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Abstract

:

A methodology was developed to assess the allocation of different types of endogenous waste biomass to eight technologies for producing electricity, heat, biogas and advanced biofuels. It was based on the identification of key physicochemical parameters for each conversion process and the definition of limit values for each parameter, applied to two different matrices of waste biomass. This enabled the creation of one Admissibility Grid with target values per type of waste biomass and conversion technology, applicable to a decision process in the routing to energy production. The construction of the grid was based on the evaluation of 24 types of waste biomass, corresponding to 48 sets of samples tested, for which a detailed physicochemical characterization and an admissibility assessment were made. The samples were collected from Municipal Solid Waste treatment facilities, sewage sludges, agro-industrial companies, poultry farms, and pulp and paper industries. The conversion technologies and energy products considered were (trans)esterification to fatty acid methyl esters, anaerobic digestion to methane, fermentation to bioethanol, dark fermentation to biohydrogen, combustion to electricity and heat, gasification to syngas, and pyrolysis and hydrothermal liquefaction to bio-oils. The validation of the Admissibility Grid was based on the determination of conversion rates and product yields over 23 case studies that were selected according to the best combinations of waste biomass type versus technological solution and energy product.
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1. Introduction


Waste-to-energy is a broad wording that encompasses much more than waste incineration with energy recovery. It covers several waste treatment processes that generate energy directly in the form of electricity and/or heat or in the form of a fuel derived from waste, in each case with a particular environmental impact and a specific potential in a circular economy context [1]. Feedstocks such as residues and by-products from agriculture, food processing, industrial and municipal waste streams, and residues from forest harvesting and wood processing may account for up to 45 exajoules of the global bioenergy supply in the form of biogas, syngas, and advanced liquid biofuels in 2050 [2]. In fact, balanced combinations of materials and energy recovery in the waste hierarchy pyramid should not be disregarded in future solutions for unavoidable waste [3]. Waste biomass must be seen as a sustainable resource that can be used to drive decarbonisation, replacing fossil fuels, and avoiding the use of land for purposes other than food production, in order to meet the challenges of overpopulation.



The present study was developed under the framework of the project CONVERTE: Biomass Potential for Energy, which is available online through the link https://converte.lneg.pt/. This project aimed to develop an objective and harmonised methodology to assess the potential of waste biomass generated in mainland Portugal to be used in the production of electricity, heat, energy carriers and advanced biofuels through eight technological solutions (chemical, biochemical and thermochemical). To achieve this goal, important Portuguese endogenous waste biomass types, little used or even unexploited for bioenergy production were considered, namely several different organic fractions of municipal solid waste (MSW) as well as biowastes and by-products from agro-industries and agriculture with significance in the country (olive oil and wine productions, and chestnut and tomato processing). Furthermore, the selection of the technologies to produce energy was based on their current state of development in Portugal. On the one hand, technologies with a high degree of maturity in Portugal were selected, with energy products already at the commercial level. On the other hand, emerging technologies regarding the national readiness level were also selected, with the view to increase the efficiency in the use of biomass resources and to boost the retrofitting of existing facilities and/or the construction of new dedicated facilities. The production technologies and energy products considered were the following:



(Trans)esterification to fatty acid methyl esters (FAME): FAME are produced through a (trans)esterification reaction, over raw material glycerides and/or free fatty acids that are converted into esters in the presence of an alcohol and a catalyst. Among the several sources of biomass for FAME production are oil crops, such as soybean, sunflower, rapeseed or palm. However, currently the main sources are residual raw materials such as used cooking oil, animal fat and agro-industrial residues containing oil [4,5]. The valorisation of the oily residues in the form of an energy product constitutes an alternative pathway for its disposal and is therefore considered a sustainable upgrading. A high oil content of the feedstock (≥ 40% (w/w)) is determinant for a technical and economically viable FAME production [5]. Moreover, the fatty acid composition and the acid value are very relevant, respectively, for the quality of the final product, and to achieve high conversion efficiency with low complexity regarding the purification operations [6].



Fermentation to bioethanol and dark fermentation (DF) to biohydrogen: The production of advanced liquid and gaseous biofuels, such as ethanol and biohydrogen, follows the same trend of waste biomass upcycling, in particular for carbohydrate-rich waste biomass. Bioethanol and biohydrogen produced from non-sugar biomass, such as lignocellulosic materials from agricultural and forestry residues, wood processing residues and energy crops, industrial and agro-industrial by-products, and the organic fraction of MSW, are considered advanced biofuels due to their main advantage of not competing with food crops for agricultural land [7,8]. However, the complexity of these materials requires the biomass to undergo preliminary pre-treatment and/or hydrolysis stages to maximise carbohydrate saccharification and increase the bioconversion yield [9]. The main criterion to select the most suitable feedstocks for bioethanol production is the amount of carbohydrates and/or simple sugars that must enable the preparation of a fermentation broth with a monosaccharide content higher than 90 g/L, after feedstock pre-treatment and enzymatic hydrolysis [10]. This prerequisite derives from two factors: the maximum theoretical yield of ethanol production (0.5 g ethanol/g sugar) and the economically unfeasibility of distilling ethanol from fermentation broths at concentrations below 40 g/L.



Anaerobic digestion (AD) to biogas and biomethane: In 2020, the EU Taxonomy [11] recognised AD of biowaste and sewage sludge, and the integration of biomethane in the gas grid, as a sustainable activity contributing substantially to climate change mitigation or adaptation. Biogas plants provide the triple target of renewable energy production, organic waste treatment, and promotion of nutrient recycling and redistribution using the final digestate and stabilised sludges for soils fertilisation [12]. The waste biomass commonly used for biogas production is organic waste, such as animal manure, sewage sludge, agricultural waste, and energy crops (such as corn), as well as cruciferous vegetables, grasses, green waste, and waste from the food industry [13,14]. The AD process can be influenced by several factors related to the characteristics and conditions of the feedstock, and to the quality of the microbial inoculum. The ratio between carbon (C) and nitrogen (N) present in the waste material is a crucial factor in the production of biogas, with a C/N ratio of 25/1 being the optimal value for anaerobic bacterial growth in an AD system [15,16]. Substrates with inadequate C/N ratios increase the risk of high volatile fatty acid accumulation in digesters or of ammonia toxicity to methanogens, leading to insufficient utilisation of carbon sources, and reducing yields of biogas production [17]. Also, the presence or accumulation of greasy long-chain fatty acids with concentrations higher than 500 g/L, can form a blocking layer on the cell surface, limiting the access of microorganisms to nutrients in anaerobic digesters [18]. Total volatile solids (TVS) are an indicator of the biodegradable organic matter available in biowastes and sludges that can be converted into biogas and, therefore, it is crucial to ensure that the TVS content in raw substrates is higher than 1 g/L [19].



Combustion to electricity and heat: Combustion is a thermochemical process that converts biomass chemical energy into other energy sources. It is possible to produce thermal energy (in the form of heat) using suitable equipment like steam generators, boilers, furnaces, stoves, etc., and mechanical energy (in the form of electricity) using turbo generators like steam and gas turbines, reciprocating engines, etc. Combustion has been the most used thermochemical process for many generations worldwide. However, presently, the trend is to substitute combustion by other processes with lower environmental impact. Combined Heat and Power (CHP) or cogeneration consists of joint production, in the same system, of heat and electricity. Biomass CHP plants produce heat, part of which is used to produce electricity in turbogenerators, while the other part is used in the process itself, in urban heating systems, or sold in the form of steam to other companies or industries. A wide range of solid biomasses can be used for combustion if they meet certain requirements, namely a moisture content below 40% (w/w) and a calorific value higher than about 16 MJ/kg [20,21]. Ash limits below 20% (w/w) will also ensure a better performance of the combustion equipment and all the thermochemical conversions in general.



Gasification to synthesis gas: Biomass gasification is also a thermochemical conversion process carried out at temperatures generally between 750 °C and 900 °C. However, entrained flow gasification may reach values up to 1300 °C. Gasification products are mostly gases that can be used as gaseous biofuel or as raw material for biofuels or bioproducts production. Unconverted carbonaceous matter as well as some solids that contain the mineral matter existing in the gasified feedstock are also produced. The gasification gas can be burned directly to produce energy, can be used in turbines or, if enriched in hydrogen (H2), can be fed to fuel cells. It can also be applied in chemical synthesis to produce ethanol, methanol, dimethyl ether, or upgraded to H2 by steam reforming and water gas shift reactions. Biomass residues for gasification must meet certain requirements, such as a moisture content lower than 20% (w/w) and a calorific value higher than about 16 MJ/kg [21,22], whereas the biomass maximum particle diameter depends on the gasification technology selected.



Pyrolysis to bio-oils: Pyrolysis is a thermochemical process applied to organic matter, which occurs in the absence of air or in the presence of a reduced atmosphere. The process can produce charcoal, organic liquids (known as bio-oil), gases, acetic acid, acetone, methanol, and ethanol. The yield and quality of the products depend on the operational conditions used (temperature, time, and reaction pressure), the raw material and the type of pyrolysis used. Among the three main types of pyrolysis, Flash, Slow and Fast, the choice depends on the product to be maximized. Flash pyrolysis uses very high heating rates and very short residence times, and the aim is to maximise the liquid product (bio-oil). In this type of pyrolysis, bio-oil yields of around 75% (w/w) are obtained, while solids and gas yields are around 12% (w/w). Biochar and gases are the main products of slow pyrolysis, with yields around 45% (w/w) and 35% (w/w), respectively, and liquid yields of less than 20% (w/w). Fast pyrolysis uses intermediate heating rates and not so long residence times, so yields of around 50% (w/w) of bio-oil and around 25% (w/w) of gas and solids are obtained [23]. Pyrolysis has been commonly applied to solid biomass, but in recent years there has been an increased interest in studying the application of this process to greasy materials of vegetable origin [24]. During pyrolysis, the triglycerides present in the vegetable oils undergo saturation reactions, where carbon bonds decompose and compounds similar to fossil-based fuels are produced. The organic fat residues to be used in liquid pyrolysis must meet certain requirements, such as a moisture content lower than 20% (w/w) and more than 30% (w/w) of fat content [21,25]. The presence of chlorine and sulphur in concentrations higher than 1% (w/w) and 2% (w/w), respectively, leads to the formation of hydrochloric acid (HCl) and sulphuric acid (H2SO4) which can cause corrosion in the solid pyrolysis system and in thermochemical conversion reactors, in general, decreasing their lifetime.



