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Membrane operations nowadays drive the innovative design of important separation, conversion, and upgrading processes, and contribute to realizing the main principles of “green process engineering” in various sectors. In this perspective, we propose the re-design of traditional plants for biogas upgrading and integrating and/or replacing conventional operations with innovative membrane units. Bio-digester gas streams contain valuable products such as biomethane, volatile organic compounds, and volatile fatty acids, whose recovery has important advantages for environment protection, energy saving, and waste valorization. Advanced membrane units can valorize biogas by separating its various components, and establishing environmentally friendly and small-scale energivorous novel separation processes enables researchers to pursue the requirements of circular economy.
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INTRODUCTION
The use of renewable energies is increasing continuously to mitigate the increment of earth temperature. The International Renewable Energy Agency (IRENA) estimated that 65% of global energy supply must utilize renewables sources by 2050 (IRENA, 2018; Kapoor et al., 2019). Among these, biogas plays a crucial role in the market of renewable energies because of its lower capital and operating costs, and the fact that a wide range of organic biomass wastes can be used to generate biogas, which otherwise would be landfilled and would increase greenhouse gas emissions (GHG). The power produced by biogas in Europe is estimated to increase from 14.5 GW in 2012 to 29.5 GW in 2022 (Maroneze et al., 2014; Kárászová et al., 2015).
Biogas is a product of waste valorization by means of a bio-digester. This aeriform downstream is a vapor-saturated stream containing 50–60% CH4, 30–40% CO2 and, owing to its origin, various pollutants and contaminants such as particulate matter, acid and basic gases (H2S, NH3, etc.), siloxanes, halides, volatile organic compounds (VOCs) (such as toluene, xylene, trichloro-ethylene, trichloro-ethane, ethylene glycol mono-ethyl ether, etc.), and volatile fatty acids (VFA) (Weiland, 2010). Biomethane obtained from biogas purification can be used in the replacement of fossil fuels in power and heat production and in transportation. However, the presence of contaminants necessarily requires pre-treatments before its use. The removal of CO2 and water, firstly, would increase the Wobbe Index1 as well as reduce some of the adverse effects associated with acid gas, etc. However, the presence of contaminants and other species requires various pre-treatment units2 (Brunetti et al., 2015; Vrbová and Ciahotný, 2017; Falbo et al., 2014; Falbo et al., 2016), including a chiller for condensation and removal of water vapor, scrubbers for removal of H2S, mercaptans, halogenated organics, etc., and an activated carbon adsorption unit for siloxanes, VFA, etc. However, their load is quite relevant and strictly linked with the stability and durability of membranes in a gas separation unit and to the specification for grid injection. Moreover, all mentioned classical pre-treatment steps generate significant operating costs and problematic and un-reusable wastes (the exhausted carbon materials, solvents including the related additives, etc.).
Membrane operations are well-consolidated and today are used for various applications, thanks to the undoubted advantages with respect to other technologies, including modular design, a very low number of moving parts, robust design, smaller footprints, and continuous steady-state operation. During the last 5 years, the use of membrane separation technology in biogas upgrading has also been increased from 92 plants in 2015 to 173 plants in 2019. The use of membranes in biogas treatment is mostly limited to the upgrading of already pre-treated biogas to obtain biomethane.
This perspective highlights an innovative approach where biogas is not only seen as a source of methane, but also as a source of valuable compounds such as VOCs/VFA, and water vapor, which can be recovered in the logic of circular economy and minimization of wastes. The traditional process for biogas upgrading is thus replaced with an integrated membrane process where membranes are used not only for biomethane separation, but also as an alternative to reduce the number/size of or replace pre-treatment units.
CURRENT ADVANCES IN BIOGAS UPGRADING
Biogas is produced by the anaerobic fermentation of organic wastes coming from agriculture, municipal residues, and sewage sludge. Anaerobic digestion consists of four steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Denac et al., 1988; Kashyap et al., 2003). In the first stage, complex organic compounds (carbohydrates, lipids, proteins) are converted into simple compounds such as carboxylic volatile acids, ketones, alcohols, simple sugar, H2, and CO2 by enzymes. During acidogenesis and acetogenesis, these simple compounds are mainly transformed into acetic and formic acid. In the last stage, methanogenesis, acetic acid, CO2, and H2 are converted into CH4 and CO2. The main constituents of biogas are methane, carbon dioxide, and water vapor. However, other species are present in low quantity, such as nitrogen, oxygen, hydrogen sulfide, ammonia, hydrocarbons, and siloxanes. Depending on the nature of the treated biomass, its composition can vary; a typical composition range is reported in a previous study (Angelidaki et al., 2018). The presence of contaminants such as H2S and NH3 provokes important problems of corrosion and toxicity. Carbon dioxide is also undesired since it provokes corrosion in the pipeline but the main issue is that it drastically reduces the calorific value of biogas owing to its high concentration in the raw stream (about 40%). Siloxanes can cause abrasion owing to its silica deposition on metallic surfaces (Chen et al., 2015). All the contaminants reduce the calorific value of biogas and, thus, lower its energy content from about 36 MJ/m3 of pure CH4 to 20–25 MJ/m3 (Angelidaki et al., 2018).
