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Increasing concerns over environmental pollution, climate change and energy security are driving a necessary transition from fossil carbon sources to more sustainable alternatives. Due to lower environmental impact, biochemicals are rapidly gaining significance as a potential renewable solution, particularly of interest in Europe. In this context, process systems engineering (PSE) helps with the decision-making at multiple scales and levels, aiming for optimum use of (renewable) resources. Fermentation using waste biomass or industrial off-gases is a promising way for the production of these products. However, due to the inhibitory effects or low substrate concentrations, relatively low product concentrations can be obtained. Consequently, significant improvements in downstream processing are needed to increase the competitiveness of the overall bioprocesses. This paper supports sustainable development by providing new PSE perspectives on the purification of volatile bioproducts from dilute fermentation broths. Since purification significantly contributes to the total cost of biochemical production processes (20%–40% of the total cost), enhancing this part may substantially improve the competitiveness of the overall bioprocesses. The highly advanced downstream process offers the possibility of recovering high-purity products while enhancing the fermentation step by continuously removing inhibitory products, and recycling microorganisms with most of the present water. Besides higher productivity, the upstream process can be greatly improved by avoiding loss of biomass, enabling closed-loop operation and decreasing the need for fresh water. Applying heat pumping, heat integration and other methods of process intensification (PI) can drastically reduce energy requirements and CO2 emissions. Additionally, the opportunity to use renewable electricity instead of conventional fossil energy presents a significant step toward (green) electrification and decarbonization of the chemical industry.
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1 INTRODUCTION
Extensive consumption of fossil carbon sources has resulted in significant environmental pollution and climate change. Furthermore, concerns over energy security are increasing due to the rapidly diminishing availability of fossil fuels. Consequently, at the 21st United Nations Climate Change Conference (COP21) in Paris, 196 Parties adopted the Paris Agreement with the goal of effectively responding to climate changes (Adoption of the Paris Agreement, 2015). The overall goal requires finding an alternative for most of the oil, coal and gas used for energy supply, and production of different materials and chemicals (Liew et al., 2016). Due to lower environmental impact, biofuels and biochemicals potentially present an attractive renewable alternative to conventional carbon sources. In this context, the focus of PSE is on multi-scale integration of processing methods for optimal functional performance of (bio) chemical manufacturing processes in a (sustainable) supply chain setting, while absorbing suitable process intensification methods within that setting (Van der Wielen et al., 2021). Thus, PSE supports optimal usage of renewable resources in several ways: integration of various components of sustainable energy systems (e.g., energy from biomass, wind, solar, etc.), optimization of individual process operations, design and optimization of large-scale processes, incorporation of data-driven models for decision making, implementation of optimal scheduling and process control strategies, selection of the feedstock, optimization of supply chains, life cycle assessment and risk analysis, techno-economic evaluation of renewable energy projects, and so on.
Notably, Europe is a major center for chemical engineering production and research, with a strong chemical cluster, being the second largest chemical producer in the world, the second largest chemical exporter; and the third largest energy importer. However, as most of the European resource suppliers and product markets are located elsewhere, the European industries need more energy efficient and cost effective processes, particularly in the context of a bio-based circular economy. Production of various biochemicals, especially platform chemicals and biofuels (e.g., ethanol, isopropanol, butanol, isobutanol, acetone, acetic acid, etc.), has a significant potential to enhance the European energy security, reduce the greenhouse gas emissions (Green Claims Directive, 2023), enable new economic opportunities for development of rural areas and decentralize production of biofuels.
