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A base on the Moon surface or a mission to Mars are potential destinations for human spaceflight, according to current space agencies’ plans. These scenarios pose several new challenges, since the environmental and operational conditions of the mission will strongly differ than those on the International Space Station (ISS). One critical parameter will be the increased mission duration and further distance from Earth, requiring a Life Support System (LSS) as independent as possible from Earth’s resources. Current LSS physico-chemical technologies at the ISS can recycle 90% of water and regain 42% of O2 from the astronaut’s exhaled CO2, but they are not able to produce food, which can currently only be achieved using biology. A future LSS will most likely include some of these technologies currently in use, but will also need to include biological components. A potential biological candidate are microalgae, which compared to higher plants, offer a higher harvest index, higher biomass productivity and require less water. Several algal species have already been investigated for space applications in the last decades, being Chlorella vulgaris a promising and widely researched species. C. vulgaris is a spherical single cell organism, with a mean diameter of 6 µm. It can grow in a wide range of pH and temperature levels and CO2 concentrations and it shows a high resistance to cross contamination and to mechanical shear stress, making it an ideal organism for long-term LSS. In order to continuously and efficiently produce the oxygen and food required for the LSS, the microalgae need to grow in a well-controlled and stable environment. Therefore, besides the biological aspects, the design of the cultivation system, the Photobioreactor (PBR), is also crucial. Even if research both on C. vulgaris and in general about PBRs has been carried out for decades, several challenges both in the biological and technological aspects need to be solved, before a PBR can be used as part of the LSS in a Moon base. Those include: radiation effects on algae, operation under partial gravity, selection of the required hardware for cultivation and food processing, system automation and long-term performance and stability.
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INTRODUCTION
The International Space Station (ISS) has been continuously inhabited for over twenty years. The Life Support System (LSS) on board the station is in charge of providing the astronauts with oxygen, water and food. For that, Physico-Chemical (PC) technologies are used, recycling 90% of the water and recovering 42% of the oxygen (O2) from the carbon dioxide (CO2) that astronauts produce (Crusan and Gatens, 2017), while food is supplied from Earth.
Space agencies currently plan missions beyond Low Earth Orbit, with a Moon base or a mission to Mars as potential future scenarios (ESA Blog 2016; ISEGC 2018; NASA 2020). The higher distance from Earth of a lunar base, compared to the ISS, might require the production of food in-situ, to reduce the amount of resources required from Earth. PC technologies are not able to produce food, which can only be achieved using biological organisms. Several candidates are currently being investigated, with a main focus on higher plants (Kittang et al., 2014; Hamilton et al., 2020) and microalgae (Detrell et al., 2020b; Poughon et al., 2020).
Microalgae, like higher plants, produce O2 and edible biomass through photosynthesis by consuming CO2, nutrients and water. Compared to higher plants, microalgae provide a higher harvest index, biomass productivity and light exploitation, and consume less water (Degen 2003; Schmid-Staiger et al., 2009). However, algae cannot be used as our unique nutrition source, due to their high protein content. To ensure a balanced diet, algae can only substitute part of the human daily consumption, thus they can complement either higher plant technologies or food supplied from Earth. The amount of microalgae recommended will depend on the species and how they have been cultivated, with some estimations achieving a recommended maximum of 35% (Belz et al., 2014).
