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Abstract

:

The Sustainable Development Goals along with national policies pave the way to a sustainable, circular, and resource efficient development model. The environmental scenario could change with the promotion of biofuels such as bioethanol. Recent research on bioethanol aspires to reduce the costs production, via the optimization of process variables and the increase in ethanol yields. This study presented a stepwise upscaling of bioethanol production from dried source-separated municipal biowaste. Three different scales (250 mL, 4 L, 100 L) were examined applying advanced ethanol production via simultaneous saccharification and fermentation. The bioprocess runs at each of the three scales and produced very similar ethanol yields, indicating excellent scalability. The validated optimum conditions at the pilot scale were 25% solids loading, Spirizyme 40 μL/g starch, NS87014 175 μL/g cellulose, and 2% S. cerevisiae. The results from the pilot trials were very successful and repeatable. Τhe mean ethanol yield was 86.60 ± 4.91%, while the structural component such as starch and cellulose were efficiently hydrolysed. The produced ethanol was recovered and purified meeting the standards of absolute ethanol, rendering it suitable for industrial uses and for biofuel use as well. Energy consumption aspects were discussed as well. Conclusively, all the stages of the value chain for source-separated biowaste valorisation (collection, treatment, added value product recovery) were successfully showcased.
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1. Introduction


Biowaste, with a share of 34% of municipal waste in the EU stands as a serious environmental, economic, and social problem. Given that food waste accounts for nearly 60 % of all biowaste, it is obvious that it is a key waste stream with a high potential in contributing to the transition to a circular economy. According to the latest statistical data (2019), it is estimated that the global food waste production is 931 × 106 tonnes, deriving from households (61%), food service (26%), and retail (13%). The evaluation of the problem set by this waste stream could be made if someone takes into consideration the fact that 33% of the global food production ends up as waste and that 8–10% of global greenhouse gas emissions (GHG) is attributed to food waste. Regarding Europe, the annual production of food waste is around 88 × 106 tonnes, which means 174 kg of food waste produced per person with a cost of 143 billion euros and GHG emissions up to 170 × 106 CO2-eq [1].



Taking into consideration the global hunger as well as the shortage of natural resources, it is evident that waste management could be considered as one of the most important challenges of the 21st century. The legislation framework of waste management at the national and international level sets waste minimization/prevention and valorization as first priorities for effective management, for food security, and for improvement of food industry sustainability.



In order to ensure that food waste may be utilized as a source of high-quality value-added products, it needs to be separately collected at source while keeping impurities as low as possible. Implementing a separate biowaste collection system is a complex process and needs a comprehensive and coordinated policy framework. Strategy schemes such as Targets or Pay-As-You-Throw are necessary, to create clear incentives to divert food waste from residual waste. In the food waste hierarchy (Figure 1), food waste prevention has the highest priority and disposal is the least desirable option. However, not all food waste could be prevented, so technologies valorizing it must be developed in order to promote, reuse, and recycle.



Biofuels production from food waste stands as a preferable and feasible option in the waste hierarchy promoting waste recycling into value-added products. Additionally, in view of facing fossil fuels dependance and their price volatility, of reversing the climate change, and of taking into account the need to phase out fossil fuels, biofuels have a key role as a solution for low carbon transport according to EU principles and goals.



Bioethanol, defined as ethanol produced from biomass, is the leading biofuel in the global transportation. Its annual world production was 27.3 billion gallons in 2021, which increased by 110% from 2007 [2]. Despite these efforts, USA (54.92%) and Brazil (27.46%) remain the producer countries. Currently, starchy and sugar feedstocks are used for bioethanol production which is referred to as first generation (1G) bioethanol. Although this process is quite simple, its main drawback is the high feedstocks’ price accounting for 40–70% of the total bioethanol cost. In view of low-cost feedstocks, lignocellulosic biomass was recognized as the most promising raw material for production of second-generation bioethanol (2G), given its high availability, low cost, and the absence of competence with food production as 1G feedstocks do. Nevertheless, the bioconversion of lignocellulosic feedstocks to bioethanol is more challenging than the respective process for 1G bioethanol. Due to the lignocellulosic biomass structure (40–65% cellulose, 20–45% hemicellulose, and 10–25% lignin), the 2G bioethanol production cost is too high to be competitive [3].



Even though 2G ethanol is a sustainable option, it is still in its infancy. Nevertheless, municipal and industrial biowastes could stand as promising feedstocks for bioethanol production given emission savings, the added value of the new waste management schemes, along with the circular economy strategy promotion [4,5].



Thus, several researchers work on the advanced bioethanol production from food waste given their high carbohydrate and free sugars contents (>50%). This perspective is very advantageous since it is a renewable and sustainable solution with low carbon footprint [6,7].



According to literature [6,8,9], there is a wide variety of 2G bioethanol production methodologies from household food waste, revealing that elevated efficiencies (>80%) are achievable if stages of pretreatment, saccharification, and fermentation are applied. It has been reported that enzymatic blends could be favourable for bioethanol yield. Nevertheless, it is pointed out that the energy demands and the enzyme cost could be considered as the major bottlenecks [9].



Within the proposed methodologies, simultaneous saccharification and fermentation (SSF) is an auspicious process mode for the bioconversion of food waste to ethanol. SSF is considered to present operational potential, since process integration results in reduced fermentation time and thus reduced production costs. The main advantages of SSF fermentation mode where the saccharification and fermentation processes take place simultaneously, instead of being subsequent steps, are the alleviation of the end-product’s inhibition during enzymatic hydrolysis, the lower energy needs, and the reduced costs. On the other hand, favorable operational conditions for both processes are sought and there are difficulties in the recycling of yeast and enzymatic formulations. In view of this, SSF usually takes places at 37 °C by applying reduced yeast concentration and elevated solids loading [10].



In this work, an optimization of the treatment train producing bioethanol from source-separated food waste and further upscaling from lab to pilot scale was performed. The main aim of this paper was to carry out a stepwise verification and upscaling process for ethanol production from source-separated food waste. Regarding the source—separated food waste—so far in literature, most of the research is based on synthetic food waste [11,12,13,14,15,16] or restaurants and cafeteria food waste [11,17,18,19,20,21,22,23,24,25,26,27] but, in this study, real household food waste produced by citizens was used as feedstock.