Several key technologies are already available for the production of various biochemicals from renewable sources (Karka et al., 2021). Biomass, which is a significant non-fossil derived energy resource (Mallapragada et al., 2023), can be used for the production of the second-generation biofuels (Adewuyi, 2022). Lignocellulosic fermentation is a way to turn energy-dense lignocellulosic materials, which would otherwise be wasted, into bioethanol that has the potential as sustainable fuel. Due to the nature of lignocellulosic feedstock, this bioethanol production process does not threaten food production (Pham et al., 2022). Alternatively, gas fermentation can be implemented to avoid complications with biomass pretreatment and increase the amount of carbon that is being utilized. In this case, biomass is gasified to syngas that can further be converted by different microorganisms into valuable chemicals such as ethanol, isopropanol, acetone, butanol and others. Additionally, since microorganisms tolerate various impurities and variations in gas composition, syngas from biomass gasification or even waste gasses from different industries (e.g., steel industry) can be used as syngas source for fermentation (Puiman et al., 2022). Moreover, in case of (fossil-based) syngas derived from the steel industry, employing it as a substrate for the production of biochemicals offers considerable environmental benefits. Even though microorganisms are tolerant to a wide range of impurities and do not require strict standard syngas purity, high concentrations of some impurities (especially tars, nitric oxide, ammonia and hydrogen sulfide) might negatively affect microbial growth and product formation. To avoid such effects, a gas clean-up step (e.g., tar cracking, wet cleaning, usage of active carbon, etc.) is commonly implemented prior to the fermentation. Thus, removal of potentially present impurities from the syngas would prevent any possible complications in the fermentation and recovery processes (Daniell et al., 2012).
However, significant improvement is needed to make technologies for production of biofuels and biochemicals from renewable sources competitive with fossil carbon based processes (Usmani et al., 2021). The main challenge for industrial production of volatile biochemicals (liquid bioproducts with boiling points either lower or slightly higher than that of water) is the limit in the concentration that can be reached due to the toxic effects product have on cells (McGregor and Furlong, 2017). Therefore, large bioreactors are needed to achieve an industrially relevant production capacity. Consequently, associated capital and operating costs are substantial, especially for the purification part of the process. To date, significant effort has been put into genetic engineering of microorganisms and optimization of the fermentation part in biochemical production processes (Noorman et al., 2018). However, to the best of our knowledge, downstream processing of volatile biochemicals on large-scale is not that well studied. Since purification costs for bulk biochemicals can significantly add to the total production costs (up to 20%–40%) (Straathof, 2011), this paper focuses on the best ways to enhance the overall economic viability of volatile biochemical production by improving downstream processing. Besides reducing the total production costs, advanced downstream processing can reduce the overall energy requirements, greenhouse gas emissions and water requirements, leading to more sustainable bioprocesses that would facilitate an effective transition from fossil fuels to renewable alternatives.
2 CHALLENGES FOR PURIFICATION OF VOLATILE FERMENTATION PRODUCTS
The major limitation for wide-spread industrial production of volatile biochemicals by fermentation is the relatively low concentrations of products that can be achieved due to the toxic effect these chemicals often have on the microorganisms (McGregor and Furlong, 2017). When highly dilute aqueous streams are obtained, purification in a cost- and energy-efficient way is challenging. Furthermore, due to low product concentrations, large equipment sizes are needed to achieve production scales that would be comparable to those of conventional petrochemical processes (Köpke et al., 2011). Large equipment is closely associated with large capital and operating costs, both for upstream and downstream processes.
Another challenge for choosing the proper operating conditions for recovery of volatile biochemicals from dilute fermentation broths is the presence of living microorganisms. Besides water and fermentation products, fermentation broth contains some biomass, CO2 and low concentrations of different nonvolatile components (Trevethick et al., 2016). To avoid significant loss of microbial biomass and enhance upstream fermentation process by allowing product recovery in a closed loop, microorganisms should be returned to the fermentation (Daniell et al., 2012). Therefore, operating conditions during the separation of valuable products from the microorganisms should not harm microbial viability. Specifically, temperatures that are much higher than the optimal fermentation temperatures must be avoided for this initial separation. Furthermore, usage of additional chemicals that might be toxic for the cells should be avoided. Product recovery using an external loop allows multi-stage operation, whereas only a single equilibrium stage is used during product recovery directly from the fermenter (Cuellar and Straathof, 2020).