The selection of the algal species will play an important role in the design of the technology required and the performance of the system. Two microalgae are widely used on Earth as food supplement or biofuel source among others: Chlorella vulgaris and Limnospira indica (Spirulina). Both species have been widely studied for space applications. Chlorella is a spherical unicellular eukaryotic green algae (Figure 1), while Spirulina is a filamentous multicellular prokaryotic cyanobacteria (also called blue-green algae). The main advantages of Chlorella vs. Spirulina are its simple shape and its adaptability to a wide range of cultivation conditions, making it very robust. However, Chlorella’s thick cell wall does not allow the human body to assimilate the nutrients inside the cell, requiring a cell wall breakdown process before human consumption (Mason 2001), which is not required with Spirulina. Both candidates present advantages and disadvantages, and both have the potential to be used for space applications. This paper focuses on the use of Chlorella vulgaris, based on the experience at the Institute of Space Systems (IRS) at the University of Stuttgart, Germany. Chlorella has a mean diameter of 6 μm (Yamamoto et al., 2004). It can grow in a wide range of pH and temperature levels (Ackerman 2007) and CO2 concentrations (Powell et al., 2009). It also shows a high resistance to cross contamination (Lakaniemi Aino-Maija et al., 2012), making it a perfect candidate for long-duration cultivation.
[image: Figure 1]FIGURE 1 | Microscope picture of Chlorella vulgaris cells, cultivated at IRS.
The use of microalgae for space applications requires the design of the equipment for a controlled cultivation, a Photobioreactor (PBR). Besides the physical containment provided by the reactor chamber itself, the system will require other subsystems like lighting, nutrient supply, gas exchange, thermal control, growth medium control, harvesting and processing (Storhas 2000). The PBR will need to provide the required environment for the microalgae to perform as required, considering the constrains and requirements of a space missions, for example power consumption limitations. The size of the required PBR will depend on several parameters: the algal species, the cultivation parameters and the intended amount of oxygen or biomass production rate per day.
This paper first looks at the current state-of-the-art, with focus on research of microalgae for space applications, looking as well to the currently used PC technologies for air management, in Chapter 2. A trade-off analysis of a PC system and a hybrid system (including PC technologies and a microalgae PBR) is evaluated in Chapter 3, justifying the potential of a PBR for a Moon base. Chapter 4 identifies the challenges and open questions that still need to be solved, before a PBR can become a reality in a lunar base.
CURRENT STATE-OF-THE-ART
Recycling LSS technologies have already been used in space in several missions, for water recycling, CO2 removal and O2 production, among other tasks. Several experiments, looking at food production have already taken place in space, but such a technology is still not available as part of the LSS. This chapter focuses on the current state-of-the art of PC recycling technologies for air management onboard the ISS and the research carried out on microalgae for space applications.
PC Technologies for Air Management
The main tasks considered within the air management system for this paper are the CO2 removal, CO2 reduction and O2 production, since those tasks can also be fulfilled using microalgae. Several technologies onboard the ISS and short-term research plans are available from different space agencies, mainly NASA, ESA, JAXA, and Roscosmos.
The main NASA technologies for air management are the Carbon Dioxide Removal Assembly (CDRA), the Sabatier Reactor Assembly (SRA) and the Oxygen Generation Assembly (OGA). CDRA is a regenerative CO2 absorption system based on zeolite sorbent beds. Currently, further technologies are being investigated to substitute CDRA, for example using amine sorbents, which should be tested in the coming years onboard the ISS. The SRA processes the CO2, consuming hydrogen and producing water and methane. It was operating on the ISS until end of 2017, and NASA currently plans an upgrade and return to the ISS. The OGA produces oxygen by water electrolysis. The system is currently in use onboard the ISS and NASA is planning an upgrade based on operational experience. (Shaw et al., 2020).
The Russian technologies onboard the ISS include Vozdukh for CO2 extraction, also a zeolite sorbent system, and Elektron for oxygen production through electrolysis. JAXA future plans include a low temperature Sabatier catalyst, and an amine-based CO2 removal. (Anderson et al., 2016).
The Life Support Rack (LSR), also known as Advanced Closed-Loop System (ACLS), is an European technology, launched to the ISS in September 2018. The LSR is composed by the Carbon Dioxide Concentration Subsystem (CCA), an amine-based CO2 extraction system, the Carbon Dioxide Reprocessing Subsystem (CRA), a Sabatier reactor, and the Oxygen Generation Subsystem (OGA), a fixed alkaline electrolyzer. All technologies are integrated in one Rack and capable to provide in nominal operations for three crew members. (Witt et al., 2020).
