be 70 km, in accordance with [31]. For the solid biomass of foreign origin, representing 10% of agro-forestry biomass [53] used for electricity production in Italy, transport was estimated as follows: (i) for the biomass from Europe (8%), road transport was considered, assuming an average European distance of 543 km [54]; (ii) for the biomass extra-Europe (2%), mainly from the USA and Canada [55], transport by sea for an average distance of 7458.5 km [56], followed by road transport for the national average distance of 125 km [57] were accounted for.




2.3.3. Bioliquids: System Description and Inventory


In Table 1, the input and output data referring to 1 kWh of electricity from bioliquids in Italy are shown. Only secondary data [43] about the typologies of used bioliquids and their percentage weight in the mix of bioliquids used for Italian electricity production (in 2020) were employed. The electricity production plant, considered in the LCA analysis, was a plant powered by fossil fuels with a nominal power of 500 kW and an average lifetime of 30 years, considering a production efficiency of 38% and a yearly operating time of 65%, according to the EcoInvent (v.3.7.1) process “Oil power plant, 500 MW {GLO}|market for|Cut-off, U”. The bioliquids production was included in the system boundary (Figure 1c), considering the cultivation, extraction, and refining phases. Transport distances (by sea, train, and road) between the place of oil plant cultivation (if applicable), the location for bioliquid extraction and refining, and the energy conversion plant were taken into consideration [57]. In detail, the investigated bioliquids were produced in Italy, Indonesia, Malaysia, other EU countries, and other non-EU countries [43]. Instead, for the calculation of transport by sea, the following reference sites (relevant commercial ports) were considered for calculating average distances from Italy [56]: Trieste (Italy), Port Kelang (Malaysia), Tanjung Priok (Indonesia), Jebel Ali, Dubai (United Arab Emirates—Non-EU), and Denmark (EU). The total emissions produced by the cogeneration plant, also in this case, were retrieved from ISPRA [48].





 





Table 1. Life cycle inventory (LCI) of the three bioenergy chains.
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	Input/Output Flows
	Unit
	Biogas
	Solid Biomass
	Bioliquids





	Inputs
	
	
	
	



	Biomass
	
	
	
	



	Dedicated biomass
	ton
	2.41 × 10−03
	-
	1.68 × 10−04



	Residual biomass
	ton
	4.53 × 10−03
	1.43 × 10−03
	4.88 × 10−05



	Transformation proceses
	
	
	
	



	Pre-treatment (chipping)
	ton
	-
	9.69 × 10−04
	-



	Anaerobic digestion plant
	p
	3.64 × 10−08
	-
	-



	Oil power plant
	p
	-
	-
	9.24 × 10−10



	Cogeneration Plant
	
	
	
	



	Electricity
	kWh
	1.15 × 10+00
	6.50 × 10−01
	-



	Heat
	MJ
	4.07 × 10+00
	-
	-



	Amount of lubricant
	kg
	7.99 × 10−04
	-
	-



	Water consumption
	
	
	
	



	Water (vegetable, industrial, washing)
	ton
	2.95 × 10−04
	1.71 × 10−03
	-



	Transport
	
	
	
	



	Transport, freight, lorry
	tkm
	1.33 × 10−01
	1.38 × 10−01
	1.09 × 10−02



	Transport, freight, sea
	tkm
	
	1.44 × 10−01
	1.83 × 10+00



	Transport, freight, train
	tkm
	
	
	3.65 × 10−02



	Outputs
	
	
	
	



	Electricity
	kWh
	1.00
	1.00
	1.00



	Heat
	MJ
	3.52
	-
	-



	Waste
	
	
	
	



	Wastewater
	m3
	-
	5.36 × 10−04
	-



	Hazardous waste
	ton
	-
	5.67 × 10−08
	-



	Inert waste
	ton
	-
	4.36 × 10−07
	-



	Emissions to the air
	
	
	
	