Thermodynamic constraints are frequently another challenge for the recovery volatile biochemicals from fermentation broth. Many well-known bioproducts (ethanol, butanol, isopropanol, etc.) have a boiling points close to that of water (Gmehling et al., 2004). An additional complication is that azeotropes are commonly present (Table 1).
TABLE 1 | Commonly present volatile components and light azeotropes in fermentation broths (1 bar).
[image: Table 1]From a PSE viewpoint, there are also challenges related to, e.g., bioprocess synthesis and design, process flowsheet optimization, economic viability and improvements of sustainability metrics.
3 LARGE-SCALE PURIFICATION OF COMMON FERMENTATION PRODUCTS
3.1 Methodology for designing purification processes
To efficiently mitigate all mentioned challenges and recover fermentation products in a cost-effective and energy-efficient way, we propose several steps to be followed when designing downstream processing sequences (Figure 1).
[image: Figure 1]FIGURE 1 | Proposed methodology for purification of volatile biochemicals from fermentation broths.
Different separation techniques (precipitation, extractive distillation, chromatography, membrane separations) have been studied for purification of common volatile fermentation products from diluted solutions (Huang et al., 2008; Vane, 2008). However, the reported yields of the recovered components are usually insufficiently high or usage of additional chemicals that are toxic for microorganisms is required. Additionally, most of the documented data refer to lab-scale without considering scaling-up to an industrial level plant, which might be impractical due to high cost for equipment and/or additional chemicals (Ramaswamy et al., 2013; Li et al., 2016). On the contrary, distillation is most commonly used separation technique for large-scale purification (Kiss, 2013; Singh and Rangaiah, 2017). Besides being already mature on an industrial level, distillation does not require usage of additional chemicals that might harm living cells and can be designed to obtain high-purity products with high recoveries. Therefore, this perspective paper further develops usage of distillation as the main fluid separation method for the purification of volatile biochemicals from fermentation broths.
The first step in a recovery process should be the separation of target products from microorganisms, preferably in a way that does not threaten viability of cells and avoids infection. This separation should be performed without additional chemicals, at moderate temperatures and with relatively short residence time so that cells can survive without additional nutrients. Commonly, microorganisms can be separated from the rest of the broth using a solid-liquid separation such as centrifugation, flocculation, or microfiltration. However, for the recovery of volatile biochemicals, vacuum distillation is a potential option to skip the solid-liquid separation step (Maiorella et al., 1984; Sundquist et al., 1990). During vacuum distillation of fermentation broth, microorganisms will flow directly to the aqueous bottom stream, resulting in a short residence time which is important to keep cells alive without additional nutrients. Furthermore, exposing microorganisms to reduced pressure might require additional experimental validation, but it has already been proven on the pilot-scale that fermentation broth can be exposed to vacuum (Taylor et al., 1997) as cells remain in liquid phase. The operating pressure for this step should be chosen such that the reboiler temperature does not exceed the temperature appropriate for the used microorganism. Volatile biochemicals can be obtained as aqueous top stream from this distillation column. The temperature at the top of this column is determined by the selected operating pressure. Consequently, depending on the allowed reboiler temperature, the temperature at the top might be low and condensation might require expensive refrigeration.
This potential constraint of vacuum distillation can be avoided by implementing pass-through distillation, which implies decoupling the evaporation and condensation steps by inserting an adsorption-desorption loop using an electrolyte absorption fluid. Part of the fermentation broth, containing valuable volatile products, is firstly evaporated from the rest of the feed stream including the microorganisms. The vapor is absorbed by LiBr absorption fluid in an exothermic reaction (Kiss et al., 2014a). The heat released by the absorption can be used for the evaporation step in a unique process equipment unit called stripping-absorption module (McGregor and Belchers, 2014). The target products are later desorbed from the dilute LiBr brine and condensed. Therefore, the working principle of pass-through distillation allows evaporation to be performed at lower pressure and temperature, while condensation can be performed at higher pressure and temperature. Consequently, the temperature limit for heat-sensitive components will not be exceeded and cheaper cooling utilities can be used (McGregor and Furlong, 2017). The operating conditions can be kept appropriate for the microorganisms since they are separated during the first evaporation step and never contact the absorption fluid.