2. Materials and Methods


2.1. Materials


The raw material utilized within this paper was source separated biowaste that was compiled in the Vari-Voula-Vouliagmeni Municipality in Attika, Greece. It was delivered to the Unit of Environmental Science and Technology (UEST), School of Chemical Engineering, NTUA. Upon delivery, the biowaste was submitted to a simultaneous drying and milling process by a GAIA (GC-100) waste dryer since its high moisture content makes biowaste susceptible to microbial decomposition and thus renders it improper for long-term storage.



All chemicals used were of analytical grade. Spirizyme XL, which is an amylolytic formulation, and non-commercial NS87014, which is a cellulolytic enzyme, were provided by Novozymes (Bagsværd, Denmark). The activity of Spirizyme XL was measured equal to 2337 U/mL [28]. Similarly, the activity of NS87014 was measured equal to 333 FPU/ mL [29]. S. cerevisiae was utilized as fermentation yeast in the form of a commercial baker’s yeast. Zeolite 3A was purchased by ThermoFisher (Waltham, MA, USA) (CAS no 308080-99-1) with a particle size of 2–5 mm.




2.2. Analytical Methods


The NREL laboratory analytical procedure was followed for the determination of moisture, water soluble solids, lignin, cellulose, and hemicellulose in biowaste (raw and pretreated) [30,31,32]. The Total Starch (AA/AMG) test kit (e.g., Megazyme, Wicklow, Ireland) was utilized for total starch analysis according to the AACC Method 76-13.01. Fats and lipids were quantified by applying the Soxhlet standard method (5520E) [33]. Glucose, volatile fatty acids, and ethanol were determined in the liquid fraction photometrically (Spectroquant Pharo 300 Merck, Darmstadt, Germany) by using marketable kits. Glucose measurement was carried out through the Glucose oxidase-peroxidase method (GOD/PAP) (Biosis SA, Athens, Greece). Volatile Fatty Acids (VFA) were determined by the Spectroquant Volatile Organic Acids Test 1018909 by Merck KGaA Mellipore, Darmstadt, Germany. Ethanol concentration was estimated by an Ethanol Assay Kit (K-EtOHLQR, Megazymes). The recovered ethanol was analysed according to ISO 9001:20. All analyses took place in duplicate.




2.3. Experimental Methods


2.3.1. Lab-Scale


Within this study, simultaneous saccharification fermentation (SSF) was studied as the fermentation mode. Initially, a 23 factorial experiment was designed at lab scale aiming to evaluate the impact of the process variables (amylase, cellulase, and yeast dosages) on the ethanol yield. The ethanol yield was expressed according to Sofokleous et al. [34]. SSF at lab scale was conducted in 250 mL Erlenmeyer flasks at 35 °C in an Unitronic-Orbital, PSelecta water bath and 10% solid loading in a batch mode, based on preliminary experiments [35]. In Table 1, the controlling parameters of the factorial experiment along with its levels are given.



In this experimental design (23 factorial experiment), eight experiments were performed in triplicate. Five additional experiments in the centre of the design were performed for statistical reasons as well.




2.3.2. Bench-Scale


The first scale-up step was conducted from a lab scale reactor to a bioreactor of 4 L working volume. The optimum conditions for achieving the maximum ethanol yield from the lab scale factorial experiment were applied in this reactor. Apart from scaling up, the effect of solid loading was also evaluated, since high solid loading could increase the ethanol concentration, reducing the distillation cost and rendering bioethanol recovery easier. Consequently, elevated solid loadings could save capital and operational costs. Yet, there exists mass and heat transfer restraints and enzyme inhibition in viscous media. Thus, the application of elevated solid loadings could have a negative impact on ethanol production [36]. In this context, solid loading was set as an optimisation parameter. Different solid loadings were applied from 10% to 30% with a step of 5%. Bench scale experimentation was performed in a 4 L reactor with double walls for the control of temperature at 35 °C, which was also mechanically stirred at around 850 rpm.




2.3.3. Pilot-Scale


The experiments in the pilot scale were performed in a bioconversion pilot plant within the premises of UEST, which consists of two agitated horizontally rotating vessels (200 L each) made of stainless steel (Figure 2). These reactors may work independently under different operating conditions. Their temperature is controlled by water recirculation within their double walls. A distillation pilot unit is used to recover the produced ethanol at 70 °C with the aid of a low vacuum. The pilot plant operation is controlled via a Programmable Logic Controller.



A total of 14 pilot trials were performed under the optimum condition that had been derived from bench scale experiments in order to evaluate not only the efficiency, but also the repeatability of the process. During the saccharification and fermentation processes, with a view to better monitor the process, samples were collected at an hourly basis and were characterized in terms of ethanol and glucose. Ethanol yield (g/100 g theoretical ethanol) was set as the optimization parameter for the bioprocess. After 24 h of fermentation, distillation took place under a vacuum. The collected condensate was further processed for additional dehydration, while the stillage was fully characterised.






3. Results


3.1. Raw Material


In total, around 3 tonnes of source-separated food waste were collected in 23 different batches from the Vari-Voula-Vouliagmeni municipality. In Table 2, the physicochemical characteristics of all the different batches collected during this study are presented.



According to Table 2, the mean initial moisture of the feedstock was around 75.9 ± 2.2% (% w/w wet basis). The mean characteristics of the dried raw material were as follows (% w/w dry basis): ash 9.5 ± 2.5, starch 7.7 ± 3.4, cellulose 14.6 ± 3.6, hemicellulose 9.4 ± 4.9, fats and oils 11.2 ± 2.7, acid soluble lignin 1.8 ± 1.9, acid insoluble residue 12.5 ± 5.0, water soluble solids 33.0 ± 4.9, and free glucose 1.6 ± 1.1.



In view of bioethanol production from the source-separated biowaste, the components of high interest are cellulose starch and free glucose. In Figure 3, the annual mean content of these components is presented. From this figure, a gradual and intense decrease in cellulose content per year can be observed. Starch content presented a notable increase in 2021 but decreased after that, while free glucose remained at low levels. These changes may be attributed to the COVID-19 pandemic and the respective restrictions that had a strong impact on the eating habits of people.