Being produced from organic matter, biogas and biomethane are forms of renewable energy, which belong to the “short carbon cycle” (EBA, 2020). This means that the emissions from biogas and biomethane combustion are fully compensated upstream by photosynthesis. Moreover, being partly produced from waste or manure, biomethane allows us to reduce or avoid greenhouse gas emissions related to waste management, moving toward a “negative carbon footprint.” A recent study of JRC (Joint Research Centre)3 estimated up to 240% for biogas production and up to 202% for biomethane production of GHG savings compared to EU fossil fuels.
This biogas is mostly used for renewable electricity production, followed by heat production and use as a transport fuel. In addition, biogas has a good potential for grid balancing, either for electricity or natural gas grids, allowing the integration of higher shares of variable renewable energy sources, such as solar and wind, in the electricity grid. Biogas finds application as a thermal energy source to give hot water and steam by combustion, as fuel in vehicles, or in reforming to produce hydrogen for fuel cells (Van Herle et al., 2004; Papadias et al., 2012; Iulianelli et al., 2015). Biogas production in Europe is around 170 TWh/year while biomethane production volumes are rapidly growing, with around 23 TWh produced in 2018 corresponding to about 12% of the total biogas. The progressive shift for producing biomethane from dedicated energy crops to waste and residue feedstocks is inducing a biomethane cost reduction, which actually ranges between €50/MWh and €90/MWh (∼€0.50/m3–€0.90/m3), depending on feedstock used and the size of the digester. Currently, around 90% of biomethane plants in the EU are connected to the gas grid with an injection increased up to approximately 20 TWh per year in Europe, resulting in a 0.4% share in the gas network, with higher ratios in some countries (European Biogas, 2020). This share is expected to further increase to 5–8% (on average) by 2030 based on European and national targets, with differing shares among EU member states. A key aspect for further promoting biomethane utilization is the reduction of costs related to its purification and upgrading to the targets required for the grid.
Contaminants
Raw biogas exiting from biodigester is always water-saturated and contains a large number of contaminants in considerably smaller volumes together with the methane (Figure 1A) (Andriani et al., 2014; Salihu and Alam, 2015). These contaminants can cause operating problems in the plant itself (corrosion, etc.), during use of the clean gas if they are transported with the gas, and can also pose a risk to health and the environment. Among these contaminants, biogas can contain many VOCs, which are potentially harmful to humans or the environment. Depending on the type of biogas and organic matter used, the concentration of these contaminants can vary significantly. In most of the cases, the dominant VOCs are hydrocarbons (alkanes, aromatic hydrocarbons, cycloalkanes, terpenes), oxygenated hydrocarbons (alcohols and ketones), and halogenated hydrocarbons. In addition to VOCs, biogas can contain siloxanes (chemical compounds containing silicon, oxygen, and methyl groups), sulfur compounds, ammonia, or halogenated substances. Siloxanes were indicated as being characteristic for biogas from treatment plants, while terpenes occur in biogases from green waste. Hydrogen sulfide is the most commonly occurring sulfur compound in landfill gas, although mercaptans, disulfides, etc. may also occur. The hydrogen sulfide content is normally lower than 100 ppm at typical landfill sites, but this figure may exceed 1,000 ppm. Under some specific conditions, particularly when acidogenesis prevails on methanogenesis, VFAs can be formed. This type of acid, produced by hydrolytic and acidifying bacteria during digestion, is chemically represented by the formula (R-COOH), where R is an alkyl group of the type CH3(CH2)n, containing up to three carbon atoms. The level of their concentration is generally expressed in terms of acetic acid or COD depending on the type of substrate treated, and varies from about 200 to 2000 mg per liter (Atasoy et al., 2018).
[image: Figure 1]FIGURE 1 | (A) Typical raw biogas composition on a dry basis; (B) biogas-biomethane upgrading techniques based on the number of plants in Europe in 2019. Adapted from European Biogas (2020).