Due to mild temperatures and moderate process conditions, both in case of conventional vacuum distillation and novel pass-through distillation, microorganisms with most of water from the fermentation broth may be recycled to the fermentation. As a result, fermentation might operate in a closed loop without loss of biomass and with decreased requirements for fresh water. Recycling microorganisms to the fermentation might also increase substrate to product yield, as less substrate needs to be spent for microbial growth. Reusing the separated water in the fermentation step can significantly reduce the environmental impact of the overall bioprocess. Furthermore, continuously removing fermentation products from the broth may decrease inhibition effects and increase fermentation yield. From this initial separation step, the solution of volatile biochemicals that is obtained is more concentrated than the fermentation broth. Since this stream with products is under reduced pressure, simple pumping can be used to increase its pressure to the atmospheric one for further treatment. Note that keeping vacuum for the next purification steps would result in unnecessary large equipment and high capital and operating costs.
Since CO2 will be present in the fermentation broth as metabolic co-product, its separation in a degasser unit might be added prior the described steps (Batista and Meirelles, 2009; Marriaga, 2009). This can be done in a simple flash vessel by reducing pressure. Operating conditions should be chosen such that most of the CO2 is evaporated, while the remaining fermentation broth remains liquid. In case a product such as acetone or ethanol is partly removed with CO2, it can be captured with water in a stripping column and returned to the recovery process.
Depending on the composition of volatile biochemicals in the separated aqueous stream, an additional preconcentration step might be needed prior to final purification. The optimal concentration after this preconcentration step should be determined considering the total energy requirements for the overall purification process. Water separated from this step can be cooled and recycled to reduce fresh water requirements upstream.
If, following the initial separation step, the resulting stream contains multiple volatile products, the composition of this stream determines the purification to end-products that satisfy market conditions, whereby more volatile components are typically separated first. Some biochemical products, such as acetone and acetic acid, do not form azeotropes with water and simple distillation can be used to obtain final products. However, azeotropes (Table 1) will often complicate separation and lead to multiple steps. Depending on the nature of azeotrope, different purification techniques have been proven to be optimal in terms of investment and operating costs for the large-scale plant and should be followed. Bioethanol, which is already widely used as renewable fuel, forms a homogeneous azeotrope with water at around 95.6 wt%. Consequently, additional dehydration is needed to obtain final product that satisfies required standards: 99.8 vol% in EU, 99.0 vol% in United States and 99.6 vol% in Brazil (Kiss et al., 2014b). Several studies have proven that for large-scale dehydration, extractive distillation with ethylene glycol is preferred to azeotropic distillation or use of molecular sieves, due to lower operating costs, lower energy requirements, smaller solvent flowrates, a more flexible process sequence, and a less complicated control system (Meirelles et al., 1992; Bastidas et al., 2010; Singh and Rangaiah, 2017). Similarly, extractive distillation with ethylene glycol has also been recommended for large-scale isopropanol dehydration (Liu et al., 2023). 1-Butanol and isobutanol, which are more energy dense and less hygroscopic than ethanol, form heterogeneous azeotropes with water. Conventional processes for separation of biobutanol from acetone—butanol—ethanol fermentation (ABE fermentation) are based on different sequences of distillation columns. However, hybrid heat pump assisted azeotropic dividing-wall column distillation has recently been proposed as novel and less energy intensive alternative (Patrascu et al., 2017; Patrascu et al., 2018). Therefore, reliable literature recommendations for large-scale purification up to high-purity end-product should be followed when choosing final purification methods.