In an effort to determine whether the differences in the structural components contents of source-separated food waste from year to year presented in Figure 3 were statistically important, a statistical analysis was carried out via GNU PSPP version 1.6.2 software. Τhe hypotheses tested were:



H0: 

Successive year (2020 to 2021, 2021 to 2022) does not affect the composition in terms of free glucose, cellulose, and starch of source-separated food waste.





H1: 

Successive year does affect the composition of source-separated food waste.





This hypothesis was tested using a two-sample t-test with equal variance to ascertain whether the different years influenced the food waste composition. This was judged by testing if the mean difference between solid waste parameters was statistically significant at a 95% confidence interval. The statistical analysis in Table 3 shows in which cases the null hypothesis, H0, can be accepted against the H1.



From Table 3, it can be assumed that cellulose and starch contents presented unsignificant variation between 2020–2022, whereas the variation of free glucose was notable in the case of 2021 to 2022. Free glucose is the component that is consumed first after biowaste collection. Thus, this statistically significant variation may be attributed to changes in the storing of biowaste from the citizens and its collection from the cleaning services of the municipality.



The impact of seasonality on the structural components of interest (i.e., cellulose, starch, and free glucose) of source-separated biowaste in the municipality of Vari-Voula-Vouliagmeni is presented in Figure 4.



In general, the seasonality does not seem to affect the composition of the source-separated biowaste in any specific way. Perhaps the higher cellulose content of biowaste during autumn and winter could be attributed to the consumption of legumes, nuts, peas, cabbage, and apple skins during that period in Greece. In order to assess in a more decisive way the impact of seasonality, statistical analysis was also performed. The hypotheses tested were:



H2: 

Successive seasonality (Winter to Spring, Spring to Summer, Summer to Autumn, Autumn to Winter) does not affect the composition in terms of free glucose, cellulose, and starch of source-separated food waste.





H3: 

Successive seasonality does affect the composition of source-separated food waste.





This hypothesis was tested as above by checking whether there are differences between their mean values at a 95% confidence interval for which the threshold probability for significance is p < 0.05. The statistical analysis in Table 4 shows in which cases the null hypothesis, H2, can be accepted against the H3.



Throughout the samplings performed, the seasonality seems to affect just free glucose content. This could be possibly due to the respective seasonality of fruits and vegetables largely consumed in Greece. During Summer, the concentration of free glucose is the lowest and this fact can be attributed to the high temperature observed during the summer period in Greece (18–33 °C) (https://www.worlddata.info/europe/greece/climate.php, accessed on 3 July 2022) that favours and accelerates the bioconversion of glucose. In conclusion, source-separated food waste presents fluctuations in annual and seasonal basis that, however, are not statistically important.



Similarly, Hansen et al. [37], who analyzed 40 samples of source-separated municipal solid waste gathered from five Danish cities during a whole year, did not observe any statistical important variations in structural components (protein, fiber, starch, sugars) apart from ash. Additionally, Thakali et al. [38] reported that there were limited differences in the chemical components among the different seasons in source-separated biowaste in Sweden, Norway, and Finland.




3.2. Lab-Scale


The results of the factorial experiment in terms of ethanol, remaining glucose, and TOC concentrations are presented in the following table (Table 5). The respective total solids degradation efficiencies and ethanol yields are also presented in this table (Table 5).



From this table (Table 5), it is obvious that the mean ethanol yield was equal to 80.3 ± 4.9%. Similar ethanol concentrations were achieved in all trials and the released sugars were successfully fermented to bioethanol since the remaining glucose contributes to total carbon by just 0.5 ± 0.2%, while ethanol by 32.0 ± 1.5%. Furthermore, almost 50% of the solid feedstock was hydrolysed for all cases.



Based on the results of the factorial design and according to literature [39,40] regarding the mathematical simulation of the process, it was proven that none of the controlling parameters or their interrelations were statistically important. This implies that the range selected was the optimum, given the absolute values of ethanol yield. Thus, the model that derived was Y = b0 = 80.0. Therefore, the center of the experimental design (Spirizyme 40 μL/g starch, NS87014 175 μL/g cellulose and 2% w/w S. cerevisiae) could be considered the optimum conditions for achieving the maximum ethanol yield. Hence, these conditions were applied in the first scale-up step in the 4 L bioreactor.



In line with the results of the present study, Passadis et al. [35] reported that SSF fermentation of source-separated household biowaste with 10% solid loading, 175 μL NS22177/g cellulose, 40 μL NS22109/g starch, and 2% w/w S. cerevisiae for 18 h at 35 °C presented an 80% ethanol yield and a final ethanol concentration equal to 13.3 ± 1.0g/L.



Moreover, Wang et al. [41] also observed similar ethanol yields (around 77%) after the application of SSF on kitchen waste with 11.5% solid loading. Koike et al. [22] also reported ethanol yields that ranged from 76 to 84% when applying SSF to canteen waste with 10% solids loading.




3.3. Bench-Scale


The results of the bench scale experiments are presented in Table 6.



It is obvious that the increase in solid loading up to 25% resulted in high ethanol yields over 80% in all cases and increasing ethanol concentrations, as expected. Further loading increase from 25 to 30% led to a sharp decrease in ethanol yield from 84.6% to 52.7%, implying that the high solids concentration inhibits the progress of the saccharification and fermentation processes. Similar ethanol yields (84.3%) were achieved when source-separated biowaste were subjected first to liquefaction (with a-amylase) and then to SSF with flocculating yeast S. cerevisiae KF-7 [22]. Similarly, aiming to further boost ethanol concentration over the 4% threshold, a fed batch mode with 25% solids loading was carried out by Edeh [42]. Although a final ethanol concentration of 30 g/L was achieved, the ethanol yield was lower (60%) in comparison to the present study. Lower ethanol yields (48–50%) were also observed by Alamanou et al. [43] who applied SSF on household food waste with 20% solids loading. The effect of solid loading on ethanol yield was also studied by Passadis et al. [35] at the range of 10 to 20% and reported that ethanol yields during SSF were slightly decreased from 80% to 78%.