Membrane Technology for Biogas Treatment and Upgrading
In 2018, almost 12% of the biogas produced in Europe was upgraded to biomethane. The technologies for the upgrading of biogas to biomethane can be essentially distinguished on the basis of their separation mechanism, e.g., adsorption, absorption, separation with membranes (Khan et al., 2021). Among the various alternatives, water scrubbing and membrane separation are the most cost-effective techniques while chemical scrubbing offers relatively high biomethane purities with less CH4 losses (Katariya and Patolia, 2021). Historically, water scrubbing was preferred because of the simplicity of this operation. However, during the last decade, membrane separation stood out owing to its promising economic viability with investment costs of 3,500–7,500 €/(m3/h) and operational costs of 7.5–12.5 €/(m3/h) (Baena-Moreno et al., 2020).
In particular, membrane separation had a rapid growth passing from less than 5% in 2011 to 34% of total biomethane plants in 2019, whose number has grown in turn since 2011. It is followed by water and chemical scrubbing, which together upgrade around 56% of the European biomethane (European Biogas, 2020) (Figure 1B).
The main reason for this rapid growth is mainly related to the inherent advantages offered by membrane technology with respect to the other conventional separation methods. Membrane technology has a rapid response to variations and an extremely short start-up time. It is highly capable of maintaining product purity even though the feed flow rate to be treated is reduced down to 10% of that considered in the initial design. This can be done by maintaining the same stage cut, thus by either reducing feed pressure, increasing permeate pressure, or by using only some of the membrane modules which constitute the separation stage, isolating some others. Membrane systems are extremely reliable with respect to the on-stream factors (that is the possible unscheduled shutdown of the system that can be induced, for example, by malfunction or block of one or more valves or sensors that belong to the separation unit), owing to the few control components and the continuous mode operation, which imply the response to unscheduled shutdowns is extremely rapid. Their high modularity leads to a very easy expansion capability, since this only requires the addition of identical modules (Brunetti et al., 2010).
In addition, in the last few years, there has been a lot of progress in material development, leading to new membranes with very interesting CO2/CH4 separation performance (Baena-Moreno et al., 2020). Different polymeric materials have been adopted such as polyimide, cellulose acetate, polysulfone, polyethersulfone, and polycarbonates polydimethylsiloxane (Zhang et al., 2013; Chen et al., 2015). Among them, polyimide and cellulose acetate have been mainly used for CO2/CH4 separation at the commercial level. Actually, the current CO2 separation membrane technology is principally based on polymeric membranes owing to their low cost, excellent mechanical stability at high pressure, easy formability to flat sheets and hollow fibers, and scalability (Han and Ho, 2021). Significant progresses have also been reached in the development of inorganic membranes (zeolites, carbon molecular sieve, etc.), and carbon membranes resulted in a very cost-effective solution for upgrading biogas in small-scale plants up to 1,000 m3 (STP) h−1 (He et al., 2018; He, 2021). However, there are still some hurdles on their resistance to impurities (H2S, H2O), reproducibility, and scalability, which limit their development on a larger scale.
Currently, the main suppliers of polymeric membranes for biogas separation worldwide are: Evonik4, Air Liquid Medal5, and UBE Membranes6 who supply polyimide membranes; MTR who supply polydimethylsiloxane7; Air products8 and Airrane who supply polysulphone9; and W.R. Grace, UOP Separex, and Natco Cynara who supply cellulose acetate (Baker, 2002; Baker and Lokhandwala, 2008; Scholz et al., 2013).
INTEGRATED MEMBRANE PLANT AS SUSTAINABLE PERSPECTIVE FOR BIOGAS VALORIZATION
Nowadays, most efforts are focused on the upgrading of raw biogas to biomethane; this implies the introduction of various pre-treatment units to reduce or eliminate contaminants and remove water vapor before using the unit for the dedicated separation of biomethane from CO2. Nevertheless, very little attention has been dedicated to the possibility of not only removing but also recovering and reusing contaminants, water, etc. contained in the raw biogas. The application of innovative technologies for the pre-treatment of biogas would imply a significant reduction of emissions, which can be induced in internal waste recovery.
Reducing, recovering, and reusing waste is an essential element in achieving a circular economy in the EU, and the chemical sector plays a key role in enabling this. In this scenario, the use of integrated membrane systems as alternatives to traditional operations will aid in closing the loop within the chemical sector.