	* Methane, biogenic
	g
	4.10 × 10+00
	-
	-



	Carbon dioxide, biogenic
	g
	4.35 × 10+02
	3.26 × 10+02
	3.43 × 10+02



	Methane, biogenic
	g
	1.46 × 10+00
	7.54 × 10−01
	1.08 × 10−02



	Dinitrogen monoxide
	g
	2.46 × 10−02
	4.36 × 10−02
	7.20 × 10−03



	Nitrogen oxides, IT
	g
	8.21 × 10+00
	1.56 × 10−01
	1.09 × 10+00



	Carbon monoxide, biogenic
	g
	2.46 × 10+00
	1.09 × 10+01
	5.40 × 10−02



	NMVOC, non-methane volatile organic compounds, unspecified origin
	g
	7.30 × 10−01
	1.25 × 10+00
	1.08 × 10−02



	Particulates, < 10 um
	g
	8.21 × 10−02
	7.74 × 10−01
	3.60 × 10−03



	Particulate, <2.5 um
	g
	8.21 × 10−02
	7.74 × 10−01
	2.76 × 10−03



	Carbon black
	g
	3.29 × 10−03
	7.35 × 10−02
	1.54 × 10−04



	Sulfur dioxide, IT
	g
	-
	3.27 × 10−02
	4.74 × 10−02



	Ammonia, IT
	g
	-
	1.13 × 10−02
	-



	PAH, polycyclic aromatic hydrocarbons
	g
	-
	4.55 × 10−04
	3.20 × 10−06



	Benzo[a]pyrene
	g
	-
	1.37 × 10−04
	-



	Benzo[ß]fluoranthene
	g
	-
	1.55 × 10−04
	-



	Benzo[ĸ]fluoranthene
	g
	-
	6.96 × 10−05
	-



	Indeno[1,2,3-cd]pyrene
	g
	-
	8.91 × 10−05
	-



	Dioxin,2,3,7,8 Tetrachlorodibenzo-p-
	g
	-
	8.65 × 10−10
	8.77 × 10−11



	Polychlorinated biphenyls
	g
	-
	1.38 × 10−07
	-



	Benzene, hexachloro
	g
	-
	1.38 × 10−08
	-



	Cadmium
	g
	-
	1.27 × 10−05
	5.16 × 10−07



	Copper
	g
	-
	1.74 × 10−05
	1.72 × 10−05



	Mercury
	g
	-
	1.17 × 10−05
	2.79 × 10−06



	Lead
	g
	-
	4.53 × 10−05
	9.08 × 10−06



	Zinc
	g
	-
	3.30 × 10−04
	1.25 × 10−05



	Arsenic
	g
	-
	5.77 × 10−07
	2.79 × 10−06



	Chromium
	g
	-
	3.95 × 10−06
	1.71 × 10−05



	Nickel
	g
	
	2.31 × 10−06
	1.03 × 10−04



	Selenium
	g
	
	5.77 × 10−07
	3.71 × 10−06







* data referring to methane emissions from the anaerobic digester (primary data from [46,47,58]).













2.4. Impact Assessment


The collected data were analyzed using SimaPro software v.9.3.0.3 [59]. Furthermore, the EcoInvent database (v.3.7.1) and cut-off datasets for data on agricultural processes and conversion plants were selected. The EF 3.0 method [60], indicated by the European Commission for calculating the environmental footprint, was adopted. In this study, sixteen impact categories, considered relevant for our purposes, were examined to evaluate the environmental impacts coming from the three biomass energy sources (biogas, solid biomass, and bioliquids). Table 2 lists the impact categories, with the related acronyms and units of measurement.





3. Results


A comparison of the environmental impacts associated with the production of 1 kWh of electricity from different bioenergy sources, namely biogas, solid biomass, and bioliquids, is illustrated in Figure 2 and Table 3.



The results revealed that, among the three bioenergy sources, solid biomass (red bars, in Figure 2) showed the lowest environmental burden in all the investigated impact categories, except in particulate matter (PM) and human toxicity, cancer (HTc). In detail, in the PM category, the impact generated by using solid biomass (2.47 × 10−07 disease incidence) for electricity production was approximately double that associated with the use of biogas and quadruple compared to the use of bioliquids. Such an impact was mainly due to local emissions from the energy conversion plant. Furthermore, in HTc, the environmental burden from solid biomass was 25% greater than that from biogas and was mainly due to the combustion plant.