Hydrothermal liquefaction (HTL) to bio-oils: HTL is a technology that converts biomass with high moisture content (such as lignocellulosic material and aquatic biomass) into bio-oil, under conditions of high pressure and temperature [25]. Four different products are formed: bio-oil, gas, solid residue and materials that are soluble in water (aqueous phase), usually consisting of sugars, organic acids and nutrients. The product yield and quality are determined by several factors, including biomass, catalyst and solvent types, residence time and biomass-to-solvent ratio. The type of biomass used has the strongest effect on the yields and composition of the bio-oil, due to the ratio of protein, lipid and carbohydrate fractions in the initial biomass feedstock. When compared with other thermochemical processes, the main advantage of HTL is the possibility of using wet biomass, avoiding the high cost of the initial drying process, thus assuring higher competitiveness regarding the energy balance [26]. The biomass wastes to be used in HTL must meet two main requirements, namely a high moisture content of more than 50% (w/w) and a low ash content of less than 20% (w/w) [25,27]. Other hydrothermal processes can be applied to wet biomass, like Hydrothermal Carbonisation (HTC) and Supercritical Water Gasification (SCWG). The main product of HTC is a solid, normally referred to as hydrochar, that contains high amounts of carbon, hydrogen, nitrogen, and low sulphur content. It can be used in a wide range of applications, although, currently, the great interest is the usage on soil amendment for carbon sequestration and soil quality improvement [28]. SCWG is a type of gasification that converts solids with high moisture content in a gas product mainly containing CO, CO2, H2, and CH4 [23]. This process uses supercritical water conditions that favour the degradation of biomass components. However, this process is at a readiness level lower than conventional gasification. Due to the importance of decarbonising the transport sector, the research on thermochemical processes using biomass has been focused mainly on the production of bio-oil, rather than on gas and char products.



Table 1 resumes the information on the technologies under study, indicating the respective energy products, degree of maturity, a brief description of the process, potential feedstocks and discriminating parameters.




2. Model of the Admissibility Grid


An Admissibility Grid was designed as an expedite tool for the evaluation of the admissibility of waste biomass samples to the eight technologies under study. For the biomass assessment towards those technologies, 13 key parameters were identified: bulk density, total moisture, ash, mean particle diameter, total volatile solids, Kjeldahl nitrogen, oil, total hydrolysed sugars, higher heating value, total chlorine, total sulphur and the ratios carbon/nitrogen and hydrogen/carbon. The applicable limit ranges for admission to the respective technology were established in accordance with data in the literature (Section 1) and with the previous experience of the authors in the various chemical, biochemical and thermochemical conversion technologies.



The high diversity of the waste biomass types led to the design of two forms of the Admissibility Grid, one for Solid Residues and Thick Sludges and another for Liquid Sludges and Fats, given the different analytical methodologies used. Figure 1 resumes the information about the specific parameters of the technologies that were considered. The key parameters are the same for both Admissibility Grids, although, for the Liquid Sludges and Fats matrix, some parameters present different units, more usual for this type of waste biomass.



In the first step, the values or the range of values obtained in the physicochemical characterisation of each sample type were inserted in the column ‘Results’ regarding each key parameter of the Admissibility Grid. If a criterion was fulfilled by the results, i.e., if the result of the sample(s) was in accordance with the defined limits of each key parameter for the respective technology, the cell in the technology column was marked in white. If the criterion was not fulfilled, the cell turned dark grey. Whenever only part of the results of several samples of the same type met the admissibility criteria, due to the natural variability between them, the cell was marked in light grey.



At this stage, the model presents four possibilities for the admissibility of the samples to each technology:




	[image: Biomass 03 00021 i049]

	
Admissible—all criteria fulfilled




	[image: Biomass 03 00021 i050]

	
Not admissible—at least one criterion not fulfilled




	[image: Biomass 03 00021 i051]

	
Conditional admission—only some samples admissible (due to results dispersion)
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Inconclusive admission—not possible to define (cases where the characteristics of the sample were outside the scope of the analytical procedure)









In several cases, samples were labelled as Not admissible to a technology either due to their inadequate total moisture content or unsuitable mean particle diameter. Nevertheless, as these parameters can be easily adjusted before admission to the conversion technology, it was therefore decided that the application of the Admissibility Grid should follow two sequential steps: in the first step the assessment was carried out on the samples as received; and in the second step, the samples classified as Not admissible were reassessed after minor adjustments for particle dimension (milling) or total moisture content (natural drying, decantation or humidification). Natural drying, i.e., exposing the residual biomass spread in thin layers on a drying floor to the air and the sun until the desired moisture content is achieved, was considered the only drying option to avoid additional energy consumption.



To evaluate the moisture content after adjustment, an auxiliary criterion was introduced: the moisture ratio (RM), defined as the ratio between the total moisture in the sample as received and after adjustment. It was set that Solid Residues and Thick Sludges samples with up to 60% (w/w) of total moisture (as received) should reach 40% (w/w) or 20% (w/w) of total moisture after natural drying to be admitted to the suitable technology. As for the HTL admission, when the total moisture (as received) was below the admissible range of 50% (w/w) – 80% (w/w), it was considered that the humidification of the samples could take place for samples with, at least, 30% (w/w) of total moisture (as received). For the samples of the matrix Liquid Sludges and Fats to be admitted to liquid pyrolysis, only decantation was allowed to reduce the total moisture from a maximum of 50% (w/w) to 20% (w/w), when possible. The reassessment output after the second step presents the same four admission possibilities ([image: Biomass 03 00021 i049], [image: Biomass 03 00021 i050], [image: Biomass 03 00021 i051] and [image: Biomass 03 00021 i052]) as described in the first step.



The validation of the Admissibility Grid was performed based on 23 case studies that were selected from the best combinations of type of waste biomass, technological solution and energy product. For this purpose, the analytical results for the parameters of the selected waste biomasses were compared with the limit ranges of the Admissibility Grid, and then conversion experiments using the appropriate technology were performed to obtain product yields and rates. The results were compared with data from the literature and discussed regarding the flexibility of the feedstock and technology, as well as the applicability of the Admissibility Grid as a decision support tool for bioenergy production.




3. Materials and Methods


3.1. Analytical Procedures for the Physicochemical Characterisation


For the determination of the bulk density and total moisture content, wet test portions of the waste biomass samples were used, and the results were reported on an “as received” (ar) basis. Bulk density was determined following the guidelines of ISO 17828 [29], using a cylindrical container with 1.35 of height-diameter-ratio. The filling volume of the container was 3.7 L, determined from both the net weight and the density of the water at laboratory temperature conditions. The wet weight of the samples filled in the container, after being tapped down from the top to maintain the proper top surface, was determined from the difference of weights of the container with sample and empty. The bulk density was determined from the ratio of the sample net weight and the volume of the container. The relative standard deviation of 0.02 was calculated from duplicate analysis [30] fulfilling the target repeatability of the standard. All weightings were carried out with a Sartorius Miras IW2P1E-15-L balance.



The total moisture content of the samples included in the matrix of Solid Residues and Thick Sludges with a water content higher than 15% (w/w) was determined as the loss of mass after sample drying at 105 °C ± 2 °C using two steps and following ISO 18134-1 [31]. First, the wet samples were pre-dried in a Binder MB6 oven (Tuttlingen, Germany) with air-forced ventilation at 30 °C ± 5 °C to facilitate the milling process and minimise the biological activity, as described in ISO 14780 [32]. After spreading out and equilibrating the samples at the air temperature of the laboratory, the moisture loss during this pre-drying step (Mp) was determined as a percentage of the initial weight of the samples using the balance reported above for bulk density. Next, a part (around 100 g) of the pre-dried material was used to determine the residual moisture (Mr) at 105 °C ± 2 °C using a Venticell 55 ECO Oven (Universal Memmert Medcenter, München, Germany), thermostatically controlled with forced air ventilation (around 50%). The weighing procedure was performed with a Mettler Toledo XP 1203 S balance. Combining the Mp and Mr values, the total moisture content was determined following the ISO 18314-1 [28]. In the case of carob pulp (CP) and grape marc (GM) samples and all the samples included in the Liquid Sludges and Fats matrix, the total moisture content was determined directly after one step at 105 °C ± 2 °C following the conditions and standards reported before.



The median value of a particle size distribution, d50, was determined by screening operations, defined as the calculated particle size of a sample, where 50% of the particle mass is below and 50% is above the cumulative distribution, following an oscillating screening procedure based on ISO 17827-1 [33] and ISO 17827-2 [34]. For the screening operations, Retsch sieves, with apertures of 100 mm, 63 mm, 45 mm, 31.5 mm, 25 mm, 16 mm, 8 mm and 3.15 mm and a Retsch vibratory sieve shaker, Vibro type, were used. This parameter was not determined for the samples included in the Liquid Sludges and Fats matrix due to its pastiness. All pre-dried test samples were milled to pass through a 0.5 mm sieve in a Retsch Cutting Mill SM 2000, stored in plastic containers and refrigerated at 3 °C ± 1 °C. The milled samples were weighed in a Mettler Toledo AT 200 balance. The analytical results obtained with those milled pre-dried samples were converted to dry basis (db) using the value for moisture content of the pre-dried sample (Mp) determined by ISO 18134-3 [35], and from dry basis to as received basis using the total moisture content. Each calculation followed ISO 16993 [36].



The ash content at 550 °C ± 10 °C was obtained from the mass of the residue remaining after ignition of the sample (1 g) in the air under controlled conditions of time, sample weight and furnace temperature, until the change in mass was lower than 0.5 mg (ISO 18122 [37]). The temperature was set to increase from 20 °C to 250 °C at a rate of 5 °C/min; hold at 250 °C for 1 h; temperature increase at a rate of 10 °C/min until 550 °C and hold at 550 °C for at least 2 h. Then, the ashes were ignited at 815 °C ± 10 °C according to ISO 1171 [38] and the ash content was calculated in relation to the original weight of the sample. The difference between the ash content at 815 °C and that at 550 °C arises from the decomposition of carbonates forming CO2, by loss of volatile inorganic compounds and further oxidation of inorganic compounds (to higher oxidation states). All ignitions were performed in a furnace Heraeus M110 that allowed controlled heating according to the standards, and platinum dishes of 60 mm diameter and 20 mm height were used.



Total Volatile Solids (TVS) content is considered to represent the amount of organic matter present in the solid fraction of sludges, industrial wastes and wastewaters, and it corresponds to the weight loss after sample ignition to constant weight at 550 °C. The TVS was calculated based on the weight used to determine ashes at 550 °C and following the guidelines of APHA [39,40].



The amounts of elemental carbon, nitrogen and hydrogen were simultaneously measured in milled samples, with the Elementar Vario Macro Cube CARBO analyser following the guidelines of ISO 16948 [41] and the manufacturer instructions. Specifically, 0.05 g – 0.1 g of sample in a tin capsule was loaded into the analyser. The furnace was heated to 1050 °C under a constant flow of helium as carrier and oxygen (O2) as ignition gas, and the produced gases (CO2, H2O, N2) were carried through reduction columns at 850 °C before measurement at the thermal conductivity detector. Data were collected by the Elementar Vario Macro Cube software version 4.0.10.