Microalgae Research
The potential of using microalgae for space applications has been considered since the beginning of human spaceflight. Several experiments have taken place both on Earth and in space. Those experiments have either evaluated the potential contribution of microalgae to LSS loop closure, tested the required technology for space applications or investigated the effects of the space environment on microalgae cells.
During the 1960’s, several experiments with closed compartments on Earth with several living organisms cohabitating with humans took place independently in the United States (Gitelson and Lisovsky 2003) and in Russia (Kirensky et al., 1968). For example, one of the test platforms used, which included microalgae among other organisms, was Bios-3. It had a 315 m3 compartment for three inhabitants, with experiments lasting up to 90 days (Gitelson and Lisovsky 2003). In Europe, since the 1990’s, the MELiSSA (Micro-Ecological Life Support System Alternative) project is also aiming to test LSS closure on Earth. The European Space Agency (ESA) initiative is based on a system with separate compartments, each with a specific living organism contributing to the recycling pathway. One of the five compartments for MELiSSA contains Spirulina, which uses the nutrients produced by its predecessor compartment to produce oxygen and biomass for the crew (Lasseur et al., 2010). Experiments on Earth focused on long-term cultivation for space applications have been carried out at the Institute of Space Systems (IRS)—University of Stuttgart since 2010. Their research includes the longest reported experiment with Chlorella for space applications lasting over six years in a Flat Panel Airlift (FPA) reactor from the company Subitec® (Buchert et al., 2012; Helisch et al., 2016; Helisch et al., 2020), Figure 2, and two experiments lasting over 180 days in a microgravity adapted reactor (Keppler et al., 2018; Helisch et al., 2020), Figure 3. The research at IRS also includes the development of hardware for space applications, looking for example at the development of a lighting unit and evaluating its effects on the performance of the PBR.
[image: Figure 2]FIGURE 2 | 6 L Flat Panel Airlift (FPA) Reactor from the company Subitec®. The system is illuminated with halogen lamps. The system allows the cultivation of Chlorella vulgaris with growth rates of up to 4 g/l/d.
[image: Figure 3]FIGURE 3 | PBR@LSR reactor chamber (Detrell et al., 2019a). The PBR@LSR experiment included two microgravity-adaptet reactors, with a total capacity of 650 ml algae suspension.
Those experiments on Earth have focused on the performance of the algae, the design of the PBR and its interaction with other technologies under Earth conditions. Besides this research, about 50 experiments have already been carried out in space, mostly focusing on biological aspects. Those experiments generally had a short duration (several days) and have used different algal species, including amongst others Chlorella vulgaris (Niederwieser et al., 2018). The first experiments took place during the 1960’s, exposing Chlorella to space conditions in a photosynthetically inactive state, followed by a cultivation back on Earth (Semenenko and Vladimirova 1961; Shevchenko et al., 1967; Ward and Phillips 1968; Antipov et al., 1969). The first actual cultivation of Chlorella in space took place in the 1970’s, lasting two weeks (Moskvitin and Vaulina 1975). Other experiments, including not only algae but also other organisms, have been flown over the last decades, for example the Closed Equilibrated Biological Aquatic System (CEBAS) (Blüm 2003), Omegahab (Anken 2008), and Closed Aquatic Ecosystem (CAES) (Wang et al., 2008). Only two experiments have focused to date on the PBR technology in microgravity conditions, artemiss with 30 days’s cultivation of Spirulina (Poughon et al., 2020) and PBR@LSR with two week’s cultivation of Chlorella (Detrell et al., 2020b).
POTENTIAL–MICROALGAE LSS TECHNOLOGY FOR A LUNAR BASE
To evaluate the effects of including a PBR in the LSS, the Equivalent System Mass (ESM) can be used. It considers not only the mass of the system, but also the influence of its volume, required power, cooling and crew time. Equivalency factors, specific for a mission scenario can be used to transform all terms in mass-equivalent (Anderson et al., 2018). Adding a PBR will certainly increase the system mass, but will reduce the amount of food supplied from Earth. At a certain mission duration, the system with a PBR will become most favourable.