On the other hand, biogas (blue bars in Figure 2) resulted to be the most impactful source of electricity in 9 out of 16 categories: climate change (CC), land use (LU), water use (WU), acidification (AC), photochemical ozone formation (POD), eutrophication, marine (EUm), eutrophication, terrestrial (EUt), resource use, fossils (RDf), and ecotoxicity, freshwater (ECT). In particular, in these categories, the environmental impact associated with the use of biogas for electricity production was up to 7.5 times higher than the impact deriving from the use of bioliquids in the WU category and up to 100 times higher (in 7 categories) than the impact due to the use of solid biomass as an energy source. Specifically, in comparison with the environmental load associated with biogas use, impacts from solid biomass were 0% in LU, only 1% in WU, ECT, EUt, and Eum, and 2% in AC, while they reached up to 15% in POD. On the other hand, electricity production from bioliquids and biogas generated comparable impacts in CC (0.85 kg CO2 eq. and 0.96 kg CO2 eq., respectively). Moreover, loads from bioliquids resulted in impacts comparable to those from biogas, also in RDf and ECT, being 31% and 41% lower, respectively. Instead, in the remaining 6 categories, electricity production from bioliquids exhibited lower environmental loads, ranging from 13% in WU to 44% in AC of the impact from biogas.



Finally, electrical production using bioliquids showed the poorest environmental performance in 6 out of 16 of the assessed categories (green bars in Figure 2): ozone depletion (OD), ionizing radiation (IR), human toxicity, non-cancer (HTnon-c), human toxicity, cancer (HTc), eutrophication, freshwater (EUf), and resource use, minerals and metals (RDm). In detail, in the OD, IR, and HTnon-c categories, the impact from bioliquids utilization was only slightly higher (3–19%) than that linked to biogas exploitation. However, in the other three categories (HTc, EUf, and RDm), the environmental load from bioliquids use turned out to be from 2-fold (in HTc) to 10-fold (in EUf) higher than that deriving from biogas employment for electricity generation. The difference in the environmental performance of electricity production grew even more in the comparison with solid biomass use. In fact, in this case, only in HTc, the impact from solid biomass was 35% lower, while in the remaining 5 categories, such impact became even lower (approximately 80% or more) compared to that due to electricity production from bioliquids.



In Figure 3 and Table 4, the normalized impacts for the production of 1 kWh of electricity in Italy through the three investigated energy sources are illustrated. The highest impact (2.26 × 10−03) was in the EUf category. It was associated with bioliquids utilization as an energy source. As for biogas and solid biomass sources, their impacts on EUf were only 9% and 1%, respectively, of the impact from bioliquids. The analysis of the most impactful processes within the bioliquid energy supply chain highlights the significant role played by the palm oil production phase (cultivation and processing), which accounts for 70% of the whole impact; behind that is the production of rapeseed oil (15.4%). In particular, the treatment of wastewater from the oil refining process is responsible for the contamination of water resources by phosphate, which constitutes the elementary flow with the highest impact (99.4%).



Relevant normalized impacts (1.89 × 10−03) were also observed in the ECT category, attributable to electricity production from both biogas and bioliquids. In detail, the impact from biogas was the highest, being approximately 2 and 75 times greater than those from bioliquids and solid biomass, respectively. The environmental burden associated with biogas usage mainly stemmed from the cultivation of dedicated biomass, with the greatest contributions from the production of maize grain (63.7%) and rye grain (14.5%). Additionally, among the key elementary flows contributing to the ECT impact from biogas, phosphorus (54.2%) and phosphates (45.7%), utilized as fertilizers, were identified. Regarding the burden from bioliquids (1.11 × 10−03) on ECT, this was primarily attributed (69.3%), once again, to palm oil production, encompassing both the plant cultivation and the extraction and refining of the oil. Soybean oil (9.2%) and rapeseed oil (8.0%) contributed to a lesser extent. It should be considered that the high contribution to the impact from palm oil production, highlighted by LCA analysis, depends on its high percentage weight in the mix of bioliquids for electricity production.



Within the ECT category, the most significant elementary flows were chlorides (30.6%) and sulfides (23.9%) released into water during the production processes of palm, rapeseed, and soybean oils. In particular, the main sources of chlorides and sulfides were wastewater treatment (sludge incineration) resulting from bioliquid refining (31.5%, responsible only for chloride release) and the production of potassium chloride (22.6%, responsible for chloride and sulfide release), used as fertilizer. Lastly, relevant flows included aluminum released into the atmosphere (15.9%) and deposited on soil (9.7%), associated with both bioliquid production and the energy conversion plant.