For the analysis of total sulphur and total chlorine, the milled samples (around 1 g) were first pressed through a laboratory press (PARR 2811 Pellet Press), and then burned in an IKA C7000 calorimeter following a procedure based on ISO 16994 [42]. The resulting residues were transferred to 100 mL volumetric flasks with water and both sulphate and chloride ions in this solution were evaluated by ion chromatography using a Dionex IC 3000 system with a DIONEX IonPac AS9-HC 4 × 250 mm analytical column, a DIONEX IonPac AG9-HC—4 × 50 mm guard column, an ASRS—300 4-mm self-regenerating suppressor unit and conductivity detector. The eluent consisted of 9.0 mmol/L Na2CO3 with a conductivity of 23 µS ± 2 µS that was introduced into the system at a flow rate of 1 mL/min. The volume of the sample injection loop was 200 µL. Peak areas and calculations were provided by the software Chromeleon 6.70 version.



The performance of the procedures described above regarding the moisture content of pre-dried samples, ash at 550 °C, elemental carbon, hydrogen and nitrogen, total chlorine and total sulphur, was assessed by participating in the proficiency testing scheme of the International Biomass Exchange Program-BIMEP 2018.3 organised by WEPAL-Wageningen Evaluating Programs for Analytical Laboratories [43]. In all situations, the performance was classified as ‘satisfactory’ as the z-score values were between −2 and 2 [44].



Kjeldahl nitrogen reflects the nitrogen content from free ammonia and from both inorganic and organic nitrogen compounds that are converted to ammonium sulphate by a H2SO4 digestion catalysed by selenium with a high concentration of sodium sulphate. The methodology used for Kjeldahl nitrogen determination followed an in-house procedure based on the ISO 13342 [45] involving three steps: digestion, distillation, and titration. The digestion of the samples (0.5 g of pre-dried and milled or 2 g of wet samples) with 10 mL of H2SO4, 0.5 g of selenium and 9.5 g of sodium sulphate was performed using a DK 20 Kjeldahl Digestion Unit with block digester tubes. The mixtures were heated for 3.5 h at 190 °C, followed by 1 h at 290 °C. Afterwards, the digestion solutions, diluted to 100 mL and alkalised at pH 9.5 with sodium hydroxide, were distilled on a UDK140 distillation unit, to liberate the ammonia gas that was trapped in a boric acid solution. The borate anions formed were titrated with standardised HCl, from which was calculated the content of Kjeldahl nitrogen. Recoveries of 1.00 ± 0.10 were obtained from the analysis of a 20 mg/N glycine standard solution, thus ensuring unbiased analytical results.



The oil content was determined according to an in-house procedure adapted from ISO 659 [46], with hexane as the extraction solvent. The oil was extracted from 20 g of pre-dried and milled samples, being assured that the water content of the samples was less than 10% (w/w). For each test sample, an extraction cycle of 6 h in a Soxhlet apparatus was carried out and the oil percentage was determined gravimetrically after removing the solvent (using a rotary evaporator) and drying the extract at 103 °C until constant weight, using a Venticell 55 ECO Oven (Universal Memmert Medcenter, München, Germany) and a Mettler AT 200 balance. Recoveries of 0.98 ± 0.02 from analysis of oleic acid extra pure, Ph. Eur., in the analytical range of 1.4% (w/w) – 5.5% (w/w) assured the absence of systematic errors.



To determine the total amount of sugars in the samples, a quantitative acid hydrolysis method commonly used for lignocellulosic materials [47] and consisting of a two-stage acid hydrolysis was applied. First, the polysaccharide fibres were attacked with H2SO4 at 76% (w/w) at 30 °C for 1 h, making them soluble, and then with H2SO4 at 4% (w/w), at 120 °C for 1 h, to hydrolyse the sugar polymers yielding sugar mono- or disaccharides with minimum degradation. The total sugar content was then evaluated in the filtered solution (diameter 25 mm; pore size 0.45 μm) by the phenol-sulphuric colorimetric method [48], using a Hitachi U-2000 spectrophotometer and glucose as reference standard.



The Higher Heating Value at constant pressure in dry basis (HHVp,d) was calculated from de Gross Heating Value at constant volume and dry basis (GHVV,d) according to ISO 18125 [49] using Equation (1).


HHVp,d = GHVV,d − 212.2 × w(H)d − 0.8 × [w(O)d + w(N)d]



(1)




where w(H)d is the elemental hydrogen content, in percentage by mass, of the moisture-free (dry) material (including the hydrogen from the water of hydration of the mineral matter as well as the hydrogen in the biofuel substance), w(O)d and w(N)d are the nitrogen and oxygen content, respectively, in percentage by mass, in dry basis. The [w(O)d + w(N)d] content was obtained by subtracting from 100 the percentages of ash, carbon, hydrogen, and sulphur on a dry basis. A portion (0.6 g) of the milled and pre-dried sample was burned in a Parr high-pressure oxygen bomb with 1 mL of water inside the 6400 Automatic Isoperibol Calorimeter. Afterwards the bomb was washed with water and the solution was diluted to 100 mL. The GHVV,d value was calculated from the corrected temperature rise and the effective heat capacity of the calorimeter, with allowances made for contributions from ignition energy from the fuse and application of corrections due to the formation of nitric and hydrochloric acids and sulphur. The determination of chloride, nitrate and sulphate content followed the conditions described by Trancoso et al. [50] as reported above. The effective heat capacity of the calorimeter was controlled with PARR standard benzoic acid of 26.454 MJ/kg. For ten tests in repeatability conditions, a mean value of 26.463 MJ/kg with a standard deviation of 0.037 MJ/kg was obtained, proving excellent trueness and fulfilling the target repeatability, respectively.




3.2. Operating Conditions of the Chemical, Biochemical and Thermochemical Conversions


The selection of the best technological approach to promote the conversion of the chosen samples into biodiesel, depends on the acid value which was measured by titration [51]. The samples OOF1 and DR presented acid values of 48.8 mg KOH/g and 5.3 mg KOH/g respectively. Due to the high level of free fatty acids in the samples it was decided to perform a single acid esterification step using sulfuric acid, as catalyst, and methanol. The (trans)esterification was carried out in an orbital shaker (New Brunswick Scientific, Edison, NJ, USA) at 55 °C and 200 rpm for 8 h in tight Erlenmeyer flasks containing 250 g of residue, a catalyst amount of 22% (w/w) and an alcohol:oil molar ratio of 50:1. Afterwards, the organic phase was separated, washed with water (2% (w/w)) and analysed for the FAME content by gas chromatography. This analysis was performed according to the EN 14103 standard, on a CP-3800 gas chromatograph (Varian, Middelburg, Netherlands) equipped with a 30 m SUPELCOWAX 10 capillary column (0.32 mm of internal diameter and 0.25 μm of film thickness). The injector (split 1:50) and the detector (flame ionisation) temperatures were kept constant at 250 °C while the oven temperature was programmed to change from 60 °C, after 2 min, to 200 °C at 10 °C/min and then to 240 °C at 5 °C/min. Helium was used as carrier gas.



Fermentation to bioethanol was carried out using Ethanol Red® from Leaf (Lesaffre Advanced Fermentations, Marcq-en-Barœul, France), a C6-fermenting industrial Saccharomyces cerevisiae yeast. Strain cultivation was conducted in shake flasks under semi-anaerobiosis at 30 °C and 150 rpm, in duplicate. A preculture of the yeast was prepared in 50 g/L of glucose for 16 h, under similar supplementation and culture conditions. The cells were harvested by centrifugation, washed two times and resuspended to obtain the initial 1 g/L inoculum concentration. The sugar-rich syrups obtained from carob pulp or from the primary sludges from the pulp and paper industry that were used as carbon source, were prepared as follows. Deseeded carob pulp in the form of kibbles was crudely grounded using a mixer (Maeva NGS-Home) and then extracted by direct contact with water (liquid/solid (L/S) ratio of 3) for 3–5 h at room temperature. The liquid fraction (carob syrup) was recovered by filtration was sterilised by autoclaving and used as culture medium. Pressed sludge consisting of the final solids collected in the local WWTP of pulp and paper mills was also used as substrate for ethanol fermentation. In this case, the as received sludge exhibited a high mineral content that rendered the resulting suspensions alkaline and hampered enzymatic hydrolysis, and thus it had to be neutralised with hydrochloric acid (0.2 g HCl/g oven-dried sludge) before use. The hydrolysate obtained after 48 h-enzymatic hydrolysis, by incubation at 50 °C and 150 rpm, starting from 25% (w/v) solids loading, by applying 3% (w/w oven-dried solids) Cellic® CTec3 cocktail, was used as culture medium, supplemented with: yeast extract, 2 g/L; (NH4)2·SO4, 2.5 g/L; KH2PO4, 1 g/L; MgSO4·7H2O, 0.3 g/L. During the fermentations to bioethanol, samples for ethanol and sugars analysis were collected over 72 h. These were analysed by HPLC using an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA), at 50 °C, with H2SO4 5 mM as mobile phase at 0.6 mL/min flow rate.



AD was performed under anaerobic and batch conditions. Each reactor was inoculated at 30% (V/V) using sludge collected in a municipal anaerobic digester plant. The process was performed at 37 °C for 30 days. A pressure transducer, previously calibrated for the headspace volume of the reactors, was used to determine the produced biogas. The results were expressed under standard conditions of temperature and pressure (STP: 0 °C, 1 bar). The biogas composition in methane was characterised by gas chromatography as described in Eusébio et al. [52].



DF assays were performed with Enterobacter aerogenes ATCC 13048 Sputum (American Type Culture Collection, Manassas, VA, USA) under batch conditions as described in Batista et al. [53] and with Clostridium butyricum DSM10702 (German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany). In this case, a 1.65 L bench-scale double jacketed glass bioreactor with a working volume of 0.5 L, equipped with a pH sensor (405-DPAS-SC-K8S/250, Mettler Toledo, Columbia, MD, USA) and controller (MOD 7F, SGI, USA) was used. The operational settings were according to Ortigueira et al. [54,55].



For combustion tests, biomass was continuously supplied to a bubbling fluidised-bed combustor using a screw feeder. An auxiliary gas flow was used to facilitate the feeding. The screw feeder was externally water-cooled to prevent pyrolysis during feeding. Above the wind box was located a distributor plate to introduce primary air, and secondary air was supplied at 0.3 m above the top of the bed. At the top of the combustor was a cyclone, to retain particles from the flue gases. These gases were sampled after the cyclone and went into online analysers to determine O2, CO2, CO, N2O, NOx, and SO2 contents. Detailed information may be found in Abelha et al. [56].