A comparison of a PC and a hybrid system’s ESM is carried out by Detrell 2021. The PC system is based on current technologies for CO2 removal, CO2 reduction and O2 production (Figure 4). As a reference technology the LSR is used, since it is the latest full technology brought to the ISS for air management. The LSR has a total mass of 715 kg, a volume of 1.8 m3 and requires a power of 2.1 kW, providing for three astronauts (Kappmaier et al., 2016; Matthias 2018). The system requires an addition of 0.47 kg/d of water per person. This water is spitted though electrolysis into O2 and H2, used by the crew and by Sabatier reactor respectively. In the PC LSS, the food will entirely be brought from Earth. The hybrid system includes the same PC technologies and a PBR system (Figure 5). A PBR system for a lunar base is still not available, and thus a first estimation for the main sizing parameters is done using laboratory data. Current experiments at IRS have shown that Chlorella vulgaris can be cultivated to provide growth rates up to 4 g/l/d. Variations in the growth rate will have a high impact on the system sizing and thus the ESM. Although growth rates of 4 g/l/d have been reported in several experiments, maintaining the system at those levels for long-periods of time in space conditions (that is at reduced gravity and higher space radiation dose) still needs to be demonstrated. Therefore, the study considers a range of reasonable growth rates, between 2 and 4 g/l/d. The algae volume required also depend on the PBR goal, i.e., the amount of food or oxygen that it is expected to be provided. Although first estimations, based on its composition, suggest up to 35% of the daily mass food consumption could be substituted by algae (Belz et al., 2014), such a diet and its potential side effects have still not been reported. In the study, two scenarios are considered for a first estimation, a PBR sized to satisfy 10 and 30% of the daily consumption, which would require a PBR system between 50 and 100 L per person (Detrell 2021). The addition of the PBR will reduce the amount of food that needs to be brought from Earth, but will add the need of nutrients. Figures 6, 7 show the results of the ESM per crew member. The break-even-point at which a PBR will be more favourable occurs at missions lasting between 4.0 and 6.5 years for a 30% food supply, and 4.8 and 7.3 years for a 10% food supply (Detrell 2021). Those mission durations are quite high, but reasonable for scenarios such as a permanently crewed Moon base.
[image: Figure 4]FIGURE 4 | PC LSS for Air Management. The system is based on the current LSR technology on board the ISS.
[image: Figure 5]FIGURE 5 | Hybrid LSS: PC + PBR. The system includes the technologies based on the LSR and the addition of a PBR, which can provide oxygen and food. Nutrients need to be added to the system.
[image: Figure 6]FIGURE 6 | ESM comparing PC and Hybrid LSS with microalgae 10% food supply. The PC ESM is based on the LSR published data, while the PBR is based on the IRS laboratory data. A growth rate between 2 and 4 g/l/d is realistic according to current experiments and would provide an ESM that is more favorable for mission durations between 4.8 and 7.3 years (Detrell 2021).
[image: Figure 7]FIGURE 7 | ESM comparing PC and Hybrid LSS with microalgae 30% food supply. The PC ESM is based on the LSR published data, while the PBR is based on the IRS laboratory data. A growth rate between 2 and 4 g/l/d is realistic according to current experiments and would provide an ESM that is more favorable for mission durations between 4.0 and 6.5 years (Detrell 2021).
The ESM of the PBR system could potentially be reduced in a Moon-base scenario with In-Situ Resources Utilization (ISRU). A PBR requires a high amount of water, as a medium support for the algae inside the reactor chamber. If the water could be obtained directly on the Moon surface (Honniball et al., 2021), or even the materials to build the reactor chamber (Schleppi et al., 2021), a PBR ESM would be reduce and thus it would be favourable in even shorter mission durations.