Moreover, the normalization phase highlighted relevant impacts for the WU and EUm categories, both associated with electricity production from biogas. Specifically, in WU, the impact from biogas (8.48 × 10−04) was over 7 times greater than that associated with bioliquid usage and over 100 times higher than the impact from solid biomass electricity production. This impact primarily stems from water consumption for irrigation during the cultivation of dedicated biomass.



In EUm, the impact from bioliquids is only one-third of that from biogas, while the solid biomass energy supply chain generates a negligible impact compared to the other two energy sources investigated. The impact of biogas on EUm was attributed to the production of rye grain (28.8%), maize grain (28.1%), and the anaerobic digestion process (24.7%), releasing nitrates into water (65.9%, associated with biomass cultivation processes) and nitrogen oxides into the air (24.7%, derived from both cultivation and anaerobic digestion). Conversely, the impact from bioliquids is attributed to palm (42.7%) and rapeseed (21.9%) cultivation, as well as to the treatment of wastewater from oil processing (8%). Once again, the most significant flows were represented by nitrates released into water (77.5%) and nitrogen oxides released into the atmosphere (19.8%).



Therefore, the characterization and normalization phases pointed out that the highest impacts were from biogas use as an energy carrier in most of the investigated categories, followed by bioliquids employment as an electricity source.




4. Discussion


The LCA analyses revealed that among the investigated energy sources, the most impactful was represented by biogas, primarily, followed by bioliquids. In particular, the major damages affected freshwater and marine water, which undergo depletion (WU category), toxicity (ECT category), and eutrophication (EUf and EUm categories). These damages, in the case of biogas, were mainly attributable to biomass cultivation, which releases phosphorus and nitrogen into water (due to the use of mineral fertilizers), and, to a lesser extent, to nitrogen oxide emissions from the anaerobic digestion process. Therefore, in order to minimize the impacts generated by electricity from biogas, the use of dedicated crops should be replaced with residual biomass. In addition, utilizing residual biomass brings several benefits: environmental advantages (e.g., reduced waste generation) and economic opportunities for waste producers (e.g., saving money on disposal expenses and new incomes from selling biogas or energy from biogas).



In Table 5, the comparison between the current scenario (Business and Usual—BaU), employing both residual and dedicated biomasses for electricity production, and an alternative scenario, exploiting only residual biomass, is reported. The average reduction in all investigated impact categories is 87%, highlighting the high impacts associated with dedicated crops for energy purposes [61].



However, it should be noted that, compared to fossil fuels such as natural gas and oil, dedicated biomass has the advantage of being a renewable resource. Also, the use of soil for the cultivation of crops for energy purposes could represent a social advantage by counteracting rural depopulation and boosting the local economy. Furthermore, cultivating biomass on less productive lands (e.g., marginal lands) for bioenergy or biomaterial production can sometimes present a feasible solution to mitigate conflicts between food, energy, and environmental concerns [62].



Finally, another important aspect to take into account is the possible upgrading of biogas to produce biomethane. This allows for the diversification of energy sources and the reduction of dependence on imported natural gas [63].



As for bioliquids, the major impact derives from the production phase (cultivation and processing). An increase in the use of exhausted oils, also known as used cooking oils (UCO), following the principles of circular economy could contribute to minimizing environmental impacts [64]. Currently, the quantity of exhausted oils generated in Italy annually is about 20–30% of the bioliquids employed for Italian electricity production [45,65,66], and only less than half is properly recovered and recycled (EconomiaCircolare.com). Indeed, UCO, although not classified as hazardous waste (CER code 200125), causes significant damage when improperly dispersed in the environment [65]. Specifically, UCOs improperly released on the soil adhere to soil particles, making them impermeable to nutrient absorption and coating plant roots, thereby preventing water and nutrient uptake. In water, UCOs form a surface layer that hinders the passage of oxygen and sunlight, resulting in hypoxia, reduced photosynthesis, and, consequently, harming aquatic life in the underlying water column. It is worth noting, as highlighted by CONOE (2018), that 1 kg of exhausted oil can cover up to 1000 m2 of water surface. Furthermore, the presence of oil in pipes leads to blockages and, in treatment plants, increases energy consumption (up to 3 kWh/kg oil), requiring more frequent cleaning of pipes and pumps [66]. In turn, these problems lead to higher energy and maintenance costs. On the other hand, UCO could be used to produce energy. It is estimated that 1 L of UCO can yield 3.6 kWh of electricity and 3.5 kWh of heat [66]. Hence, through the complete recovery and recycling of UCO, not only natural resource consumption and expenditure on fossil fuel purchases would be reduced, but also lower pollution would be generated compared to the use of fossil fuels (such as oil). Therefore, it is critical to take action against the dispersion of UCOs through massive public awareness campaigns educating citizens on UCOs’ dangers and proper disposal methods.