Furthermore, the upscaling of the process at 10% solid loading by a factor of 25 provided similar ethanol and residual glucose concentrations, given that the positive impact of upscaling on the ethanol yield was just 2%. Thus, the transition from lab to bench scale is satisfactory since the productivity and end-product’s quantity remain comparable. Aruwajoyeet al. [44] also reported a positive effect on the upscaling SSF process of cassava peels from 1 L to 10 L, considering that this fact is related to the changes that occur in the hydrostatic pressure of the fermentation and in the shear stress.



The total ethanol yield was fractionated in accordance with its origin, based on the achieved degradation of cellulose and starch and the consumption of free glucose (Figure 5). It is evident that the proportion of ethanol yield attributed to starch hydrolysis is nearly the same for all cases examined, given that in all cases starch degradation amounted to almost 97%. This also applies for free glucose. Higher but not notable fluctuations were observed for cellulose.



Salimi et al. [45] also reported high starch degradation (reaching up to 95%), whereas cellulose degradation was much lower from 33% to 50% for increasing cellulase dosages. Similarly, Cox et al. [46] reported a 91.7% starch degradation when Spririzyme was used for enzymatic hydrolysis of bread waste.



Given the similar ethanol yields achieved between trials 1 to 4, the increasing ethanol concentrations, and the economies of scale, it was decided that the pilot trials for the dried feedstock would be conducted under SSF fermentation mode, 25% solids loading, Spirizyme 40 μL/g starch, NS87014 175 μL/g cellulose, and 2% w/w S. cerevisiae.




3.4. Pilot Plant


3.4.1. Bioconversion Process


Figure 6 presents a typical diagram of the time evolution of ethanol and glucose concentrations of the pilot trials performed.



The maximum ethanol concentration for most trials was achieved after 8–12 h of fermentation (Figure 6) while after that, ethanol concentration remained nearly stable. The maximum ethanol concentration produced by food waste (37.8 ± 8.2 g/L) presents satisfactory values in comparison with the results of Kiran et al. [47], Konti et al. [48], Alamanou et al. [43], Matsakas et al. [49], and Kim et al. [27] that observed bioethanol concentrations as high as 58 g/L, 53.9 g/L, 23.12 g/L, 42.78 g/L, and 57.5 g/L, respectively. Of course, the final ethanol concentration is closely related to the feedstock characteristics and the solid loading.



Taking into consideration the characteristics of the feedstock used and the derived stillage, the degradation efficiencies of the main components of the feedstock were calculated and are presented in Table 7.



A statistical evaluation for the determination of the boundaries for outliers for the data of Table 7 was performed via the Grubbs test. The outliers detected (cellulose degradation in trial 2 and starch degradation in trial 8) were excluded from the mean values estimation. The mean degradation of starch was 94.6 ± 2.4% whereas the respective percentage of cellulose was 76.8 ± 5.2%, significantly higher than other researches [45,50].



Figure 7 presents the ethanol yields for all trials performed, along with the ethanol produced per tn of dried feedstock.



The results were very successful and repeatable, and the mean ethanol yield was 86.6 ± 4.9% excluding outliers. It is noteworthy that ethanol yield results were verified by the polysaccharides’ degradation. The impact from further upscaling from bench to pilot scale by a factor of 25 was proved as minimal since the achieved efficiencies in terms of ethanol yield were within the same confidence interval.




3.4.2. Ethanol Recovery


At the end of the 24 h bioconversion period, the fermentation broth contained about 4.4 ± 0.8% v/v (34.8 ± 6.3 g/L) bioethanol. The latter can be considered low compared to first generation bioethanol, which can reach up to 12% v/v (95 g/L). Next, the fermentation mixture was distilled at 70 °C, with the aid of a spiral column and a vacuum pump. In 3 h, a distillate of 8.1 ± 0.8 L in volume with an ethanol content of 27.4 ± 1.8 % v/v (216.8 ± 14.2 g/L) was recovered.



In each trial, the first two distillates collected in 15 min and 30 min were a little cloudy and yellowish in appearance (Figure 8). This fact could be due to the distillation of volatile components such as acetone, methanol, and various esters that present a lower boiling point than ethanol and to the hardness of process water.



The average distillation flow rate was equal to 42.8 ± 1.4 mL/min, while it is estimated that within the distillation time (180 min) 61.6 ± 5.6 % of ethanol produced was recovered.



Further purification of bioethanol was conducted in a lab-scale unit with two fractional columns (Vigreux columns) and a vacuum pump. In this case, the purity of the produced bio-solvent reached up to 94–95% v/v. This threshold cannot be exceeded due to the formation of a minimal azeotrope boiling at 78.15 °C and 1 atm. To use bioethanol’s full potential, it should be obtained as anhydrous bioethanol (>99.5% v/v). Thus, a zeolite 3A was used for the dehydration of produced bioethanol achieving 99.6% v/v (788.1 g/L) purity. The mean physicochemical characteristics of the recovered bioethanol are presented in Table 8.



In view of positioning bioethanol in the market, various applications are reported depending on its quality. To be more specific, there are four types of renewable ethanol based on the alcoholic strength. The denatured ethanol has the lowest alcoholic strength, 88–90% v/v, and can be used in a diverse applications except those including human consumption. Its most common applications are for chemicals in pesticides and home cleaning products. The next two categories are similar in use, the industrial and pure ethanol, with 96% v/v strength. Industrial ethanol is mainly used as a chemical and solvent, whereas pure ethanol is suitable for the pharmaceutical, food and beverage industries. Absolute ethanol with an alcohol strength of over 99.7%, is considered an alternative energy source due to its energy content and purity.



According to the data presented in Table 8, the ethanol produced within this study, meets the limits set for industrial uses and can be used in such applications as a solvent. More precisely, because of its structure, polar compounds such as water and non-polar such as hexane can be dissolved. It is worth noting, that the results are superior to the requirements for industrial uses and thus the dehydration step is not necessary. The same applies for denaturated ethanol.