Besides the ESM, other parameters such as technology readiness should also be considered. The PC systems have been widely used in a relevant environment for long periods of time. For a PBR technology, still more research and testing is needed, requiring a research effort during the coming years, for it to become a real competitive option to PC technologies. Even if the PBR can only produce part of the required food, it will reduce the amount of food stored for long periods of time, which could have a significant impact on its nutritional value. This aspect will become even more relevant for missions further away, for example to Mars, where resupply intervals will increase substantially (Drysdale et al., 2003).
CHALLENGES–OPEN QUESTIONS
According to current research, a Chlorella PBR shows a big potential as a biological component in a lunar base to produce oxygen and fresh food supplement. The research at IRS since 2010 has been focused on the usage of microalgae, particularly Chlorella vulgaris, for space applications. The research has focused mainly in two aspects: the long-term stable cultivation and the system design under space conditions. Regarding the PBR design, several studies and experiments have been taken place at IRS considering all potential scenarios, including the microgravity experiment PBR@LSR, launched to ISS in 2019, and Moon/Mars photobioreactor preliminary studies. At IRS cultivation techniques have been investigated, allowing a successful over 6 years non-axenic cultivation, under Earth condition. During this research, several challenges or open questions that need to be solved, before such a component can become a reality, have been identified. Those include the influence of lunar environmental conditions, technical and biological aspects.
Influence of Moon Conditions
No experiments with microalgae have been carried out on the Moon, thus no previous experience exist on the influence of its environment on the algae and the performance of a PBR. The main two aspects to be considered are space radiation and partial gravity.
Space Radiation
The experiments with microalgae carried out to date in space were in Low Earth Gravity, i.e., under the Earth’s magnetosphere protection (Niederwieser et al., 2018). Those experiments have shown different results on the effects of space conditions at cell level, still showing that cultivation under space conditions is possible. A series of experiments showed that Chlorella can survive continuous exposure to ionizing radiation while maintaining more than 90% of its original photosynthetic capacity, higher than other species (Rea et al., 2008). Space radiation levels on the Moon will be considerably higher. It is possible to partially test the effects of certain radiation on Earth, however, the long-term effects of space radiation need to be tested in-situ, in the lunar surface. The location of the PBR within the lunar base will play an important role in the amount of radiation received. If the PBR is integrated within the habitable structure of the station, the system will count with the same level of radiation protection than the crew.
Reduced Gravity
Chlorella is an immobile unicellular organism. Gravity causes sedimentation within the reactor, which is avoided by creating a continuous movement of the algae-suspension. The lunar gravity is 1/6th of Earth’s gravity, which will have an effect on the movement of the cells and the gas within the liquid phase, and could eventually have an effect at cell level. The latter can be investigated in the laboratory using a clinostat. The experiments on microgravity have not shown an effect in the algae performance due to lack of gravity. Thus, no effects with partial gravity are expected. The major influence of reduced gravity will be on the system design, requiring a reactor and other subsystems to work as expected under partial gravity. Hardware design and testing in low gravity can be achieved through Computational Fluid Dynamics (CFD) simulations (Detrell et al., 2019b) and lunar-gravity parabolic flight campaign experiments (Pletser et al., 2012), before testing the system in-situ in the lunar environment.
Technical Challenges
The environmental conditions on the Moon explained in the previous section will have an influence on the technology, for example the reduced gravity level will have an influence on the movement of fluids within the reactor. Besides that, other challenges, inherent to the technology itself and the long-term performance also need to be addressed. The main challenges are related to the reactor design, the lighting system, the harvesting and processing unit and the scaling up and automation of the entire process/system.
Reactor Geometry
Several types of reactor geometries are currently being used on Earth, from open ponds to high complex geometry reactors (Płaczek et al., 2017). For space applications, a closed system will be required, since avoiding contamination of the system will be a must. For that reason, systems such as open ponds can be discarded.