Due to relatively low product concentrations and large flowrates and high water concentrations, some of the described steps might require high heating duties. Therefore, additional process intensification and integration opportunities should be considered to improve competitiveness of the overall biochemical production process by reducing overall costs, energy requirements and CO2 emissions.
3.2 Process intensification opportunities
Process Intensification (PI) is defined as improvements of a process at unit operational, functional and/or phenomena levels that can be obtained by integration of unit operations, integration of functions and phenomena’s or targeted enhancement of the phenomena for a set of target operations. PI uses a set of innovative techniques in process engineering, integration and equipment design to offer breakthrough solutions for making chemical processes with smaller environmental footprint, cost-effective, energy efficient, more controllable and safer, and smaller processing volume. In that respect, different PI techniques can be implemented to enhance downstream processing of volatile biochemicals from the fermentation broth, and some of them are discussed in more detail.
As this perspective paper is considering recovery of volatile fermentation products, most of the feed stream for downstream process is composed of water and relatively close boiling components. Due to very similar temperatures of hot and cold process streams, the system’s pinch temperature is around 100°C and not much energy can be recovered within the process due to insufficient temperature difference (Smith, 2016). Additionally, since process throughputs are large for an industrial-scale plant, significant amounts of water (>90 wt% of the feed stream) need to be evaporated in reboilers of distillation columns. This is particularly the case for bioproducts that have a higher boiling point than water. Consequently, the heating requirements for these columns can easily be very high, on the order of tens of MW. However, since these distillation columns are separating relatively close boiling components, the temperature difference between top and bottom of the column is not large (usually less than 30°C). This feature can be used to apply heat pumps. More precisely, mechanical vapor recompression (MVR) can be implemented to enhance lower grade energy in the condenser and use it to power the reboiler (Kiss, 2013). In MVR, vapor that is coming from the top of distillation column is compressed and used to evaporate liquid from the bottom of the column. Consequently, the need for external heating can be completely avoided, while the need for external cooling is significantly reduced (Kiss and Infante Ferreira, 2016).
This phenomenon can be understood using composite curves before and after intensifying a process with MVR. Analysis of temperature—enthalpy diagram of hot composite curve (presenting all hot process streams) and cold composite curve (presenting all cold process streams) is useful to determine maximum amount of energy that can be recovered in a system (overlapping area between composite curves). As temperatures of all process streams are really close before applying heat pumping, the overlapping area of hot and cold composite curve is relatively small (usually less than 15%). Therefore, the amount of heat that can be recovered within the system is small, while the need for both external heating and external cooling is significant. Implementing MVR shifts composite curves and substantially increases the overlapping area. As a result, much more energy can be recovered by using hot process streams to heat up cold process streams. This significantly reduces the need for both external heating and cooling (Kiss and Infante Ferreira, 2016), resulting in decreased energy requirements (by about 60%–80%) and total recovery costs (by about 40%–80%). Furthermore, since CO2 emissions are directly related to the energy usage, implementation of advance heat pump systems can significantly increase sustainability of the overall biochemical production process by lowering these emissions (reduction in CO2 emissions for the recovery process by about 60%–75% in case electricity from fossil fuels has to be used, or even up to 100% if green electricity is available) (Janković et al., 2023a; Janković et al., 2023b).