Additionally, all characteristics are within the range, defined by the EEC Reg. 110/2008 and European Pharmacopoeia, for applications as pure ethanol. Just the total higher alcohol content (0.45 g/hL p.A.) is near but within the limit (0.5 g/hL p.A.). The main purpose of pure ethanol is to be used in the pharmaceutical industry and for the production of personal care products. As mentioned before, for this kind of application the dehydration process is not necessary as 95–96 % v/v purity can be achieved from distillation only. Finally, the results showed that the produced bioethanol is a high purity biofuel according to the EN 15376:2012, with a purity of 99.6% v/v, and suitable for the production of biofuel E10 (reference gasoline + 10% bioethanol), according to the EN 228:2012 for unleaded petrol 95 RON.



Regarding energy consumption, the analysis was conducted for the three main stages of the process: drying, simultaneous saccharification and fermentation process, and final recovery of produced ethanol via distillation.



As far as the drying process in the GAIA dryer GC-100 is concerned, the energy consumption per kg of wet feedstock as received is 0.66 kWh/kg, whereas the respective consumption per kg of dried feedstock amounts to 2.46 kWh/kg.



During bioconversion process, energy is consumed for the heating and mixing purposes. The conditions applied during the SSF pilot trials are presented in Table 9.



The time intervals of 0–8 h and 9–24 h are defined based on the fact that in most cases at the 8th hour of the experiment, the maximum ethanol concentration is observed (Figure 6). Thus, the energy consumption is broken down into 0.24 kWh/kg dried feedstock for the time interval 0–8 h and 0.44 kWh/kg dried feedstock for 9–24 h. The total energy consumption for the bioconversion process of each trial was measured equal to 14.89 ± 4.66 kWh.



Regarding distillation, the energy consumption could be attributed mainly to the heating (~70 °C), stirring (40 min/h, 40% stirring rate), and vacuum pump operation (0.2 kW). The mean energy consumption for the distillation was 26.71 ± 4.67 kWh for the trials conducted or 12.74 ± 2.23 kWh/L ethanol. The derived ethanol solution is further dehydrated by additional distillation steps and zeolite purification as described above, but these processes were performed on lab scale devices and thus energy consumption is not included in the total distillation energy consumption.



To sum up, the mean total energy consumption of the optimized process treating source-separated biowaste is 4.26 ± 0.26 kWh per kg of dried feedstock, or around 0.85 kWh per kg of wet feedstock as received or 31.41 ± 4.06 kWh per L of ethanol produced. This consumption could be fractionated as presented in Figure 9. It should be noted that the high contribution of drying in the total energy consumption is due to the electrical energy consumed by GAIA dryer. In a larger scale, a rotary drum dryer could be incorporated in the treatment scheme with a biomass burner that would need to consume around 120 kg biomass per tn of wet feedstock.






4. Conclusions


Testing real source-separated biowaste at the pilot scale is a critical phase in the development of a waste management technology that promotes renewable liquid fuels production for commercial applications. At the pilot scale, it is possible that operational issues may arise that are associated with the energy and mass transfer and momentum. The analysis and characterization of more than 3 tonnes of biowaste for almost 3 years verified its potential for bioethanol production given its carbohydrate content (20–44%). According to statistical analysis, it was proven that the fluctuations in the biowaste components were not statistically important. The 2-step upscaling of bioethanol production at pilot scale by applying SSF was efficiently achieved since:




	
the yield of ethanol production was 86.6 ± 4.9%;



	
the degradation of starch was very high equal to 94.6 ± 2.4%; and



	
the degradation of cellulose was measured equal to 76.8 ± 5.2%.








The results achieved are very promising for the viability of the process. At the end of SSF, a distillation unit was used to recover the produced ethanol. The first distillate was 27.4 ± 1.8 % v/v. Then, a lab scale distillation was used so the ethanol content would be nearly 94–95% and finally, with the aid of specific molecular sieves, 99.6% ethanol purity was achieved. Even though the process is technically validated, there are still many challenges to be addressed. Processing to a commercial-size application from laboratory and pilot-plant units often poses considerable issues since the transfer of an innovation to the socio-economic environment is by nature risky. It is also crucial to ensure a market maturity to “de-risk” the market penetration of the innovation.
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Figure 1. Food waste hierarchy. 
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Figure 2. Bioconversion pilot plant. 
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Figure 3. Cellulose, starch, and free glucose content (% d.b.) per year of source-separated food waste in the municipality of Vari-Voula-Vouliagmeni. 
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Figure 4. Seasonality of source-separated biowaste in the municipality of Vari-Voula-Vouliagmeni in terms of cellulose, starch and free glucose content (% d.b.). 
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Figure 5. Ethanol yield fractionation according to origin (starch, cellulose degradation, and free glucose consumption). 






Figure 5. Ethanol yield fractionation according to origin (starch, cellulose degradation, and free glucose consumption).



[image: Sustainability 14 12127 g005]







[image: Sustainability 14 12127 g006 550] 





Figure 6. Typical diagram of glucose and ethanol concentration during the pilot trials. 
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Figure 7. Ethanol yields for all trials performed, along with the ethanol produced per tn of dried feedstock. 
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Figure 8. The first portion of distillate (350 mL) of trial 7, 35 % v/v bioethanol, from the distillation pilot unit with the use of a vacuum pump. 
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Figure 9. Fractionation of energy consumption in the 3 process steps: drying, bioconversion, and distillation. 
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Table 1. Lab-scale factorial experiment set-up.
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	Parameter
	Low Level

(−)
	High Level

(+)
	Center





	SpirizymeXL (μL/g starch)
	20
	60
	40



	NS87014 (μL/g cellulose)
	100
	250
	175



	S. cerevisiae (% w/w)
	1
	3
	2
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Table 2. Physicochemical characteristics of source-separated food waste collected from the Vari-Voula-Vouliagmeni municipality.
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%

	

	
Dry Basis (%)