The gasification was performed in a bubbling-fluidised-bed (BFB) gasification reactor with a height of 1500 mm and an inside diameter of 80 mm. The gasifying/fluidizing agent was introduced at the bottom of the reactor through a gas distributor. To avoid pyrolysis of the feeding material, the feeding system was cooled with water. The feeding operation was helped by nitrogen (N2) flow, which also prevented inside gas back flow. Particulates entrained by the gasification gas were collected in a cyclone at the top of the gasifier. Afterwards, there was a quenching system to remove tar and condensable liquids from syngas. Next, the gas was filtered, and directed into CO and CO2 on-line analysers. Tar, H2S and NH3 contents in gasification gas were also analysed. Syngas samples were collected to determine the concentration of CO, CO2, H2, CH4, O2 and other higher gaseous hydrocarbons, referred to as CnHm, by gas chromatography (GC). At the end of each gasification test, the solid bed residue (with mineral matter and unconverted carbon from the feedstock) was also collected. More detailed information may be found in Pinto et al. [57]. Each pyrolysis test started with the introduction of 20 g of sample into the batch reactor, with a capacity of 0.16 L. Then, the reactor was sealed according to the equipment operation and safety procedure. To guarantee the inert atmosphere inside the reactor, a pre-settle pressure of N2 was added. After the pyrolysis test ended, the reactor was cooled in an ice bath to room temperature. The gaseous products were measured, collected, and analysed by GC with flame ionisation and thermal conductivity detectors. When the reactor was open, the liquid and solid products were separated and subsequently analysed. When the OOF1 sample was used, the liquid products were composed of an aqueous and an organic phase. In this case, the phases were separated by decantation and the organic one was distilled and analysed by Gas Chromatography–Mass Spectrometry (GC/MS).



A 0.16 L batch reactor built in Hastelloy C276 by Parr Instruments was used to perform the HTL tests. The reactor was coupled to a controller device connected to a pressure gauge and to a thermocouple to control the pressure and temperature inside the reactor. At the beginning of the HTL test, the reactor was loaded with the feedstock previously selected, closed, and purged with N2 to ensure an inert atmosphere inside the reactor. The operation conditions were selected based on a previous study performed by the authors [58]: 30 min reaction time, 325 °C and a biomass/water ratio of 1/10 (w/w). An initial N2 pressure of 3.9 MPa was chosen to guarantee that the operating pressure was within the desired range for the process to occur. A total of 77 g of material (7 g of biomass and 70 g of water) was always used to load the reactor. After the reaction time previously defined, the reactor was cooled in an ice bath until it reached room temperature. The gas products were measured, collected and analysed by GC with flame ionisation and thermal conductivity detectors. The liquid and solid products were separated using a procedure previously settled [58]. The bio-oil was characterised by GC/MS.





4. Results and Discussion


4.1. Waste Biomass Types


The waste biomass samples under study had different origins. The first group included several organic fractions of MSW, namely food waste (FW) from large producers like restaurants, canteens and the catering industry, green wastes and small branches from the separate collection of MSW, the organic fraction for composting that was obtained after mechanical and biological treatment of MSW, the fraction for organic recovery after mechanical treatment of MSW, and sewage sludges from WWTPs. The second group included biowastes and by-products from agro-industries, namely from dairy, olive oil, locust bean and wine productions, chestnut and tomato processing, and poultry farms, including sludges from the respective IWWTP, and primary sludges from the pulp and paper industry.



To establish a harmonised characterisation methodology, samples were aggregated under two main matrix types (Table 2): (a) Solid Residues and Thick Sludges, which included separated organic fractions from MSW, green and brown wastes, organic fractions obtained after MBT and MT of MSW, sewage sludges, olive tree leaves and branches, olive stones and pomace, chestnut shells, grape marc, sludge from yogurt production, tomato pomace and sludge from tomato processing, sludge from fruit processing, poultry litter, carob pulp, and primary sludge from pulp and paper industry; and (b) Fats, which included the fraction obtained after food waste pre-treatment for organic valorisation, the waste organic fraction with a high fat content from the olive oil industry, liquid sludges from chestnut processing, wine lees, fat residue from yogurt production, and residues from fruit processing.




4.2. Physicochemical Characterisation


The analytical results are summarised in Table 3 and Table 4 for the samples included in the Solid Waste and Thick Sludges matrix and in Table 5 for the Liquid Sludge and Fats matrix. The results and the respective measurement units were rounded to display two significant digits, except those below 0.1, which were rounded to one significant digit.



There was a large variability in the total moisture content in samples of the Solid Residues and Thick Sludges matrix even between samples from the same origin (Table 3). Moisture is expected to be high in samples such as FW and SS, but more dependent on the composition in the case of GBW. The samples of mixed MSW after TMB, i.e., after mechanical sorting and composting, showed high ash content and low HHV values. This was mainly due to the unsorted nature of this waste collection, resulting in considerable contamination of the organic fraction of the MSW with household metals and glass.



In the samples of industrial origin from the Solid Residues and Thick Sludges matrix (Table 4), the residue from yogurt production differed by its high fat content (40% (w/w)), which rendered the burning, and the elemental and mineral analysis, unfeasible. The same happened with IWWTP sludge from tomato processing but in this case, it was due to a high ash content (84% (w/w)). The CP and GM samples presented TVS values above 80% (w/w), while TP and one of the PPS samples contained 58% (w/w) and 74% (w/w) of hydrolysed sugars in their composition. The large variability of the latter parameter comes from the different typologies of pulp and paper mills where the sludges were collected. One of the sludges was collected in a mill producing pulp (used to obtain viscose rayon and other cellulose derivatives) by an acid sulphite cooking process, which is defined as having a high degree of purity relative to the amount of α-cellulose, with hemicelluloses and lignin needing to be removed almost entirely. Therefore, its primary sludge exhibited very low sugar content and, by contrast, high lignin and ash contents. In addition, two of the PPS samples were collected from mills with integrated pulp and paper production, while the others came from mills producing only pulp. The former generates sludges with higher mineral (ash) content, consisting of paper additives, and therefore lower sugars content.



The samples from the dairy industry and FPW analysed in the matrix Liquid Sludges and Fats presented interesting values of hydrolysed total sugars for a valorisation by biological conversion (Table 5). On the other hand, the oil content of the liquid residue from the olive oil industry may cause some difficulties in its disposal [59] and therefore alternatives for its valorisation would be highly advantageous.




4.3. Application of the Admissibility Grid


Figure 2 presents an example of the application of the Admissibility Grid to the group of olive tree leaves (OL) samples as received for physicochemical characterisation. The individual application of the Admissibility Grid to all residual biomass samples of this study is presented in Figures S1–S24, as Supplementary Material.



The samples of OL fulfilled the admissibility criteria for AD and alcoholic fermentation (Figure 2) and so the cells of oil content, Kjeldahl nitrogen, total volatile solids, carbon/nitrogen ratio and total hydrolysed sugars parameters were marked in white. The limit ranges for the parameters ash, total chlorine, total sulphur, higher heating value, mean particle diameter and hydrogen/carbon ratio were also fulfilled in the admission to combustion, gasification, solid pyrolysis and HTL, and the cells were also marked in white. The limit ranges of oil content for (trans)esterification, total hydrolysed sugars for DF, total moisture for gasification, pyrolysis and HTL, and oil content and mean particle diameter for pyrolysis were not fulfilled and the cells were shadowed in dark grey. In the cases where only part of the sample sets that were analysed fulfilled the admissibility ranges, the cells were painted in light grey (e.g., bulk density for gasification). The two analysed samples of olive tree leaves were admissible to AD and alcoholic fermentation, but only one was admissible to combustion, as received. However, after the application of moisture and/or particle dimension adjustments, both samples turned admissible to combustion as well as to solid pyrolysis, and one of them even became admissible to gasification and to HTL, thus enlarging the possibilities of conversion.



Table 6 summarizes the admissibility assessment of the samples from the Solid Residues and Thick Sludges and the Liquid Sludges and Fats matrices to the eight studied technologies, considering the outputs of the corresponding Admissibility Grid (presented as Supplementary Material, Figures S1–S24). In the cases where the admissibility resulted from a reassessment by application of the second evaluation step, it was always indicated whether a moisture adjustment, a dimension adjustment or both adjustments were made.



In 18 cases, the application of minor adjustments to the samples in the second assessment step led to a broader admissibility to the technologies, improving the scope for valorisation of the samples.




4.4. Validation of the Admissibility Grid


The validation of the Admissibility Grid was performed based on case studies that were selected from samples of the Solid Residues and Thick Sludges and the Liquid Sludges and Fats matrices, according to the waste biomass physicochemical characterisation and the different conversion pathways of each technology tested. Thermochemical pathways involve the use of heat and chemical reactions to convert biomass into biofuels. Chemical pathways involve using specific chemical reactions to transform biomass or its components into biofuels. Biochemical pathways rely on the metabolic activities of microorganisms to convert biomass components, typically sugars or carbohydrates, into biofuels. Each pathway has its own advantages, challenges, and applications. Thermochemical pathways offer feedstock flexibility, efficient conversion of a wide range of feedstocks, and production of multiple products, such as bio-oil, syngas, and biochar, yet can be energy-intensive and require more complex processing. Chemical pathways provide specific and controlled reactions for producing biodiesel and upgrading bio-oils, but they are limited to certain feedstock types (oily wastes) and may involve costly catalysts. Biochemical pathways are well-suited for carbohydrate-rich feedstocks, have lower greenhouse gas emissions, and can use well-known fermentation technologies, but they might require specific conditions for microbial growth and fermentation. The choice of the pathway depends on factors like feedstock composition and availability, desired biofuel output, energy efficiency, environmental considerations, and the maturity of the technology.



Fourteen samples among those validated by the Admissibility Grid were tested for the admissible technologies, either chemical, biochemical or thermochemical. The process rates and product yields obtained for each case study are shown in Table 7.



Only two biomass samples complied with the criteria set for admissibility to use in (trans)esterification: DR and OOF1. However, before testing the samples, the conversion process had to be established. A parameter, not discriminant for admission, but crucial for the choice of the suitable technological procedure, is the acid value, and the samples tested presented acid values of 5.3 mg KOH/g and 48.8 mg KOH/g respectively. In the latter case, acid catalysis should be used, while in the first case, the most efficient procedure is usually a 2-step process starting with a fast acid catalysis to convert the free fatty acids followed by a traditional basic catalysis step aiming at converting the triglycerides. Nevertheless, when a 2-step production process was tried over the DR sample, it was observed that, after the first step, almost no conversion had occurred, and the acid value remained unchanged. Therefore, the final decision on the technological conversion process was to perform a longer single-step acid catalysis on both samples.



The yield for the conversion of OOF1 was only 20% (w/w) or 40.5% (w/w) when concerning the total amount of material able to suffer esterification (oil in sample). Regarding the DR sample, the acid catalysis was again a complete failure (an organic phase containing 7.8% (w/w) of esters resulting from a 0.9% (w/w) conversion yield). Although the two samples tested had amounts of oils and fat higher than 40% (w/w), in neither case was possible to obtain biodiesel. The FAME fraction obtained from the conversion of the olive oil residue, after separation and washing, contained only 34.9% (w/w) of esters and a minimum amount of 96.5% (w/w) of esters is the main quality requirement for biodiesel. It is believed that the prime reason for these unexpected results was the high level of impurities and also a high amount of water in the DR sample (34% w/w). A way to overcome these interferences could be to perform a previous solvent extraction step, as the amount in the samples, namely in the DR, was very promising.