A high volumetric efficiency (up to 4 g/l/d with Chlorella) can be obtained with a high complex reactor geometry, with the Flat Panel Airlift (FPA) from the company Subitec®, Figure 2. The air is introduced in the bottom of the reactor and bubbles up in a gravity environment. The complex geometry creates swirls in the sub-chambers of the reactor, ensuring a proper mixing of the algae and providing a homogenous availability of nutrients, CO2 and light. However, the high complex geometry requires an even more complex maintenance. The Subitec® reactor geometry is optimized for an Earth gravity environment, but it can be adapted to lunar conditions, so it provides the same movement as on Earth with 1/6th of gravity (Detrell et al., 2019b). Other reactor types, such as tubular reactors, are easier to build and maintain, but are less efficient with growth rates below 0.1 g/l/d (Martin et al., 2020).
A raceway microgravity adapted reactor, with a FEP membrane for gas exchange and a pump to ensure algae-suspension circulation was designed and used for the PBR@LSR experiment (Detrell et al., 2020a). The growth rates obtained by this design were considerably lower, 0.42 g/l/d (Helisch et al., 2020). An important limitation of this type of reactor is the gas transfer rate of the membrane. While the use of airlift-based reactors was not possible for this experiment due to microgravity conditions, it can be advantageous under lunar reduced gravity conditions.
A trade-off between efficiency and complexity will be required. Volumetric efficiency plays a major role in the selection process if the entire system mass (including reactors and required water to fill them) needs to be brought from Earth. The possibility of using lunar resources, e.g., water from the Moon surface or materials to build the reactors in-situ, might make it possible to consider the use of simpler geometries. In that case, energy requirements and maintenance effort shall also be considered in the geometry selection.
Several reactor geometries could be used for a lunar base, and mission-related parameters, such as the ISRU will play an important role in the reactor geometry selection. The design of the selected geometry will need to consider lunar gravity levels, as explained in section Reduced Gravity.
Light/Energy Availability
The usage of direct sunlight is highly dependent on the lunar base location. A base on the lunar equator would experience 14-days-long nights, in which case artificial lighting would be required. Although it is possible to locate a base in areas with high illumination rates, for example on the rims of certain craters in the poles, with sunlight availability over 90% of the time, an artificial lighting system could still be more advantageous. This would allow a better control and adaptability of the lighting to the growth stages and could be used as a non-invasive control tool.
However, power availability is generally a constrain for space systems, thus the lighting system needs to be efficient in terms of energy. Several experiments on Earth have focused on the effect of specific wavelengths and their effect on the cultivation (Blair et al., 2014; Lysenko et al., 2021). Blue and red LEDs, which represent the two main peaks of the light absorption spectrum for Chlorella vulgaris, have been satisfactorily used in laboratory experiments (Bretschneider et al., 2016; Keppler et al., 2017). A lighting system, including more LEDs at different wavelengths could be used to reproduce more precisely the absorption spectrum of Chlorella and would be required to allow a non-invasive control (Martin et al., 2020). Experiments with Chlorella use typically photon flux densities of 200–300 µmol photons/m2/s (Helisch et al., 2020).
The effects of the different lighting concepts and the potential of non-invasive control still need to be further researched. It will be necessary to evaluate the long-term effects on the algae cells and their performance, while reducing the required energy for the lighting. The non-invasive control requires a deep knowledge of the culture and its reaction to different lighting spectrums.
Harvesting and Processing
The produced biomass in the reactor needs to be extracted from the system and processed to edible biomass, including a cell wall breakdown process for Chlorella.