Moreover, pertinent literature reports that intensive palm oil cultivation drives widespread deforestation. This not only results in soil erosion, increased greenhouse gas emissions (GHGs), and water pollution but also destroys natural habitats, leading to a dangerous loss of biodiversity [67,68,69].



Finally, this work reveals that solid biomass is the least impactful energy source of the three investigated. However, it is the most responsible source for PM < 2.5 and PM < 10 emissions (PM impact category), mainly attributable to the energy conversion process of solid biomass of agro-forestry and industrial origin. Moreover, the contribution of solid biomass energy sources to the HTC category is comparable to that of biogas and bioliquid fuels. Therefore, to improve the environmental impact of this source, modern and efficient combustion technologies (i.e., the best available technologies) should be used to minimize pollutant emissions. Furthermore, it should be noted that the low impact recorded for this electricity source is also due to the avoided use of dedicated biomass. Indeed, in Italy, forest resources are abundant, covering approximately 36% of the territory, although they are not fully exploited. For instance, despite the extensive national forest heritage, less than half of the potentially available woody biomass is currently recovered. However, the full utilization of this resource, through proper forest management, could significantly reduce the risks of wildfires and hydrogeological instability [70]. As for residual biomass, its energetic valorization could contribute to safeguarding peripheral areas, preventing their degradation and abandonment.




5. Conclusions


This study, carried out in the framework of the ARCADIA project, compares the environmental impacts of three bioenergy sources for electricity production in Italy: biogas, solid biomass, and bioliquids. Our findings highlight that solid biomass emerges as the most environmentally friendly bioenergy source due to the avoidance of dedicated crops, unlike biogas and bioliquids supply chains.



Conversely, biogas exhibits the highest environmental impact, demonstrating the least favorable environmental performance in 9 out of the 16 investigated impact categories. Life cycle analysis (LCA) highlights that dedicated energy crops contribute significantly to the environmental impacts associated with electricity production, not only for biogas but also for bioliquids. Indeed, the cultivation of these crops needs water and chemical fertilizers, leading to adverse environmental consequences. Therefore, these results point out the importance of prioritizing residual biomass for energy production over dedicated crops. This includes utilizing forestry and agro-industrial residues, municipal solid waste, and used cooking oils. Leveraging these discarded materials offers numerous benefits, including environmental preservation, resource conservation and recovery, and waste reduction.



Overall, while this research promotes the utilization of solid biomass, it also highlights that bioliquids and biogas continue to present viable alternatives for energy production. This underscores the importance of diversifying energy sources and reducing dependence on non-renewable resources, especially given the finite nature of fossil fuels. However, it is imperative to prioritize sustainable practices and the utilization of non-dedicated biomass sources to minimize environmental impacts and maximize the benefits of bioenergy production.
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Figure 1. Selected system boundaries of: (a) energy production from biogas; (b) electricity production from solid biomasses; and (c) electricity production from bioliquids. The red arrows indicate the products obtained and sold to the grid. 
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Figure 2. Characterization graph of 1 kWh of electricity produced by three different RES (biomass, bioliquids, and biogas). 
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Figure 3. Normalized impacts for the production of 1 kWh of electricity from bioliquids, biogas, and solid biomass in Italy. 
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Table 2. Selected impact categories from the EF 3.0 method.
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	Impact Category
	Unit
	Abbreviation