	
Batch

	
Date of Delivery

	
Moisture

	
Fats and Oil

	
Water Soluble Solids

	
Ash

	
Volatile Solids

	
Cellulose

	
Hemicellulose

	
Starch

	
Acid Soluble Lignin

	
Acid Insoluble Residue

	
Free Glucose






	
1

	
15/9/2020

	
75.7 ± 1.1

	
11.0 ± 0.8

	
37.7 ± 0.5

	
11.7 ± 0.4

	
88.3 ± 0.4

	
13.6 ± 1.8

	
33.8 ± 1.1

	
3.6 ± 0.5

	
1.2 ± 0.1

	
9.2 ± 1.2

	
1.6 ± 0.5




	
2

	
29/9/2020

	
78.0 ± 0.9

	
13.0 ± 0.6

	
32.1 ± 2.6

	
13.3 ± 1.7

	
86.8 ± 1.7

	
19.7 ± 5.3

	
6.8 ± 1.5

	
2.9 ± 0.9

	
1.4 ± 0.2

	
10.3 ± 1.2

	
1.6 ± 0.3




	
3

	
13/10/2020

	
76.2 ± 0.8

	
13.2 ± 0.3

	
35.2 ± 4.2

	
11.6 ± 0.5

	
88.4 ± 0.5

	
18.7 ± 3.8

	
3.9 ± 0.3

	
4.5 ± 1.6

	
1.4 ± 0.1

	
9.5 ± 1.4

	
2.6 ± 0.2




	
4

	
27/10/2020

	
76.8 ± 0.9

	
11.8 ± 0.5

	
35.0 ± 1.0

	
12.3 ± 0.2

	
87.7 ± 0.2

	
23.8 ± 1.5

	
4.4 ± 3.1

	
3.8 ± 0.8

	
1.2 ± 0.1

	
9.5 ± 0.3

	
0.8 ± 0.0




	
5

	
24/11/2020

	
76.0 ± 0.7

	
8.8 ± 1.0

	
34.1 ± 0.8

	
12.6 ± 0.2

	
87.4 ± 0.2

	
16.2 ± 1.7

	
4.2 ± 1.1

	
4.5 ± 0.9

	
1.0 ± 0.0

	
16.1 ± 0.5

	
2.8 ± 1.1




	
6

	
1/12/2020

	
75.1 ± 0.6

	
13.7 ± 1.9

	
37.7 ± 0.7

	
13.4 ± 0.4

	
86.6 ± 0.4

	
13.9 ± 0.9

	
3.9 ± 1.5

	
3.4 ± 2.4

	
1.0 ± 0.0

	
6.6 ± 0.9

	
2.5 ± 1.1




	
7

	
26/1/2021

	
73.2 ± 0.7

	
13.6 ± 1.4

	
33.6 ± 1.0

	
7.4 ± 0.4

	
92.6 ± 0.4

	
15.4 ± 1.8

	
8.7 ± 1.8

	
7.4 ± 0.7

	
1.0 ± 0.0

	
8.9 ± 0.4

	
3.9 ± 0.1




	
8

	
9/2/2021

	
72.6 ± 0.9

	
11.2 ± 2.1

	
25.5 ± 1.3

	
10.0 ± 2.4

	
90.0 ± 2.4

	
18.4 ± 2.4

	
8.7 ± 1.2

	
9.7 ± 2.7

	
3.0 ± 0.4

	
13.2 ± 2.4

	
2.4 ± 0.2




	
9

	
20/4/2021

	
73.9 ± 0.8

	
14.6 ± 1.6

	
27.7 ± 0.7

	
7.5 ± 0.5

	
92.5 ± 0.5

	
16.0 ± 3.8

	
8.5 ± 0.7

	
10.4 ± 1.7

	
1.4 ± 0.1

	
17.9 ± 0.2

	
3.0 ± 1.2




	
10

	
25/5/2021

	
71.5 ± 1.0

	
14.2 ± 1.0

	
26.8 ± 1.3

	
7.2 ± 2.6

	
92.8 ± 2.6

	
11.8 ± 2.7

	
4.7 ± 1.2

	
17.0 ± 2.3

	
2.2 ± 0.1

	
15.1 ± 1.0

	
1.7 ± 0.1




	
11

	
8/6/2021

	
76.7 ± 1.0

	
8.9 ± 1.1

	
37.4 ± 1.3

	
9.7 ± 0.2

	
90.4 ± 0.2

	
10.1 ± 2.0

	
13.0 ± 0.3

	
8.9 ± 0.2

	
10.1 ± 0.0

	
1.2 ± 1.3

	
0.3 ± 0.1




	
12

	
12/10/2021

	
79.2 ± 0.6

	
16.1 ± 1.4

	
29.5 ± 1.1

	
10.5 ± 0.2

	
89.5 ± 0.2

	
10.1 ± 1.8

	
8.3 ± 0.9

	
7.3 ± 0.4

	
1.6 ± 0.1

	
12.7 ± 1.2

	
2.2 ± 0.3




	
13

	
2/11/2021

	
79.1 ± 0.5

	
10.9 ± 1.5

	
36.5 ± 1.2

	
6.0 ± 0.3

	
94.0 ± 0.3

	
14.1 ± 1.6

	
9.5 ± 1.2

	
7.3 ± 0.9

	
1.4 ± 0.1

	
11.7 ± 0.7

	
2.2 ± 0.2




	
14

	
23/11/2021

	
76.0 ± 0.6

	
13.4 ± 0.2

	
29.4 ± 1.1

	
9.1 ± 2.2

	
90.9 ± 2.2

	
14.4 ± 2.7

	
2.3 ± 0.9

	
10.3 ± 0.9

	
0.9 ± 0.1

	
19.4 ± 0.7

	
1.5 ± 0.3




	
15

	
7/12/2021

	
78.4 ± 0.3

	
12.0 ± 1.3

	
30.8 ± 2.5

	
11.5 ± 0.3

	
88.5 ± 0.3

	
12.7 ± 5.8

	
9.3 ± 1.7

	
7.1 ± 0.1

	
1.8 ± 0.2

	
12.4 ± 0.3

	
2.1 ± 0.1




	
16

	
22/02/2022

	
76.1 ± 0.4

	
5.6 ± 2.0

	
36.0 ± 1.7

	
9.6 ± 0.9

	
90.4 ± 0.9

	
13.6 ± 1.5

	
19.3 ± 2.4

	
11.1 ± 1.0

	
1.8 ± 0.1

	
11.2 ± 1.8

	
2.1 ± 0.1




	
17

	
8/3/2022

	
77.3 ± 0.3

	
8.9 ± 0.8

	
38.6 ± 3.0

	
8.8 ± 0.7

	
91.2 ± 0.7

	
9.2 ± 2.5

	
12.9 ± 4.4

	
7.8 ± 1.0

	
1.0 ± 0.2

	
10.0 ± 1.2

	
1.0 ± 0.0




	
18

	
22/03/2022

	
72.3 ± 0.4

	
10.0 ± 1.1

	
42.4 ± 0.5

	
9.6 ± 0.2

	
90.4 ± 0.2

	
12.7 ± 1.0

	
15.0 ± 1.5

	
8.0 ± 0.8

	
1.1 ± 0.0

	
9.0 ± 0.5

	
1.0 ± 0.0




	
19

	
5/4/2022

	
77.1 ± 0.4

	
6.9 ± 1.3

	
38.2 ± 1.0

	
8.4 ± 0.6

	
91.6 ± 0.6

	