The admissibility criteria established for AD made it possible to find 17 admissible types of waste biomass among all the characterised samples. Five of them (OP1, CS2, DS, CPS, and FPW) were tested to validate the Admissibility Grid. Concerning the Solid Residues and Thick Sludges matrix, the highest yield of 11 L CH4/kg biomass, i.e., 46 L CH4/kg VS, was obtained with the CS sample. However, it is interesting to note that the biogas produced showed the lowest methane concentration (46% (V/V) CH4). A potential cause for the poor biogas quality produced from CS is the high content of lignocellulosic [60] and polyphenolic compounds, especially tannins [61], which are substances reported as inhibitors of the AD process. On the other hand, the digestion of DS showed a low product yield of 2 L CH4/kg biomass, yet corresponding to the highest methane yield when expressed by TVS (209 L CH4/kg VS) and to the highest methane concentration (73% (V/V) CH4) in the biogas produced, similar to that of other dairy sludges [62], showing that the result obtained for this substrate is in line with values reported in the literature. In fact, dairy sludges may contain relevant amounts of lipids, which have a higher energy potential than proteins and carbohydrates, promoting the formation of larger volumes of biogas with a higher fraction of methane. OP might contain relevant amounts of lignin and polyphenols from the olive peel and pulp that can be inhibitors of the AD process; however the digestibility of the OP1 sample was proved. The obtained product yield of 4 L CH4/kg biomass, corresponding to 147 L CH4/kg VS, was in the range of the values reported in the literature [63].



Regarding the Liquid Sludges and Fats matrix, FPW presented a methane yield of 2 L CH4/kg biomass, i.e., 190 L CH4 kg/VS, higher than the value of 152 L CH4 kg/VS obtained for the CPS sample. Fruit residues are one of the most suitable substrates for AD as they are easily biodegradable due to an inherent high moisture and high vs. content. The FPW substrate characterisation (Table 5) also revealed a relatively high concentration of total sugars (as glucose). The results obtained in the digestion of the liquid sludges agreed with those found in the literature [64,65]. Globally, a methane concentration range of 62–73% (V/V) CH4 in the biogas produced, recognised as the more common values for a profitable AD process in terms of CH4 production [66], confirmed the validation test for samples from both matrices. It is essential to emphasize that all tests were carried out without pre-treatment of samples and without the addition of any complementary substrates to promote the development and maintenance of the process.



Both CP and PPS1 samples tested for ethanol fermentation provided economically feasible ethanol concentrations (above 40 g/L), corresponding to high product yields of, respectively, 86% and 73% relative to the maximum theoretical conversion. The assessed yields and productivities (Table 7) positively compared with the conversions reported for several types of biomass [67]. Indeed, the high sugar content of these residual feedstocks made it possible to obtain high-concentrated sugar solutions by simple batch extraction or enzymatic hydrolysis, with titres (130–150 g/L) close to the ones achieved by applying a fed-batch strategy at high solids loading [68]. Regarding the production of ethanol from PPS, the conversion was more effective than a previously reported study using recycled paper sludge under high solid loadings [69].



Five types of waste biomass were tested for DF: FW1, CS1, CP, SCW and FPW. The highest product yields, 84 and 72 L H2/kg dry biomass, were obtained with CP and FW1, respectively. The high H2 yield obtained with CP was associated with the presence of glucose, fructose and sucrose, which are easily metabolised by the microorganisms responsible for DF [70]. The results obtained from FW conversion were slightly lower than those reported for food and cafeteria waste in a continuous stirred tank reactor (CSTR) and an anaerobic sequencing batch reactor [71,72]. This was not at all unexpected, since the composition of FW is strongly variable and the H2 yield per unit of biomass is highly dependent on the chemical composition of the substrate and particularly on its carbohydrate concentration.



Eight types of biomass have met the admissibility criteria for combustion, either with or without granulometry and/or moisture adjustment. The specific samples received under the framework of the CONVERTE project were not evaluated as case studies. The expected YP/S would range from 5–9 to 6–10 MJ/kgdb, [56], and these values are in agreement with results reported by other researchers [73]. Three types of biomass that met the admissibility criteria for gasification were tested: OP3, OL1 and OS. The gasification of these biomass samples did not give rise to operational problems, regarding both the feeding system and the gasification process. However, during long time gasification runs and especially with OS some bed agglomeration might have occurred, due to the chemical composition of this waste biomass. This problem may be solved by adding low-cost catalysts or minerals to the gasification medium. As presented in Table 7a, the gasification results agreed with those found in the literature, namely previous results obtained in the same installation [74] and others reported by different researchers [75]. Although the gasification gas composition varied with the type of biomass tested, the values obtained were within the range of expected results and suitable for a wide range of applications. Depending on the type of application, different cleaning and conditioning processes may be needed.



Two types of waste biomass that met the admissibility criteria for liquid pyrolysis were tested: DR and OOF1. The bio-oil yield obtained from each raw material was similar, about 70% (w/w), while the aqueous phase was 17% (w/w) for DR and 27% (w/w) for OOF1. The gaseous phase was 9% (w/w) for the DR and 3% (w/w) for the OOF1. These results agree with other studies found in the literature using waste vegetable oils [76,77]. Only the GBW1 sample was tested among the samples that met the admissibility criteria to HTL. The bio-oil yield obtained was 60% (w/w), while the aqueous phase was 25% (w/w), the gaseous phase was 10% (w/w) and the solid residue 5% (w/w). The results obtained agree with other studies that use wet biomass wastes. However, bio-oil yields from HTL of wood biomass may vary along a wide range of values (17 and 68% (w/w)) due to the strong dependence on the operation parameters, catalysts and solvents [25].




4.5. Technology and Feedstock Flexibility


The flexibility of the technologies to admit a broad diversity of waste biomass is important to cope with problems of scale and seasonality. Moreover, the possibility of co-converting residual substrates opens the door to more economical and sustainable processes. This study showed that AD was the most flexible technology for the conversion of the tested waste biomass samples into bioenergy products. AD is a technology with a high degree of maturity, being already a very flexible process both in terms of process design and in terms of substrate quality. Therefore, the high number of admissibilities to this technology (n = 17, Table 6) was not surprising. The fermentation to bioethanol achieved 15 possible admissions, encompassing notably the possibility of upgrading primary sludges generated in the pulp and paper industry, with high conversion yields (Table 7a). This resulted naturally not only from the predominance of the organic fraction in these waste biomass samples but also from the robustness of the AD processes and, in the case of alcoholic fermentation, from the possibility of obtaining suitable concentrations of fermentable sugars. Combustion, gasification, solid pyrolysis and HTL presented each a considerable number of admissions (n = 8, Table 6). Nevertheless, combustion may tend to present more problems of gas emissions with contaminants, particularly with the use of residual feedstocks. (Trans)esterification and liquid pyrolysis to produce bio-oils were the least suitable technologies for energy conversion of the samples under study due to the particular need for a high initial oil concentration.



Four out of five samples with origin in municipal waste management, either MSW from mixed or separated streams, and sewage sludges, would be admissible for AD (Table 6). In this group, the green and brown wastes from separated streams showed the versatility to be used not only in AD but also in the bioconversion to ethanol and, after adjustment of moisture content and/or particle size, in almost all thermochemical technologies under study, except liquid pyrolysis, DF and (trans)esterification. The bioenergy production opportunities for the organic fraction after MBT and sewage sludges were more limited. In the former this was essentially due to a strong contamination with inert materials coming from the mixed origin of the waste. Downstream of the MSW collection process, the low sorting efficiency of some waste treatment facilities also does not allow for a significant improvement in the further separation of the mixed streams. This has been a problem in Portugal, given that the so-called “remaining fraction”, which still includes organic matter, lacks the necessary quality to be used either as compost or to be incinerated, and has been to be landfilled [78]. In this case, it seems essential to extend the practice of separate collection of MSW to carry out adequate carbon recycling from the biowastes and to increase diversion from landfill to achieve the 2030 targets set by the EU [79].



Within the Solid Residues and Thick Sludges matrix, the samples of OP, TP and PL showed admittance to the same seven different technologies: AD, fermentation to ethanol, DF, combustion, gasification, solid pyrolysis and HTL. While OP and TP are seasonally produced in Portugal, PL is generated throughout the year, supported by more than 50 million effectives (chickens, laying hens, ducks, quails and turkeys) in Portugal in 2019 [80]. The possible co-channeling of these residual biomasses for thermochemical conversion would advantageously help to assure the necessary scale-up to the process. Also, OP poses a high disposal problem in Portugal due to the importance of the olive industry in the national industrial portfolio, which reached 1.37 million tonnes of olive oil production in 2022 [81]. The composition of OP, rich in polyphenols and with phytotoxic and microbial inhibition potential, also makes the utilisation of this residual biomass very challenging [82]. The admission to seven possible technologies opens the door to conducting a more extensive comparative study between biochemical and thermochemical solutions, to select the process that proves to be the most environmentally friendly. In the Liquid Sludges and Fats matrix the number of admissions was higher in the technologies based on fermentative processes, which are conducted in liquid or slurry media, and AD was again the technology with the highest number of admissible samples (n = 4, Table 6).





5. Conclusions


The Admissibility Grid developed in this study made it possible to predict, among 24 types of waste biomass samples, which chemical, biochemical or thermochemical conversion technologies would be the most suitable to valorise them as bioenergy product. AD technology for methane production proved to be the most versatile in admitting the studied samples, especially towards environmentally problematic samples such as OP. Conversely, the fermentation to bioethanol and DF for hydrogen production depended heavily on the carbohydrate content of the samples. The admission to the thermochemical technologies was considerably increased in several cases by a previous simple and natural drying stage, without the need for additional energy expenditure. The exception was HTL, which advantageously admitted wet and highly contaminated biomasses such as sewage sludge. The (trans)esterification and liquid pyrolysis technologies, respectively, to produce FAME and bio-oils, presented more limitations but displayed the great advantage of being able to use oily wastes, which are difficult to dispose of otherwise.