	Climate change
	kg CO2 eq
	CC



	Ozone depletion
	kg CFC11 eq
	OD



	Ionising radiation
	kBq U-235 eq
	IR



	Photochemical ozone formation
	kg NMVOC eq
	POD



	Particulate matter
	disease inc.
	PM



	Human toxicity, non-cancer
	CTUh
	HTnon-c



	Human toxicity, cancer
	CTUh
	HTc



	Acidification
	mol H+ eq
	AC



	Eutrophication, freshwater
	kg P eq
	EUf



	Eutrophication, marine
	kg N eq
	EUm



	Eutrophication, terrestrial
	mol N eq
	EUt



	Ecotoxicity, freshwater
	CTUe
	ECT



	Land use
	Pt
	LU



	Water use
	m3 depriv.
	WU



	Resource use, fossils
	MJ
	RDf



	Resource use, minerals and metals
	kg Sb eq
	RDm










 





Table 3. Characterized values of 1 kWh of electricity produced by three different RES (biomass, bioliquids, and biogas).
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	Impact Category
	Unit
	Biogas
	Biomass
	Bioliquids





	CC
	kg CO2 eq
	9.62 × 10−01
	7.10 × 10−02
	8.46 × 10−01



	OD
	kg CFC11 eq
	4.96 × 10−08
	1.16 × 10−08
	5.52 × 10−08



	IR
	kBq U-235 eq
	2.54 × 10−02
	2.17 × 10−03
	3.02 × 10−02



	POD
	kg NMVOC eq
	1.03 × 10−02
	1.53 × 10−03
	2.99 × 10−03



	PM
	disease inc.
	1.19 × 10−07
	2.47 × 10−07
	6.45 × 10−08



	HTnon-c
	CTUh
	1.88 × 10−08
	3.72 × 10−09
	1.94 × 10−08



	HTc
	CTUh
	6.50 × 10−10
	8.88 × 10−10
	1.37 × 10−09



	AC
	mol H+ eq
	1.09 × 10−02
	1.68 × 10−04
	4.84 × 10−03



	EUf
	kg P eq
	3.23 × 10−04
	2.46 × 10−05
	3.62 × 10−03



	EUm
	kg N eq
	1.10 × 10−02
	1.13 × 10−04
	3.96 × 10−03



	EUt
	mol N eq
	4.96 × 10−02
	7.16 × 10−04
	1.68 × 10−02



	ECT
	CTUe
	8.05 × 10+01
	1.07 × 10+00
	4.72 × 10+01



	LU
	Pt
	7.86 × 10+01
	3.43 × 10−01
	2.23 × 10+01



	WU
	m3 depriv.
	9.72 × 10+00
	8.56 × 10−02
	1.30 × 10+00



	RDf
	MJ
	6.27 × 10+00
	4.77 × 10−01
	4.30 × 10+00



	RDm
	kg Sb eq
	5.33 × 10−06
	1.13 × 10−07
	1.53 × 10−05










 





Table 4. Normalized impacts for the production of 1 kWh of electricity from bioliquids, biogas, and solid biomass in Italy.






Table 4. Normalized impacts for the production of 1 kWh of electricity from bioliquids, biogas, and solid biomass in Italy.





	Impact Category
	Electricity from

Bioliquids
	Electricity from

Biogas
	Electricity from Solid Biomass





	CC
	1.04 × 10−04
	1.19 × 10−04
	8.76 × 10−06



	OD
	1.03 × 10−06
	9.25 × 10−07
	2.16 × 10−07



	IR
	7.15 × 10−06
	6.02 × 10−06
	5.15 × 10−07



	POD
	7.36 x10−05
	2.53 × 10−04
	3.78 × 10−05



	PM
	1.08 × 10−04
	2.00 × 10−04
	4.14 × 10−04



	HTnon-c
	8.43 × 10−05
	8.18 × 10−05
	1.62 × 10−05



	HTc
	8.09 × 10−05
	3.85 × 10−05
	5.26 × 10−05



	AC
	8.72 × 10−05
	1.96 × 10−04
	3.03 × 10−06



	EUf
	2.26 × 10−03
	2.01 × 10−04
	1.53 × 10−05



	EUm
	2.03 × 10−04
	5.64 × 10−04
	5.76 × 10−06



	EUt
	9.49 × 10−05
	2.81 × 10−04
	4.05 × 10−06



	ECT
	1.11 × 10−03
	1.89 × 10−03
	2.50 × 10−05



	LU
	2.73 × 10−05
	9.59 × 10−05
	4.18 × 10−07



	WU
	1.14 × 10−04
	8.48 × 10−04
	7.46 × 10−06



	RDf
	6.62 × 10−05
	9.64 × 10−05
	7.34 × 10−06



	RDm
	2.40 × 10−04
	8.37 × 10−05
	1.78 × 10−06










 





Table 5. Comparison between the current scenario (business and usual—BaU), employing both residual and dedicated crops for biogas electricity production, and an alternative scenario exploiting only residual biomass.