Biogas stream can easily change in composition, water content, temperature, etc. depending on the digester’s operation. Before carrying out CO2/CH4 separation, various pre-treatment stages are used to preserve the separation unit and also to meet the specifications for grid injection. These pre-treatments can be different depending on the CO2/CH4 separation technique. In the case this latter stage is based on membranes gas separation, the presence of contaminants such as H2S, NH3, siloxanes, and water can affect the performance of membranes or even damage them, etc. In the current plants for biomethane upgrading, which include membranes for CO2/CH4 separation, the raw stream exiting from the biodigester is treated to remove humidity and contaminants (gas conditioning and H2S removal units (Bauer et al., 2013), as shown in Figure 2B. These pre-treatments are usually based on chillers or condensers for water vapor condensation and scrubbers with Fe2O3 solutions for H2S absorption (Basu et al., 2010; Angelidaki et al., 2019). The last pre-treatment unit is typically an activated carbon adsorption column for removing siloxanes, VOCs, VFA, etc. (Basu et al., 2010; Elwell et al., 2018; Tansel and Surita, 2019). Lastly, a suitable membrane stage is used for the selective permeation of CO2, whereas methane is concentrated in the retentate stream.
[image: Figure 2]FIGURE 2 | Process schemes for biogas upgrading to biomethane, (A) integrated membrane process; (B) traditional process. Adapted from (https://www.meranet-biovalue.com).
An interesting perspective that promotes “green process engineering” for industrial sustainable development (Drioli et al., 2012) has been recently introduced by the M-era.NET project called BioValue10. This project proposed the re-design of current biogas upgrading plants introducing membrane operations as pre-treatment and post-treatment units in the logic of also recovering other valuable compounds. BioValue’s main scope is to pave the way towards the development of an innovative technology where membranes, used for separations, pre-treatments etc., will be the key enabling technology in redesigning the whole upgrading process. The new process operates along all the required steps, that is, pre-treatments for water and “pollutants” recovery as well gas separation of biomethane. “Pollutants” become resources and will no longer be wastes.
The integrated process includes three membrane operations:
• A membrane condenser as an innovative pre-treatment unit of the bio-digester gaseous stream for the removal of contaminants, water, and eventually valuable compounds. This unit splits the main stream into a dehydrated and purified gaseous stream mainly containing CO2 and CH4 and a liquid stream containing water, contaminants, VFA, VOCs, etc.
• A membrane gas separation unit for biomethane purification at the grid level.
• A microfiltration/ultrafiltration unit for pre-concentrating the condensate stream coming out of the membrane condenser, in order to have water on one side and a concentrated stream of VOCs/VFA on the other side.
• A pervaporation unit for VFA/VOCs concentration and, eventually, VFA/VOCs fractionation.
A membrane condenser is a new unit operation recently introduced for recovering the water vapor contained in waste gaseous (aeriforms) streams (Brunetti et al., 2013; Brunetti et al., 2019; Brunetti et al., 2020). Thanks to the presence of microporous hydrophobic membranes and under a temperature difference between the feed stream and the membrane module, the water vapor contained in the aeriform feed stream can be condensed and recovered on the retentate side of the membrane module, whereas the partially dehydrated gases pass through the membrane in the permeate side. The tuning of contact time between the saturated stream and active membrane area as well as the control of temperature, will determine the fraction of water vapor that will condense. By exploiting the solubility of some contaminants such as H2S, NH3, etc. in the water vapor, part of the contaminants contained in the biogas feed stream can be retained in condensed water. In the presence of species such as VOCs or VFA, which in most cases are insoluble in water, their condensation will be driven by the temperature difference. The use of a membrane condenser is expected to reduce the number and/or the size of conventional pre-treatment units before the gas separation stage. In the meantime, the use of innovative membranes with higher tolerance towards H2O, H2S, and other contaminants will allow us to lower the separation loads of conventional pre-treatment units.
The condensed water can then be further treated for separating the contaminants and/or VOCs and VFA. A dedicated MF/UF unit will allow us to concentrate the condensate recovering water which can be reused in the same plant and a concentrated stream of VFA and or VOCs. This latter stream could be further concentrated by mean of hydrophobic pervaporation, making use of the volatility of the VOC and VFA fraction, then followed by an organophilic pervaporation for fractionation of VOC/VFA. However, this latter perspective is highly speculative given the currently unsolvable limitations of such technologies (Essalhi and Khayet, 2015; Figoli et al., 2018).