9.8 ± 0.6

	
15.6 ± 0.1

	
11.9 ± 0.6

	
1.2 ± 0.1

	
10.7 ± 0.2

	
0.6 ± 2.6




	
20

	
3/5/2022

	
74.7 ± 0.1

	
12.1 ± 2.5

	
32.2 ± 1.9

	
9.7 ± 0.4

	
90.3 ± 0.3

	
11.5 ± 5.0

	
10.3 ± 6.1

	
10.2 ± 1.0

	
1.9 ± 0.1

	
10.5 ± 1.0

	
0.1 ± 0.5




	
21

	
18/05/2022

	
74.5 ± 0.2

	
8.1 ± 0.7

	
29.5 ± 2.0

	
4.6 ± 0.6

	
95.4 ± 0.6

	
15.5 ± 0.3

	
9.9 ± 1.9

	
5.6 ± 0.5

	
1.7 ± 0.1

	
17.8 ± 2.7

	
0.1 ± 0.6




	
22

	
1/6/2022

	
79.0 ± 0.2

	
8.9 ± 1.0

	
22.9 ± 0.9

	
8.9 ± 0.3

	
91.1 ± 0.3

	
15.2 ± 2.1

	
20.2 ± 1.0

	
9.8 ± 1.1

	
1.2 ± 0.1

	
22.8 ± 1.2

	
0.1 ± 1.5




	
23

	
21/06/2022

	
75.8 ± 0.3

	
9.9 ± 1.4

	
29.3 ± 2.5

	
4.6 ± 1.5

	
95.4 ± 1.5

	
17.9 ± 0.1

	
8.1 ± 2.3

	
4.4 ± 0.9

	
1.2 ± 0.1

	
21.4 ± 1.4

	
0.1 ± 0.6
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Table 3. Tabular results of the statistical analysis assessing the impact of year-to-year composition.
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	Successive

Seasons
	Cellulose
	Starch
	Free

Glucose
	Degrees of

Freedom
	t0.05





	2020–2021
	0.718
	1.742
	0.327
	13
	2.160



	Result
	Not significant
	Not significant
	Not significant
	
	



	2021–2022
	0.118
	0.212
	4.166
	15
	2.131



	Result
	Not significant
	Not significant
	Significant
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Table 4. Tabular results of the statistical analysis assessing the impact of seasonality.
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	Successive Seasons
	Cellulose
	Starch
	Free

Glucose
	Degrees of Freedom
	t0.05





	Winter–Spring
	0.122
	0.070
	0.661
	13
	2.160



	Result
	Not significant
	Not significant
	Not significant
	
	



	Spring–Summer
	0.080
	0.131
	1.560
	8
	2.306



	Result
	Not significant
	Not significant
	Not significant
	
	



	Summer–Autumn
	0.061
	0.141
	7.413
	6
	2.447



	Result
	Not significant
	Not significant
	Significant
	
	



	Autumn–Winter
	0.277
	0.508
	2.212
	11
	2.201



	Result
	Not significant
	Not significant
	Significant
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Table 5. Liquid phase composition, solids degradation, and ethanol yields of the factorial experimental trials.
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	Experiments
	Spirizyme

(μL/g Starch)
	NS87014

(μL/g Cell.)
	S.cerevisiae (% w/w)
	Ethanol

(g/L)
	Glucose

(g/L)
	TOC

(g/L)
	Solids

Degradation

(%)
	Ethanol Yield

(%)





	1
	20
	100
	1%
	13.0 ± 0.00
	0.4 ± 0.0
	16.1 ± 0.3
	49.6 ± 0.2
	78.4 ± 0.4



	2
	20
	250
	1%
	14.0 ± 0.00
	0.3 ± 0.0
	16.3 ± 0.4
	50.6 ± 1.2
	84.6 ± 0.1



	3
	60
	100
	1%
	13.0 ± 0.00
	0.3 ± 0.0
	16.3 ± 0.5
	49.6 ± 0.5
	78.2 ± 0.7



	4
	60
	250
	1%
	14.5 ± 0.71
	0.1 ± 0.0
	17.0 ± 0.3
	51.7 ± 0.9
	87.7 ± 4.3



	5
	20
	100
	3%
	12.0 ± 0.00
	0.1 ± 0.0
	16.1 ± 0.4
	45.5 ± 1.3
	72.6 ± 0.0



	6
	20
	250
	3%
	13.0 ± 0.00
	0.1 ± 0.0
	16.8 ± 0.1
	44.7 ± 3.2
	78.7 ± 0.0



	7
	60
	100
	3%
	13.0 ± 0.00
	0.2 ± 0.0
	16.8 ± 0.2
	46.1 ± 0.9
	78.2 ± 0.0



	8
	60
	250
	3%
	13.5 ± 0.00
	0.2 ± 0.0
	17.2 ± 0.2
	46.8 ± 0.6
	81.6 ± 0.6



	9
	40
	175
	2%
	13.5 ± 1.00
	0.2 ± 0.0
	16.9 ± 0.7
	47.4 ± 1.7
	81.7 ± 6.1
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Table 6. Ethanol concentrations and respective ethanol yields of SSF experiments on the optimum conditions (Spirizyme 40 μL/g starch, NS87014 175 μL/g cellulose and 2% w/w S. cerevisiae) in a 4-L bioreactor after 24 h.