The use of waste biomass for energy production often lacks a systematic and comparative assessment of its suitability to be admitted to the various possible conversion technologies. The Admissibility Grid as a support tool should favour a more technically informed decision and eventually serve as a starting point to evaluate the possibility of combining different waste biomass types, accounting for the seasonality of certain agricultural and/or agro-industrial wastes. Overall, it is expected the application of this Admissibility Grid will be extended to other types of waste biomass as part of a common assessment for energy production, leading to more sustained routing decisions.
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Abbreviations




	AD
	Anaerobic digestion



	BFB
	Bubbling-fluidised-bed



	CHP
	Combined Heat and Power



	CP
	Carob pulp



	CPS
	Chestnut processing sludges (IWWTP sludges from chestnut processing)



	CS
	Chestnut shells



	CSTR
	Continuous stirred tank reactor



	CW
	Cheese whey



	DF
	Dark fermentation



	DR
	Residue from yogurt production



	DS
	Dairy sludge (IWWTP sludge from yogurt production)



	EU
	European Union



	FAME
	Fatty acid methyl esters



	FPW
	Wastes from fruit processing



	FPS
	Fruit processing sludges (IWWTP sludge from fruit processing)



	FW
	Food waste



	GBW
	Green and brown wastes



	GC
	Gas chromatography



	GC/MS
	Gas chromatography/mass spectrometry



	GHV
	Gross Heating Value



	GM
	Grape marc



	HHV
	High Heating Value



	HTL
	Hydrothermal Liquefaction



	IWWTP
	Industrial wastewater treatment plant



	L/S
	Liquid/solid



	MBT
	Mechanical and biological treatment



	MSW
	Municipal solid waste



	MT
	Mechanical treatment



	OL
	Olive tree leaves



	OOF
	Olive oil residual organic fraction with high fat content



	OP
	Olive pomace



	OS
	Olive stone



	PL
	Poultry litter



	PPS
	Pulp and paper primary sludge



	RM
	Moisture ratio



	SCW
	Second cheese whey



	SS
	Sewage sludges



	STP
	Standard temperature and pressure



	TMB
	Mechanical sorting and composting



	TP
	Tomato pomace



	TS
	Tomate sludges (IWWTP sludge from tomato processing)



	TVS
	Total volatile solids



	WL
	Wine lees



	WWTP
	Wastewater treatment plant
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Figure 1. Admissibility Grid, including the specific analytical parameters and cut-off ranges for the acceptance to the eight technologies under study of the waste biomass samples of the matrices: (a) Solid Residues and Thick Sludges and (b) Liquid Sludges and Fats (ar, as received; db, dry basis). 
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Figure 2. Admissibility evaluation of olive tree leaves waste samples as received to the eight technologies under study. 
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Table 1. (Bio)chemical and thermochemical technologies, energy products, potential feedstocks, and their respective discriminating parameters for channelling towards the production of biogas, advanced biofuels, electricity and heat.
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Conversion Process

	
Technology

	
Maturity Degree in Portugal

	
Process

	
Energy Product

	
Potential Feedstocks

	
Discriminating

Parameters






	
(Bio)chemical

	
(Trans)esterification

	
Mature

	
Conversion of glycerides and/or free fatty acids into esters, in the presence of an alcohol and a catalyst

	
FAME

(biodiesel)

	
Used cooking oils, vegetable oils, animal fat, agro-industrial residues rich in oil

	
Oil




	
Anaerobic digestion

	
Mature

	
Hydrolysis, acidification and methanation of organic substrates under anaerobic conditions by several categories of microorganisms and enzymes, until the generation of biogas, consisting essentially of CH4 and CO2

	
Biogas, biomethane

	
Effluents and organic residues, animal and sewage sludge, agricultural and agro-industrial residues, green wastes, municipal solid waste

	
C/N ratio

N-K

TVS

Oil




	
Fermentation

	
Mature

	
Biological conversion of carbohydrate-rich biomass by the action of fermentative yeasts

	
Bioethanol

	
Lignocellulosic materials, agriculture and agro-industrial residues rich in fermentable sugars, food waste

	
Hydrolysed sugars




	
Dark fermentation

	
Emerging

	
Biological conversion of carbohydrate-rich biomass by strict or facultative anaerobic microorganisms, with the production of H2, CO2 and organic acids

	
Hydrogen

	
Hydrolysed sugars




	
Thermochemical

	
Combustion

	
Mature

	
Thermochemical conversion of the chemical energy contained in biomass into other energy sources, such as thermal energy and mechanical energy

	
Heat and power

	
Dry wood shavings, residues from forestry crops, agriculture and agro-industrial residues, municipal solid waste

	
Moisture

Ash, Cl, S

HHV




	
Gasification

	
Mature

	
Thermochemical conversion of carbonaceous matter at high temperatures and with limited oxidizing agent, resulting in a combustible gas mainly formed by H2, CO2, CO, CH4 and other gaseous C2- and C4-hydrocarbons, which can be used as gaseous biofuel or as raw biomaterial

	
Syngas

	
Dry wood shavings, agricultural and agro-industrial residues, municipal solid waste

	
Moisture

Ash, Cl, S

HHV

Bulk density

Particle size




	
Pyrolysis (solid)

	
Mature

	
Thermochemical decomposition of biomass in an oxygen-free atmosphere, at medium or high temperatures

	
Bio-oils

	
Residues from the wood industry and biomass processing, energy crops, residues from agricultural and agro-industrial activities

	
Moisture

Ash, Cl, S

HHV

Particle size




	
Pyrolysis (liquid)

	
Emerging

	
Residues from agro-industrial activities



	
Moisture

Oil




	
Hydrothermal

liquefaction

	
Emerging

	
Thermochemical process used to convert raw materials with high moisture content into bio-oil and value-added chemicals, where the macromolecules making up the biomass are hydrolysed or degraded using water at average temperatures and high pressures

	
Bio-oils

	
Residues from the wood industry and biomass processing, residues from agricultural and agro-industrial activities, municipal solid waste, microalgae and macroalgae biomass without previous drying

	
Moisture

Ash, Cl, S

Particle size

H/C ratio








FAME, fatty acid methyl esters; C, Carbon; Cl, chloride; H, Hydrogen; HHV, High heating value; N, Nitrogen; N-K, Kjeldahl Nitrogen; S, Sulphur; TVS, Total Volatile Solids; WWTPs, wastewater treatment plants.













 





Table 2. Set of samples used in this work, distributed by origin and matrix: (a) Solid Residues and Thick Sludges; (b) Liquid Sludges and Fats.
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(a)

	
SOLID RESIDUES AND THICK SLUDGES




	
Organic fractions of MSW and sludges from WWTPs

	
MSW-Separated streams

	
Food waste

	
[image: Biomass 03 00021 i001]

FW1
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FW2

	

	

	




	
Green and brown wastes
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GBW1
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GBW2
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GBW3

	

	




	
MSW-Mixed streams

	
Organic fraction obtained after MBT
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MBT1
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MBT2
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MBT3
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MBT4

	




	
Organic fraction obtained after MT
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MT1
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MT2
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MT3
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MT4
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MT5




	
WWTP-Sewage

	
Sewage sludges after stabilisation and dehydration
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SS1
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SS2

	

	

	




	
Organic fractions from industrial wastes, sludges, and by-products

	
Olive oil industry

	
Olive pomace
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OP1
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OP2
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OP3

	

	




	
Olive tree leaves
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OL2
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OL1

	

	

	




	
Olive stone
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OS

	

	

	

	




	
Chestnut industry

	
Chestnut shells
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CS1
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CS2

	

	

	




	
Locust bean gum industry

	
Carob pulp
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CP

	

	

	

	




	
Wine industry

	
Grape marc
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Tomato industry

	
Tomato pomace
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TP1
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TP2

	

	

	




	
IWWTP sludge from tomato processing
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TS

	

	

	

	




	
Dairy industry

	
Residue from yogurt production
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DR

	

	

	

	




	
IWWTP sludge from yogurt production
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DS

	

	

	

	




	
Fruit processing

	
IWWTP sludge from fruit processing
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FPS

	

	

	

	




	
Poultry

	
Poultry litter
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PL1
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PL2

	

	

	




	
Pulp and paper industry

	
Primary sludge
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PPS1
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PPS2
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PPS3
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PPS4
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PPS5




	
(b)

	
LIQUID SLUDGES AND FATS




	
Organic fractions of MSW and sludges from WWTPs

	
MSW-Separated streams

	
Food waste hydrolysate for organic valorisation
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FW3

	




	
Organic fractions from industrial wastes, sludges, and by-products

	
Olive oil industry

	
Olive oil residual organic fraction with high fat content
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OOF1
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Chestnut industry

	
IWWTP sludges from chestnut processing
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CPS

	




	
Wine industry

	
Wine lees
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WL1
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WL2




	
Dairy industry

	
Cheese whey and second cheese whey
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CW
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SCW




	
Fruit processing

	
Wastes from fruit processing
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FPW

	











 





Table 3. Physicochemical composition (ranges) of the organic fractions of Municipal Solid Waste (MSW) and sewage sludges within the Solid Residues and Thick Sludges matrix.






Table 3. Physicochemical composition (ranges) of the organic fractions of Municipal Solid Waste (MSW) and sewage sludges within the Solid Residues and Thick Sludges matrix.





	
Parameter

	
MSW-Separated Streams

	
MSW–Mixed Streams

	
WWTP-Sewage




	
Food Waste

	
Green and Brown Wastes

	
Organic Fraction Obtained after MBT

	
Organic Fraction Obtained after MT

	
Sewage Sludges after Stabilisation and Dehydration






	
Total Moisture

(% w/w), ar

	
70–86

	
33–72

	
5.1–34

	
7.4–56

	
80




	
Oil

(% w/w), ar

	
3.6–7.2

	
1.4–1.6

	
0.48–3.5

	
0.89–4.1

	
0.60–0.92




	
Kjeldahl Nitrogen

(% w/w), ar

	
0.18–1.1

	
0.73–0.81

	
0.59–1.7

	
0.52–1.4

	
0.43–1.7




	
Total Volatile Solids (% w/w), ar

	
14–26

	
23–46

	
18–44

	
21–46

	
16




	
Carbon/Nitrogen ratio

	
16

	
20–36

	
15–24

	
17–32

	
5.5–5.7




	
Total Hydrolysed Sugars (as glucose)

(% w/w), db

	
31–40

	
12–22

	
6.1–18

	
13–30

	
11–13




	
Ash at 815 °C

(% w/w), db

	
2.6–7.2

	
14–30

	
37–77

	
32–48

	
17–19




	
Total Chloride

(% w/w), db

	
2.3

	
0.33–0.56

	
0.20–0.69

	
0.31–0.85

	
0.32–0.40




	
Total Sulphur

(% w/w), db

	
0.22–0.27

	
0.02–0.19

	
0.12–0.42

	
0.20–0.32

	
0.87–1.0




	
Higher Heating Value (MJ/kg), db

	
22–24

	
13–17

	
4.7–12

	
9.8–15

	
19–20




	
Bulk Density

(kg/L), ar

	
0.89–1.0

	
0.09–0.20

	
0.40–0.87

	
0.30–0.51

	
0.62–0.66




	
Mean Particle Diameter, d50

(mm), ar

	
--

	
5.2 †–58 †

	
1.6 †–6.9 †

	
10 †–29 †

	
--




	
Hydrogen/Carbon ratio

	
0.13–0.14

	
0.08–0.10

	
0.08–0.10

	
0.11–0.13

	
0.12–0.13








ar, as received basis; db, dry basis; --, not analysed because the characteristics of the sample were outside the scope of the analytical procedure; †, values determined in pre-dried samples.