The recovery of the VFA and VOCs dragged in the biogas stream can increase the diversification of the process, as they are valuable chemical compounds with diverse uses in the market that move from being building blocks of various organic compounds including alcohols, aldehydes, ketones, esters, and olefins to several other biotechnological applications.
An additional positive aspect of this process can be profitability. According to the recent report published by the European Biogas Association, there are already more than 15,000 biogas plants in Europe, and this number is continuing to grow (EBA, 2021). Most biogas production is currently based on sewage sludge; however, it is estimated that by 2030, an increasing amount of biogas (about 224 TWh) will be produced from wet manure, landfill, undigested sewage sludge, and food-processing residues. For example, the desulphurization of biogas containing about 800 ppm of H2S generates additional operating costs approximatively/ca. 0.02 €/Nm3 of biomethane, which could correspond to 5–10% of the total OPEX depending on the capacity. Removing or replacing desulphurization will significantly improve the overall upgrading costs. Apart from the economic benefits related to biomethane recovery and purification and to the reduction of pre-treatment stages, other benefits can be related to water and high added value compound recovery. Based on very preliminary calculations, the price of liquid water recovered with the membrane condenser ranges between 0.5–2 €/m3 (considering costs related to energy requirements and membrane modules). This price fluctuates depending on the final estimated use and is very competitive where the average water price is high. A membrane condenser will also improve operating costs because it replaces the chiller unit consuming approximatively 0.1 kWh/Nm3 of biomethane, which is 10–20% of the total electricity consumption of the actual biogas upgrader. This contribution represents an OPEX improvement by a reduction 0.01–0.02 €/Nm3. To put things into perspective, the biogas industry in EU could collectively save around 250 million m3 of water (assuming a modest 20% recovery), which can be used for other scopes with a positive impact on groundwater sources, in excellent agreement with the European Water Framework Directive.
Apart from the economic profitability, an important aspect that needs to be considered is the sustainability of the new process proposed. Looking at the SusChem—Strategic Innovation and Research Agenda11, the use of an integrated membrane system for biogas upgrading fits well with the various pillars of sustainability, as seen in Table 1.
TABLE 1 | How the integrated membrane process can fit the main sustainability pillars.
[image: Table 1]REMARKS AND FUTURE PERSPECTIVES
The development of an integrated membrane process for biogas upgrading follows the path traced by various initiatives promoted at the EU level12 in making renewable gas and resource recovery maximization the core of the next energy future. The integration of a set of innovative technologies paves the way for the development of breakthrough membrane-based integrated plants for biomethane purification and at the same time waste recovery in valuable compounds (e.g., VFA) and water vapor, scaling back any pre-treatments. This objective can be concretized by following two main lines: first, through the combination and integration of advanced membrane operations able to overcome the current limitations of conventional technologies, second, through the development of novel multifunctional materials with optimized separation properties that are able to withstand aggressive environments. The process here proposed for biogas treatment might also be extended to other (waste) gaseous streams such as biomass gasification and chemical and petrochemical plants as the challenges of the process and the advantages of the novel approach are similar.
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Integrated membrane process
advantage

The integrated membrane process acts in the direction of mitigating environmental issues being based on a
Zero-carbon process as well as in the maximization of resource efficiency and raw materials recovery
Waste can provide raw materials. The integrated membrane prototype where the synergy of the membrane
operations allows the recovery of resources such as biomethane, water, VOCs, VFA, Sulphur compounds
and significant reduction of wastes, tending to reduce size/number of the pre-treatment stages moves.
toward this direction

The integrated membrane process pursues the development of a sustainable technology based on
advanced membrane operations that allow the biomethane purification and at the same time the recovery of
a CO; rich stream, which can be then used for other purposes

Unconventional sources of water, which have not been widely used, are now increasingly considered as
important sources also including gas humidity condensation. The integrated membrane process includes a
“tailor-made” solution based on the use of membrane condenser, which allows the water recovery from
biogas

The reduction, recovery and re-use of waste achievable by the use of an integrated membrane process
significantly contribute in achieving a circular economy. In the conventional pre-treatment urits, huge
quantity of sorbents or active carbons are required to treat a raw biogas stream. After each cycle, these
materials need to be regenerated before being sed again. In the case of membranes operations, membrane
is a separating interphase and its used size depends on the flow rate of the stream to be treated. The same
membrane (or, in other words, the same amount of “materials”) can treat a huge feed stream without
requiring regeneration. Occasionally, it can be *cleaned/restored” and reutilized. Membranes move in the
direction of a circular economy with significantly reduction of material/energy consumption and maximization
of resources reuse
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