Table 6. Ethanol concentrations and respective ethanol yields of SSF experiments on the optimum conditions (Spirizyme 40 μL/g starch, NS87014 175 μL/g cellulose and 2% w/w S. cerevisiae) in a 4-L bioreactor after 24 h.





	Trial
	Solid Loading (%)
	Ethanol (g/L)
	Glucose

(g/L)
	Ethanol Yield (%)
	Cellulose

Degradation (%)
	Starch

Degradation (%)





	1
	10
	12.3 ± 0.2
	0.2 ± 0.0
	83.4 ± 0.4
	56.2 ± 1.2
	97.8 ± 1.1



	2
	15
	19.3 ± 1.1
	0.2 ± 0.0
	82.5 ± 0.3
	54.5 ± 1.1
	97.1 ± 0.9



	3
	20
	28.8 ± 1.2
	2.4 ± 0.1
	86.5 ± 0.3
	64.1 ± 1.0
	96.5 ± 0.8



	4
	25
	37.5 ± 2.0
	0.6 ± 0.0
	84.6 ± 0.3
	71.4 ± 1.4
	97.1 ± 0.2



	5
	30
	30.0 ± 2.2
	0.6 ± 0.0
	52.7 ± 0.8
	63.1 ± 1.1
	96.6 ± 0.4
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Table 7. Degradation efficiencies of structural components of source separated biowaste.






Table 7. Degradation efficiencies of structural components of source separated biowaste.





	
Degradation

Efficiency (%)

	
Trial

	




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
Mean Value






	
Total Solids

	
46.3

	
46.4

	
63.9

	
70.2

	
68.0

	
64.3

	
68.5

	
65.7

	
67.7

	
68.8

	
65.5

	
65.3

	
68.1

	
64.5

	
63.8 ± 7.6




	
Starch

	
89.5

	
95.4

	
92.4

	
95.2

	
95.7

	
95.9

	
90.8

	
83.2

	
96.4

	
93.4

	
96.1

	
96.4

	
95.8

	
96.9

	
93.8 ± 3.8




	
Cellulose

	
73.6

	
38.8

	
74.3

	
88.3

	
78.8

	
72.5

	
82.3

	
71.1

	
68.9

	
75.6

	
76.0

	
77.5

	
80.3

	
81.7

	
74.3 ± 11.4




	
Oils

	
62.8

	
56.1

	
57.4

	
70.2

	
74.6

	
9.2

	
70.7

	
84.9

	
37.0

	
42.9

	
24.8

	
76.5

	
64.1

	
68.5

	
57.1 ± 21.4




	
WS

	
52.6

	
53.5

	
68.0

	
70.2

	
68.0

	
64.3

	
68.5

	
65.7

	
78.8

	
78.3

	
74.3

	
69.6

	
79.2

	
73.3

	
68.9 ± 8.2




	
Hemicellulose

	
12.2

	
22.9

	
79.3

	
62.6

	
37.1

	
77.1

	
67.3

	
45.0

	
55.7

	
68.8

	
70.0

	
64.1

	
46.6

	
54.4

	
54.5 ± 19.9




	
ASL

	
27.3

	
1.2

	
39.2

	
83.0

	
42.1

	
27.6

	
44.7

	
55.8

	
67.4

	
51.3

	
34.9

	
0.8

	
24.9

	
64.1

	
40.3 ± 23.5




	
AIR

	
28.3

	
0.2

	
15.2

	
57.2

	
62.0

	
29.6

	
46.4

	
57.1

	
42.3

	
5.2

	
42.7

	
66.4

	
44.7

	
33.9

	
38.0 ± 20.5
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Table 8. Physicochemical characterization of bioethanol and comparison with specifications with EN15376:2012.
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	Property
	Measurement

Unit
	Method
	Limit
	Results





	Density at 15 °C
	g/mL
	EN ISO 12185
	
	0.7951



	Methanol
	% w/w
	EN 15721
	<1.0
	0.01



	Propan-1-ol
	% w/w
	EN 15721
	
	0.15



	Butan-1-ol
	% w/w
	EN 15721
	
	0.01



	Butan-2-ol
	% w/w
	EN 15721
	
	0.27



	2-Methylpropan-1-ol
	% w/w
	EN 15721
	
	0.00



	2-Methylbutan-1-ol
	% w/w
	EN 15721
	
	0.15



	3-Methylbutan-1-ol
	% w/w
	EN 15721
	
	0.00



	Higher saturated (C3–C5) mono alcohol
	% w/w
	EN 15721
	<2.0
	0.57



	Ethanol and higher saturated alcohol
	% w/w
	EN 15721
	>98.7
	99.91



	Water
	% w/w
	EN 15489
	<0.3
	0.450



	Total acidity (expressed as acetic acid)
	% w/w
	EN 15491
	<0.007
	0.001



	Electrical Conductivity at 25 °C
	uS/cm
	EN 15938
	<2.5
	0.20



	Appearance
	-
	EN 15769
	Clear
	Clear



	Color
	-
	EN 15769
	Colorless
	Colorless



	Inorganic chloride
	mg/kg
	EN 15484
	<6.0
	0.1



	Sulfate
	mg/kg
	EN 15492
	<4.0
	1.0



	Involatile material
	mg/100 mL
	EN 15691
	<10
	1



	Total Sulphur
	ppm-w
	ASTM D-5453
	<10.0
	2.1
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Table 9. Heating and mixing conditions applied during SSF pilot trials.






Table 9. Heating and mixing conditions applied during SSF pilot trials.





	
Time (h)

	
Conditions




	
Temperature

(°C)

	
Stirring Rate

(%)

	
Stirring Time

(min/h)






	
0–8

	
35

	
35

	
40




	
9–24

	
35

	
20

	
25
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