 





Table 4. Physicochemical composition (ranges) of the industrial wastes, industrial sludges and by-products within the Solid Residues and Thick Sludges matrix.






Table 4. Physicochemical composition (ranges) of the industrial wastes, industrial sludges and by-products within the Solid Residues and Thick Sludges matrix.





	
Parameter

	
Olive Oil Industry

	
Chestnut Industry

	
Locust Bean Gum Industry

	
Wine Industry

	
Tomato Industry

	
Dairy Industry

	
Fruit Processing

	
Poultry

	
Pulp and Paper Industry




	
Olive Pomace

	
Olive Tree Leaves

	
Olive Stone

	
Chestnut Shells

	
Carob Pulp

	
Grape Marc

	
Tomato Pomace

	
IWWTP Sludge from Tomato Processing

	
Residue from Yogurt Production

	
IWWTP Sludge from Yogurt Production

	
IWWTP Sludge from Fruit Processing

	
Poultry Litter

	
Primary Sludge






	
Total Moisture

(% w/w), ar

	
13–62

	
22–44

	
23

	
64–80

	
15

	
8.4

	
60–94

	
55

	
50

	
84

	
91

	
29–64

	
52–69




	
Oil

(% w/w), ar

	
0.83–5.7

	
3.0–7.7

	
3.7

	
0.29–0.80

	
0.35

	
4.2

	
1.8–2.1

	
0.12

	
40

	
7.0

	
0.29

	
0.52–1.5

	
0.10–0.15




	
Kjeldahl Nitrogen

(% w/w), ar

	
0.22–1.7

	
0.63–0.81

	
0.28

	
0.21–0.49

	
0.44

	
1.8

	
0.58–1.7

	
0.91

	
0.20

	
0.84

	
0.27

	
1.6

	
0.03–1.1




	
Total Volatile Solids,

(% w/w), ar

	
36–77

	
52–69

	
76

	
20–35

	
83

	
85

	
6.0–40

	
6.3

	
50

	
16

	
8.1

	
29–60

	
11–35




	
Carbon/Nitrogen ratio

	
21–54

	
46–48

	
97

	
42–65

	
79

	
26

	
18‡

	
5.8

	
-

	
12

	
10

	
12–17

	
6.9–1.3 × 102




	
Total Hydrolysed Sugars (as glucose)

(% w/w), db

	
23–28

	
20–23

	
18

	
31–36

	
29

	
21

	
13–58

	
1.2

	
0.21 ‡

	
2.7

	
36

	
42–45

	
3.0–74




	
Ash at 815 °C

(% w/w), db

	
4.0–9.3

	
6.7–10

	
1.2

	
1.5–2.5

	
2.4

	
5.6

	
0.20–2.5

	
84

	
0.28

	
4.1

	
8.2

	
14–19

	
7.1–63




	
Total Chloride

(% w/w), db

	
<0.14–0.35

	
<0.14

	
<0.14

	
<0.14

	
<0.14

	
<0.14

	
<0.14 ‡

	
n.a.

	
n.a.

	
<40.1

	
0.18

	
0.37–0.50

	
<0.14–0.16




	
Total Sulphur

(% w/w), db

	
0.10–0.11

	
0.11–0.12

	
0.04

	
0.07–0.09

	
<0.03

	
<0.03

	
0.13 ‡

	
n.a.

	
n.a.

	
0.32

	
0.14

	
0.29–0.39

	
<0.03 –0.20




	
Higher Heating Value (MJ/kg), db

	
20–23

	
22–23

	
22

	
20

	
18

	
21

	
25 ‡

	
n.a.

	
n.a.

	
32

	
21

	
15–17

	
5.6–15




	
Bulk Density

(kg/L), ar

	
0.64–1.1

	
0.11–0.12

	
0.67

	
0.31–0.79

	
0.51

	
0.28

	
0.43–1.0

	
1.2

	
0.76 ‡

	
0.97

	
0.96

	
0.25–0.59

	
0.51–1.0




	
Mean Particle Diameter, d50

(mm), ar

	
--

	
2.5 †–7.7 †

	
1.5†

	
2.4 †–7.3 †

	
5.4

	
2.7

	
2.8 †,‡

	
--

	
--

	
--

	
--

	
--

	
2.4 †–4.7 †




	
Hydrogen/Carbon ratio

	
0.10–0.13

	
0.12

	
0.11

	
0.09–0.10

	
0.09

	
0.11

	
0.13 ‡

	
0.18

	
-

	
0.15

	
0.12

	
0.12

	
0.08–0.12








ar, as received basis; db, dry basis; --, not analysed because the characteristics of the sample were outside the scope of the analytical procedure; n.a., not analysed because the samples were too greasy or too inorganic to fall within the scope of the procedures; †, values determined in pre-dried samples; ‡, analysed only in one sample; -ratios were not estimated because CHN analysis was not performed as the sample characteristics were outside the scope of the analytical procedure.













 





Table 5. Physicochemical composition (ranges) of the organic fractions of Municipal Solid Waste (MSW), and industrial wastes, sludges and by-products within the Liquid Sludges and Fats matrix.






Table 5. Physicochemical composition (ranges) of the organic fractions of Municipal Solid Waste (MSW), and industrial wastes, sludges and by-products within the Liquid Sludges and Fats matrix.





	
Parameter

	
MSW-Separated Stream

	
Olive Oil Industry

	
Chestnut Industry

	
Wine Industry

	
Dairy Industry

	
Fruit Processing




	
Food Waste Hydrolysate for Organic Valorisation

	
Olive oil Residual Organic Fraction with High Fat Content

	
IWWTP Sludges from Chestnut Processing

	
Wine Lees

	
Cheese Whey and Second Cheese Whey

	
Waste from Fruit Processing






	
Total Moisture

(% w/w), ar

	
93

	
9.6–13

	
99

	
90

	
92–93

	
82




	
Oil

(kg/L), ar

	
0.02

	
0.46–0.76

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
Kjeldahl Nitrogen (g/L), ar

	
3.1

	
0.08 ‡

	
0.22

	
3.5–4.5

	
0.91–2.0

	
0.12




	
Total Volatile Solids

(kg/L), ar

	
0.05

	
0.81–0.86

	
0.01

	
0.07–0.08

	
0.06–0.07

	
0.19




	
Carbon/Nitrogen ratio

	
11

	
-

	
19

	
10–11

	
-

	
58




	
Total Hydrolysed Sugars (as glucose)

(% w/w), db

	
6.8

	
0.03–0.08

	
18

	
17–19

	
37–64

	
50




	
Ash at 815 °C

(% w/w), db

	
24

	
0.11–0.29

	
7.0

	
16–28

	
7.1–15

	
1.5




	
Total Chloride

(% w/w), db

	
1.6

	
n.a.

	
0.35

	
n.a. *

	
n.a.

	
n.a. *




	
Total Sulphur

(% w/w), db

	
0.81

	
n.a.

	
0.35

	
n.a. *

	
n.a.

	
n.a. *




	
Higher Heating Value

(MJ/kg), db

	
22

	
n.a.

	
19

	
n.a. *

	
n.a.

	
n.a. *




	
Bulk Density (kg/L), ar

	
0.99

	
0.93–0.95

	
0.99

	
1.0

	
1.0

	
1.0




	
Hydrogen/Carbon ratio

	
0.15

	
-

	
0.14

	
0.12–0.13

	
-

	
0.17








ar, as received basis; db, dry basis; n.a., not analysed because the samples were too greasy or too aqueous to fall within the scope of the procedures; -ratios were not estimated because CHN analysis was not performed as the sample characteristics were outside the scope of the analytical procedure; n.a. *, not analysed since these samples were not expected to be used in technologies T5, T6, or T7.













 





Table 6. Admissibility of the samples included in the Solid Residues and Thick Sludges, and Liquid Sludges and Fats matrices to the studied technologies.
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Technologies

	
T1

	
T2

	
T3

	
T4

	
T5

	
T6

	
T7

	
T8




	

	

	
Sample Type

	
(Trans)

Esterification

	
Anaerobic

Digestion

	
Alcoholic

Fermentation

	
Dark

Fermentation

	
Combustion

	
Gasification

	
Pyrolysis

	
Hydrothermal

Liquefaction




	

	

	
Solid

	
Liquid






	
Solid Residues and Thick Sludges

	
MSW-Separated streams

	
Food waste

	
✕

	
✓

	
✓

	
✓

	
✕

	
✕

	
✕

	
✕

	
✕




	
Green and brown wastes

	
✕

	
✓

	
[image: Biomass 03 00021 i051]

	
✕

	
[image: Biomass 03 00021 i051]

	
[image: Biomass 03 00021 i051](a)

	
[image: Biomass 03 00021 i051](b)

	
✕

	
[image: Biomass 03 00021 i051]




	
MSW- Mixed streams

	
Organic fraction obtained after MBT

	
✕

	
✓

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕




	
Organic fraction obtained after MT

	
✕

	
✓

	
[image: Biomass 03 00021 i051]

	
[image: Biomass 03 00021 i051]

	
✕

	
✕

	
✕

	
✕

	
✕




	
WWTP-Sewage

	
Sewage sludges after stabilisation and dehydration

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕

	
✓




	
Olive oil industry

	
Olive pomace

	
✕

	
✓

	
✓

	
[image: Biomass 03 00021 i051]

	
[image: Biomass 03 00021 i051]

	
[image: Biomass 03 00021 i051]

	
[image: Biomass 03 00021 i051]

	
✕

	
[image: Biomass 03 00021 i051]




	
Olive tree leaves

	
✕

	
✓

	
✓

	
✕

	
 ✓(a)

	
[image: Biomass 03 00021 i051](a)

	
 ✓(b)

	
✕

	
[image: Biomass 03 00021 i051](a)




	
Olive stone

	
✕

	
✕

	
✕

	
✕

	
✓

	
 ✓(a)

	
 ✓(a)

	
✕

	
✕




	
Chestnut industry

	
Chestnut shells

	
✕

	
[image: Biomass 03 00021 i051]

	
✓

	
✓

	
✕

	
✕

	
✕

	
✕

	
✓




	
Locust bean gum industry

	
Carob pulp

	
✕

	
✕

	
✓

	
✓

	
✓

	
✓

	
 ✓(c)

	
✕

	
✕




	
Wine

industry

	
Grape marc

	
✕

	
✓

	
✓

	
✕

	
✓

	
✓

	
 ✓(c)

	
✕

	
✕




	
Tomato industry

	
Tomato pomace

	
✕

	
✓

	
[image: Biomass 03 00021 i051]

	
[image: Biomass 03 00021 i051]

	
[image: Biomass 03 00021 i051](a)

	
[image: Biomass 03 00021 i051](a)

	
[image: Biomass 03 00021 i051](b)

	
✕

	
[image: Biomass 03 00021 i051]