Table 5. Comparison between the current scenario (business and usual—BaU), employing both residual and dedicated crops for biogas electricity production, and an alternative scenario exploiting only residual biomass.





	
Impact Category

	
Unit

	
Electricity from Biogas




	
BaU

Scenario

	
Alterative

Scenario

	
% of Variation






	
CC

	
kg CO2 eq

	
9.62 × 10−01

	
1.87 × 10−01

	
81%




	
OD

	
kg CFC11 eq

	
4.96 × 10−08

	
3.31 × 10−09

	
93%




	
IR

	
kBq U-235 eq

	
2.54 × 10−02

	
1.69 × 10−03

	
93%




	
POD

	
kg NMVOC eq

	
1.03 × 10−02

	
7.75 × 10−03

	
25%




	
PM

	
disease inc.

	
1.19 × 10−07

	
3.32 × 10−08

	
72%




	
HTnon-c

	
CTUh

	
1.88 × 10−08

	
5.95 × 10−10

	
97%




	
HTc

	
CTUh

	
6.50 × 10−10

	
2.75 × 10−11

	
96%




	
AC

	
mol H+ eq

	
1.09 × 10−02

	
5.86 × 10−04

	
95%




	
EUf

	
kg P eq

	
3.23 × 10−04

	
5.10 × 10−06

	
98%




	
EUm

	
kg N eq

	
1.10 × 10−02

	
2.74 × 10−03

	
75%




	
EUt

	
mol N eq

	
4.96 × 10−02

	
1.06 × 10−02

	
79%




	
ECT

	
CTUe

	
8.05 × 10+01

	
1.07 × 10+00

	
99%




	
LU

	
Pt

	
7.86 × 10+01

	
2.93 × 10−01

	
99%




	
WU

	
m3 depriv.

	
9.72 × 10+00

	
2.39 × 10−03

	
99%




	
RDf

	
MJ

	
6.27 × 10+00

	
2.82 × 10−01

	
95%




	
RDm

	
kg Sb eq

	
5.33 × 10−06

	
3.60 × 10−07

	
93%

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













nav.xhtml


  energies-17-02771


  
    		
      energies-17-02771
    


  




  





media/file6.jpg
0.0025 |

00020

00015

00010

00005

o00m
€S TLIFE S ESTEI S
«

W Electricity from bioliquids W Electricity from biogas Electricity from solid biomass





media/file1.png





media/file7.png
0.0025

0.0020

0.0015

0.0010

0.0005

0.0000

B Electricity from bioliquids

M Electricity from biogas

W Electricity from solid biomass






media/file5.png
100%

90%

80%

70%

60%
50%
40%
30%
20%
10%

CC oD IR POD PM ¢/ HTc

0
0% HTnon- AC EUf EUm EUt ECT LU WU RDf RDm
W Bi ogas 100% 90% 84% 100% 48% 97% 48% 100% 9% 100% 100% 100% 100% 100% 100% 35%
B Solid biomass 7% 21% 7% 15% 100% 19% 65% 2% 1% 1% 1% 1% 0% 1% 8% 1%
M Bioliquids 88% 100% 100% 29% 26% 100% 100% 44% 100% 36% 34% 59% 28% 13% 69% 100%





media/file3.png
(a) BIOGAS

(b) sOLID BIOMASS

(c) BIOLIQUIDS

Energy conversion
processes

Electricity Heat Waste
&

Emission

~—  System boundary

Energy conversion

processes
Electricity Waste
&
Emission
~  System boundary

Dedicated biomass|  pjscarded Discarded biomass  Discarded biomass Dedicated biomass Discarded
cultivation biomass Industrial and agro-forestry =~ Municipal Solid Waste cultivation biomass
- -
£ o o -
o o o -
Q. by - o
g S 5 2
©
= = = S g
Y Y Y " = S
o = 7
. . o Extraction & B
Biomass processing: Pre