Besides improving energy efficiency of the overall recovery process, implementation of heat pumps is a significant step towards (green) electrification of the chemical industry and reduction of greenhouse gas emissions. Using heat pumps provides renewable heat by upgrading waste heat streams. In MVR, electrical energy needed to power the compressor replaces a significantly higher amount of thermal energy. This is especially important since chemical industry is the third largest industrial source of greenhouse gas emissions, after steel and cement industry (Mallapragada et al., 2023). Using renewable electricity to power compressors in heat pump systems instead of fossil fuels as the primary energy source would significantly reduce overall carbon footprint of biochemical production processes. In that respect, PSE can significantly contribute to leveraging the opportunity to use green electricity by ensuring availability of environmentally friendly energy sources (e.g., wind, solar, hydro or geothermal energy), optimizing the energy supply, storage and management, integrating smart technologies, conducting life cycle assessment of the entire bioprocess, optimizing entire supply chain, ensuring compliance with environmental regulations, providing relevant training for the employees and raising awareness of broader community. Besides substantial environmental benefits, the use of green electricity can lead to significant economic and social advantages.
After implementing heat pump systems, additional heat integration opportunities should be considered to maximize energy savings and improve overall process efficiency. Lastly, different process intensification opportunities can be used for final dehydration of commonly produced bioproducts. For example, if separation of multi-component mixture is needed (e.g., purification after ABE fermentation), dividing-wall column (DWC) can be used. In this novel design, sequence of two or more conventional distillation columns is integrated into one shell (Kiss, 2013). Depending on the components that need to be separated, the integrated design can result in significant energy savings compared to the sequence of conventional distillation columns. Furthermore, the more compact design can lead to lower capital costs (Patrascu et al., 2018). However, the distillation column sequence and DWC should be compared per system, since DWC is not always the optimal solution (Janković et al., 2023a).
Thus, the described PI methods lead to more efficient separation processes. By maximizing the amount of energy that can be recovered within the process (e.g., by applying heat pump or heat integration systems), need for external energy supply is minimized. Reduced energy requirements can potentially result in more stable operation in times of uncertain energy supply. Moreover, given the correlation between CO2 emissions and energy usage, implementation of PI methods will decrease these emissions, resulting in more sustainable bioprocesses.
The final flowsheet of the recovery process is developed after considering opportunities for heat pumping, heat integration and additional process intensification. Lastly, in order to evaluate the overall performance of the designed process, economic and environmental impact should be analyzed. The complete assessment of economic factors, including both total capital (CAPEX) and total operating (OPEX) costs, can be conducted following the NREL procedure (Humbird et al., 2011), for example. Environmental performance can be assessed calculating several sustainability metrics: energy intensity, water consumption, material intensity, greenhouse gas emissions, pollutants and toxic materials. The smaller values of these metrics indicate better process performance in terms of sustainability (Schwarz et al., 2002). Following the proposed methodology for the design of advanced downstream processes may significantly contribute to a more sustainable development by minimizing the overall environmental impact of bioprocesses. Furthermore, the significant reduction in the total production costs will make fermentative production of chemicals more economically attractive to stakeholders.
4 CONCLUSION
This perspective paper provides novel insights into the purification of volatile biochemicals from highly diluted fermentation broths and a generic framework for the design of downstream processes. Significant loss of biomass may be avoided by implementing vacuum distillation or pass-through distillation for initial separation of valuable products from most of the broth. The operating conditions in this step should be designed to maintain viability of present microorganisms that can later be recycled to the upstream fermentation process. Furthermore, literature recommendations for large-scale purification should be followed to maximize downstream process performance. Due to highly diluted aqueous solutions of volatile components, closeness of temperatures of hot and cold process streams does not offer a lot of possibilities for heat integration. This challenge can be overcome by implementing heat pumping to shift the system’s pinch temperature. Consequently, the amount of energy that can be recovered within a process can be substantially increased, considerably reducing the need for external heating and cooling, fresh water requirements, and greenhouse gas emissions. Additionally, applying heat pump systems significantly contributes to electrification of chemical industry as it may replace high amounts of thermal energy by drastically smaller amounts of renewable electricity. Therefore, the proposed methodology for the purification of volatile fermentation products enhances the competitiveness of bioindustry by providing a possibility to recover high-purity biochemicals in a cost-effective and energy efficient manner, while simultaneously enabling enhanced fermentation.
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