	
IWWTP sludge from tomato processing

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕




	
Dairy

industry

	
Residue from yogurt production

	
✓

	
✕

	
✕

	
✕

	
✕

	
[image: Biomass 03 00021 i052](a)

	
[image: Biomass 03 00021 i052](a)

	
✓(a)

	
[image: Biomass 03 00021 i052]




	
IWWTP sludge from yogurt production

	
✕

	
✓

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕




	
Fruit processing

	
IWWTP sludge from fruit processing

	
✕

	
✓

	
✓

	
✓

	
✕

	
✕

	
✕

	
✕

	
✕




	
Poultry

	
Poultry litter

	
✕

	
✓

	
✓

	
✓

	
[image: Biomass 03 00021 i051]
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✕

	
✓




	
Pulp and paper industry

	
Primary sludge

	
✕

	
[image: Biomass 03 00021 i051]

	
[image: Biomass 03 00021 i051]

	
[image: Biomass 03 00021 i051]

	
✕

	
✕

	
✕

	
✕

	
[image: Biomass 03 00021 i051]




	
Liquid Sludges and Fats

	
MSW-Separated streams

	
Food waste hydrolysate for organic valorisation

	
✕

	
✓

	
✕

	
✕

	
✕

	
✕

	
Technology not applicable to this sample group

	
✕

	
✕




	
Olive oil industry

	
Olive oil residual organic fraction with high fat content

	
✓

	
✕

	
✕

	
✕

	
✕

	
[image: Biomass 03 00021 i052]

	
✓

	
✕




	
Chestnut industry

	
IWWTP sludges from chestnut processing

	
✕

	
✓

	
✓

	
✓

	
✕

	
✕

	
✕

	
✕




	
Wine

industry

	
Wine lees

	
✕

	
✓

	
✕

	
✕

	
✕

	
✕

	
✕

	
✕




	
Dairy

industry

	
Cheese whey and second cheese whey

	
✕

	
[image: Biomass 03 00021 i052]

	
✓

	
✓

	
✕

	
✕

	
✕

	
✕




	
Fruit processing

	
Wastes from fruit processing

	
✕

	
✓

	
✓

	
✓

	
✕

	
✕

	
✕

	
✕








✓ Admissible; [image: Biomass 03 00021 i051] Conditional admission: only some samples are admissible; ✕ Not Admissible; [image: Biomass 03 00021 i052] Inconclusive admission. (a), Admissible after moisture adjustment; (b), Admissible after moisture adjustment and granulometry reduction; (c), Admissible after granulometry reduction.













 





Table 7. Product yields, process rates and product concentration obtained with the case-studies by technology and matrix: (a) Solid Residues and Thick Sludges; (b) Liquid Sludges and Fats matrix.
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(a)

	
SOLID RESIDUES AND THICK SLUDGES




	
Technology

	
T1

(Trans)Esterification

	
T2

Anaerobic

Digestion

	
T3

Alcoholic Fermentation

	
T4

Dark Fermentation

	
T5

Combustion

	
T6

Gasification

	
T7

Liquid Pyrolysis

	
T8

Hydrothermal Liquefaction




	
Product

	
Biodiesel

	
Biogas and Biomethane

	
Ethanol

	
Hydrogen

	
Electricity and Heat

	
Syngas

	
Bio-Oil

	
Bio-Oil






	
Food waste

	
N.A.

	
(+)

	
(+)

	
YP/S = 72 L H2/kgdb

QP = 0.26 L H2/L.h

CP = 93% (V/V) H2

	
N.A.

	
N.A.

	
N.A.

	
N.A.




	
Green and brown wastes

	
N.A.

	
(+)

	
(+/−)

	
N.A.

	
(+/−)

	
(+/−)

	
N.A.

	
YP/S = 700 g bio-oil/kgdb

TProc = 30 min.

Crude bio-oil, requires refining




	
Olive pomace

	
N.A.

	
YP/S = 4 L CH4/kg

QP = 0.01 L CH4/kg.h

CP = 69% (V/V) CH4

	
(+)

	
(+/−)

	
YP/S = 5–9 MJ/kgdb †

TProc < 5 min.

	
YP/S = 1 m3 syngas/kgdb

TProc < 5 min.

CP (%, V/V) =

43.6 H2; 27.6 CO2;

15.5 CO;

13.3 CnHm

	
N.A.

	
(+/−)




	
Olive tree leaves

	
N.A.

	
(+)

	
(+)

	
N.A.

	
YP/S = 6–10 MJ/kgdb †

TProc < 5 min.

	
YP/S = 1 m3 syngas/kgdb

TProc < 5 min.

CP (%, V/V) =

30.6 H2; 20.7 CO2;

27.4 CO;

21.3 CnHm

	
N.A.

	
(+/−)




	
Olive stone

	
N.A.

	
N.A.

	
N.A.

	
N.A.

	
YP/S = 6–10 MJ/kgdb †

TProc < 5 min.

	
YP/S = 1 m3 syngas/kgdb

TProc < 5 min.

CP (%, V/V) =

41.1 H2; 31.2 CO2;

14.2 CO;

13.5 CnHm

	
N.A.

	
N.A.




	
Chestnut shells

	
N.A.

	
YP/S = 11 L CH4/kg

QP = 0.06 L CH4/kg.h

CP = 46% (V/V) CH4

	
(+)

	
YP/S = 12 L H2/kgdb

QP = 0.13 L H2/L.h

CP = 50% (V/V) H2

	
N.A.

	
N.A.

	
N.A.

	
(+)




	
Carob pulp

	
N.A.

	
N.A.

	
YP/S = 0.24 L EtOH/kgdb

QP = 1.8 g EtOH/L.h

CP = 63 g EtOH/L

	
YP/S = 84 L H2/kgdb

QP = 0.20 L H2/L.h

CP = 93% (V/V) H2

	
(+)

	
(+)

	
N.A.

	
N.A.




	
Residue from yogurt production

	
YP/S = YFAME/oil = 1.5% (w/w)

YP/S = YFAME/sample = 0.9% (w/w)

CP = 7.8% (w/w) esters ‡

	
N.A.

	
N.A.

	
N.A.

	
N.A.

	
(−)

	
YP/S = 810 g bio-oil/kgdb

TProc = 30 min.

CP = 71% (V/V) distilled fraction in crude bio-oil

	
(−)




	
IWWTP sludge from yogurt production

	
N.A.

	
YP/S = 2 L CH4/kg

QP = 0.01 L CH4/kg.h

CP = 73% (V/V) CH4

	
N.A.

	
N.A.

	
N.A.

	
N.A.

	
N.A.

	
N.A.




	
Primary sludge from pulp and paper industry

	
N.A.

	
(+/−)

	
YP/S = 0.26 L EtOH/kgdb

QP = 1.4 g EtOH/L.h

CP = 50 g EtOH/L

	
(+/−)

	
N.A.

	
N.A.

	
N.A.

	
(+/−)




	
(b)

	
LIQUID SLUDGES AND FATS




	
Technology

	
T1

(Trans)Esterification

	
T2

Anaerobic

Digestion

	
T4

Dark Fermentation

	
T7

Liquid Pyrolysis




	
Product

	
Biodiesel

	
Biogas and Biomethane

	
Hydrogen

	
Bio-Oil




	
Olive oil residual organic fraction with high fat content

	
YP/S = YFAME/oil = 40.5% (w/w)

YP/S = YFAME/sample = 19.7% (w/w)

CP = 34.9% (w/w) esters ‡

	
N.A.

	
N.A.

	
YP/S = 830 g bio-oil/kgdb

TProc = 30 min.

CP = 70% (V/V) distilled fraction in crude bio-oil




	
IWWTP sludge from chestnut processing

	
N.A.

	
YP/S = 2 L CH4/L

QP = 0.01 L CH4/L.h

CP = 70% (V/V) CH4

	
(+)

	
N.A.




	
Second cheese whey

	
N.A.

	
(−)

	
YP/S = 0.33 L H2/L

QP = 0.06 mL H2/L.h

CP = 46% (V/V) H2

	
N.A.




	
Wastes from fruit processing

	
N.A.

	
YP/S = 2 L CH4/L

QP = 0.01 L CH4/L.h

CP = 62% (V/V) CH4

	
YP/S = 34 L H2/L

QP = 0.23 L H2/L.h

CP = 74% (V/V) H2

	
N.A.








db, dry basis; N.A., Not admissible; (+), Admissible but not tested; (+/−), Admissible after adjustment but not tested; (−), Inconclusive admission and not tested; YP/S, Product yield; QP, Production rate; TProc, Process time; CP, Product concentration; †, Expected values; ‡, The introduction of a previous solvent extraction step (such as hexane) followed by distillation of solvent and (trans)esterification of the oil enables the ester content of the final product to be increased.
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1¥step TECHNOLOGIES 1, T2 T3 T4 T5 T6 T7 L
Trans- Anaerobic  Alcoholic Dark Combustion Gasification Pyrolysis e
esterification Digestion Fermentation Fermentation 1.3: facti
Parameter Results Solid Liquid quefaction
Total Moisture (% w/w), ar 22-44 <40 <20 <20 <20 50-80
Oil (% w/w), ar 3.0-7.7 >40 <30 >30
Kjeldahl Nitrogen (% w/w), ar 0.63 -0.81 20.01
Total Volatile Solids, (% w/w), ar 52 -69 205
Carbon/ Nitrogen ratio 46 - 48 10-60
Total Hydrolysed Sugars
(as glucose) (% w/w), db 20-23 220 225
Ash at 815 °C (% w/w), db 6.7 -10 <20 <20 <20 <20
Total Chloride (% w/w), db <0.14 <1 <1 <1 <1
Total Sulphur (% w/w), db 0.11-0.12 <2 <2 <2 <2
Higher Heating Value, (M]/kg), db 22-23 =216 216 216
Bulk Density (kg/L), ar 0.11-0.12 >0.12
Mean Particle Diameter, dso (mm), ar 2.5 — 7.7 <80 <2 <10
Hydrogen / Carbon ratio 0.12 0.08 -0.15
- - Bio- Bio- Electnaty o
PRODUCTS | Biodiesel Biogas Ethanol et | e Syngas Bio-oils
Samples admissibility as received ) x v v x v< X X x X

*, values determined in pre-dried samples
[ 2 step Criteria to be satisfied after eventual adjustments of moisture* and particle dimension**
Total moisture, % (w/w), after adjustment * <40 <20 <20 <20 50 - 80
Ra¢= Total moisture, ar / Total moisture, adjusted * 1<Rm=15 1<Rm=£3 1<Rm<3 1<RM<25 0.6 <Rm<1

fean Particle Diameter, d=o (mm), ar <80 4 <10
l Samples admissibility after adjustment ) X / / X v J( / X V(

*, Natural drying (T5, T6, T7-50l.), Decantation (T7-Liq.) or Humidification (T8); **, Milling
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