The harvesting process requires the separation of the algae biomass from the growth medium, which can be further used in the PBR. Solid-liquid separation technologies are widely used for biomass harvesting in microalgae systems on Earth, with sedimentation, centrifugation and filtration being the main used processes (Singh and Patidar 2018). A key element for space applications is to obtain a high efficient harvesting system, that requires low energy, and does not compromise the biomass to be used as food source. Sedimentation is to expected to occur under lunar gravitational conditions, but it is a slow process. Centrifugation has a high recovery and is a fast process, but requires high amounts of energy and might cause cell damage due to high shear forces. Filtration also provides a high recovery efficiency without the high shear forces, however membranes/filters need to be cleaned or exchanged due to fouling/clogging. Other technologies, like microfluidic systems (Hønsvall et al., 2016) or electrophoresis (Pearsall et al., 2011), should also be considered for a lunar base, but have currently only been tested at small scale on the laboratory. Further research, and scaling up the system is still required.
There are several potential processes for processing, which are known on Earth, including high pressure homogenisation (Halim et al., 2013), freeze drying (Grima et al., 1994), microwave irradiation, and ultrasound (McMillan et al., 2013), but none has been developed or even evaluated for space applications yet. A major problematic of all those methods is the high energy required. As an alternative to direct human consumption, other alternatives such as fish feeding (Carneiro et al., 2020) or enhancing plant growth (Michalak et al., 2016) could also be considered.
Scale-Up and Automation
The experiments with microalgae for space applications carried out to date have been small experiments, with a couple of litres, while a full PBR for a LSS will require about 100 L per person. A modular PBR system would allow avoiding scaling up effects and at the same time provide redundancy (Xu et al., 2009). In case of contamination occurring at one module, the rest could continue working. Stand-by modus reactors, ready to substitute a failed reactor, could be provided. A scale-up strategy, defining a modular system, ensuring efficient use of resources (e.g., common sensor unit), will be required.
A PBR experiment is generally well monitored and followed by the scientists, in some cases requiring their interaction when off-nominal situations occur. A LSS PBR should be able to work fully automated, to reduce crew time but also the risk of contamination associated with human interaction. The system will require sensors that are reliable for long periods of time or can easily be exchanged/recalibrated with minimal effort. For the system to react in off-nominal situation, those need to be fully understood and easily identifiable with the sensors in the system.
Biological Challenges
Besides the technological challenges, biological challenges need to be addressed as well. These mainly relate to the long and stable performance of the algae, looking both at the culture composition (axenic/non-axenic) and the long-term cultivation effects.
Non-Axenic Cultivation
Microalgae cohabit with other living organisms on Earth. However, for space applications, the use of a closed PBR is preferred to an open system, to allow control of the population inside the PBR. That allows an axenic cultivation, which would require a complex hardware to ensure no other organisms enter the system during the required interactions for biomass extraction and nutrient insertion. A closed PBR also allows the use of a defined and well-established ecosystem, with the microalgae as dominant species. This has the potential to prevent the invasion of other species or suppress their upsurge during cultivation (Zhang et al., 2018). The use of a defined non-axenic culture has been discussed in several publications, with some results showing growth promotion (Cho et al., 2015; Ramanan et al., 2016), while others report system contamination (Wang et al., 2013). No evidence has been found in literature of a stable axenic cultivation for long periods of time, over years (Detrell et al., 2020a). Ensuring an axenic cultivation for long periods of time would require a highly complex system and procedures. An interaction with the exterior of the PBR will be required for air exchange, nutrient insertion and biomass. To ensure the axenicity in the PBR, it is necessary that the system is able to ensure that no other organisms can enter the system or that treatments (for example use of antibiotics) can be applied to selectively eliminate those (Mustapa et al., 2016). But the usage of a non-axenic cultivation comes with its challenges too. It is crucial not only to guarantee the predominance of the microalgae over time, but also of the associated community. If the biomass is to be used as a food source, it is required to ensure that it is edible and no organisms harmful for humans have entered the system. Microbial community analyses have shown the prevalence of Chlorella as the main species in non-axenic cultivation experiments (Haberkorn et al., 2020). A modular approach and proper analysis would allow to identify and reject any running reactor that might not fulfil the requirements for human consumption. Automated flow cytometry with advanced data analysis relying on phenotypic fingerprinting could contribute to a continuous monitoring of the microbial community (Haberkorn et al., 2021). The use of flow cytometry in a known non-axenic culture can enable the understanding of population dynamics and their response to external events.
Long-Term Cultivation
A PBR for a LSS will need to work continuously for long-periods of time, since it would be responsible for providing part of the food and oxygen required by the crew. However, most of the experiments carried out for space applications to date have lasted only a few days or weeks (Niederwieser et al., 2018; Helisch et al., 2020). Three long-term cultivation laboratory experiments on non-axenic cultivation for space applications have been reported so far: a Subitec® FPA reactor experiment lasting over 6 years (Buchert et al., 2012; Helisch et al., 2016; Helisch et al., 2020), and two microgravity adapted reactor experiments over 180 days (Keppler et al., 2018; Helisch et al., 2020). Those experiments have demonstrated the feasibility of long-term cultivation and performance of the PBR. Besides the long-term performance of the culture, related to the non-axenic cultivation already mentioned, changes at cell level over time, influences in the composition, as well as biofilm formation are the main concerns for long-term cultivation. As mentioned in Light/Energy Availability, the lighting system can have a high influence on the culture. Thus, this can be used to influence the composition of the biomass. Similarly, the nutrient supply, including composition and supply interval will also have an impact in the culture.
Long-duration cultivation increases the probability of biofilm formation, which can be caused by direct adhesion of cells, biological deposits (e.g., extracellular polysaccharides–EPS) or cellular debris. The biofilm formation can result in an inhomogeneous availability of nutrients and dispersion of light energy influx, influencing the PBR performance. Some of the parameters showing a high influence on biofilm formation include light intensity and temperature, availability of carbon, nitrogen and phosphorous, as well as stress response to bacteria and mechanical forces (Wang et al., 2013; Helisch et al., 2016). Further long-term experiments are required to further understand, prevent or minimise the effects of biofilm formation, before a PBR can be used long-term in a LSS.
CONCLUSION
The use of microalgae for space applications has been widely investigated for several decades. One of the potential candidate species is Chlorella vulgaris, due to its robustness and adaptability. The feasibility of a microalgae based system depends both on biological and technological aspects. Besides the cultivation strategies, the required hardware, the Photobioreactor, will play an important role.
Several experiments with microalgae have already taken place in space. Those experiments were mostly short (several weeks) and small (several milliliters). Although those experiments have provided highly valuable results, further research is still required. Microalgae for a LSS will need to work continuously for long periods of time and will require a much higher volume.
A first estimation for a Chlorella PBR, based on laboratory data, suggests a reactor size of 100 L per person, to fulfil 30% of the human daily food requirements. The PBR would reduce the amount of required food supplied from Earth, but would require the addition of the PBR system itself, with a certain mass, but also other resources such as power or nutrients. A comparison of the PC LSR technology, with the same system including a PBR, shows that in terms of ESM, the PBR would be more favorable in missions lasting at least four years. This is a plausible scenario for a lunar base.
The work carried out at IRS serves as an initial base for the PBR research for a lunar base, but several challenges have been identified, which require further research, before a PBR can be used as part of a LSS in a lunar base. The main identified challenges include the higher space radiation and lower gravity on the Moon surface, as well as technical and biological aspects. A PBR design for the Moon does not exist yet, and several aspects need to be consider for the design: the reactor geometry (which will define volumetric efficiency, and needs to be adapted to lunar gravity), the lighting system (that will be defined by the power requirement) and the harvesting and processing (which shall allow the continuous cultivation and food production). Modularity and system automation (particularly looking at sensors and off-nominal scenarios) will also be crucial during the technology design. The design should also consider biological aspects, like the biofilm formation and its effects, and the effects of a non-axenic cultivation, to ensure a long-term stable performance.
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