
 

A Scientific Research for an Artificial 

BioSystem Reactor Unit Including a                     

Thermodynamic Energy Conversion System             

to be used for Space Science 

 

 

*Emin Taner ELMAS1      

*1 Assistant Professor Dr., Vocational School of Higher Education for Technical Sciences, Division of Motor 

Vehicles and Transportation Technologies, Department of Automotive Technology, Iğdır University, Turkey & 

Graduate School of Natural and Applied Sciences - Major Science Department of Bioengineering and            

Bio-Sciences, Iğdır University, Turkey 

 Iğdır University, 76000 

Iğdır – TURKEY 

*1ORCID ID: https://orcid.org/0000-0002-7290-2308 

 

 

 

Abstract 

 

Human exploration of celestial bodies such as the Moon and Mars necessitates the management 

and recycling of life support-derived wastes, alongside the vital conservation of resources like 

fuel, water, and oxygen. Anticipated waste streams include three primary categories: (1) black 

water (originating from sanitation systems), (2) food waste (from meal preparation and 

consumption), and (3) grey water (or hygiene-related wastewater). To sustain human life during 

prolonged off-Earth missions, efficient recovery of carbon, oxygen, hydrogen, and other 

essential microchemicals from food, water, and air is essential. This minimizes the frequency 

of costly resupply missions for these critical resources. Any recovery technology implemented 

must adhere to strict criteria: it should be compact, lightweight, energy-efficient, and require 
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minimal oxygen use while ensuring simplicity in operation and low maintenance demands. 

Additionally, these systems must maximize the recovery rates of life support resource chemicals 

for reuse. The ideal design would also incorporate flexibility to accommodate unexpected 

challenges, maintaining functionality through built-in failsafe mechanisms. The proposed 

Biochemical Conversion System offers a comprehensive solution, effectively processing waste 

generated from human activities—including black water, grey water, and food waste—while 

delivering valuable by-products. These outputs include recyclable potable water, oxygen, fuel, 

protein-rich cake, and machinery lubricants, facilitating sustainable long-term human presence 

in extraterrestrial environments. 

The main development objectives for the BioSystem Reactor project are as follows: (a) achieve 

energy and oxygen neutrality; (b) maintain a compact process footprint with minimal payload 

weight; (c) ensure the system's ability to treat both water and air to reusable standards; and (d) 

generate byproducts that contribute to life support functionality. The core design concept 

incorporates a series of treatment processes aimed at converting wastewater components and 

cabin CO2 into valuable life support outputs. This system integrates anaerobic and aerobic 

bioreactor units, lipid extraction, a microalgae reactor, and an adsorption polishing step. 

Through these processes, contaminants in water are reduced to near-zero levels. The design 

facilitates the production of multiple outputs, including: (1) hydrogen fuel for use in fuel cells; 

(2) methane, which can either serve as fuel for fuel cells or be utilized in the aerobic bioreactor 

for additional protein or lipid production; (3) recycled oxygen that can be reintroduced into the 

cabin environment; (4) lipids for creating "green" lubricants or nutraceutical applications; (5) 

protein cake (with or without lipids) as a potential food source; (6) fertilizer for soil enrichment; 

and (7) purified water recycled as potable water. A notable challenge involves oxygenating the 

aerobic unit, as it creates an oxygen demand that may prove too energy-intensive. To address 

this, an alternative design will be considered, replacing the aerobic stage with a passive solids 

separator to minimize energy and oxygen consumption. The research plan includes assessing 

the performance of each individual unit through small-scale reactors tested under a wide range 

of feed rates and compositions, simulating both standard and stress scenarios. Once optimized 

individually, these units will be integrated into a bench-scale system and evaluated under stress 

conditions. Mass and energy balance analyses will be performed across the system and within 

each unit to enhance the overall efficiency of the bench system. Insights from this stage will 

inform the development of a pilot-scale system, whose performance will undergo thorough 

testing. The comprehensive evaluation will also include payload analysis and operational 
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protocols as part of the final design considerations. Ultimately, the BioSystem Reactor aims to 

operate at a nearly neutral energy footprint, with an energy output-to-input ratio of 1.0, while 

targeting a more ambitious ratio exceeding 1.2. (energy ratio Eout/Ein] equal to 1.0 with 1.2+ 

being a target). [1-105] 

 

Keywords: BioSystem Reactor Unit”, Recovery, Recycling, Thermodynamics, Energy, Energy 

Transfer, Energy Conversion, Energy Ratio, Mathematics, Waste Water, Moon, Mars,  

Introduction  

Humanity's ambitious journey to Mars aims to send astronauts to the Red Planet in the 2030s, 

with long-term plans to establish a sustainable colony capable of supporting human life for 

extended periods. Central to this endeavor are vital components such as waste management and 

energy provision, which are indispensable for sustaining life and human activities on Mars. This 

project proposes the development of an advanced waste management system, the BioSystem 

Reactor Unit (BIOSYS). The system is designed to transform water-based waste streams and 

associated pollutants into valuable byproducts, including reclaimed water, energy (in the form 

of hydrogen and/or methane), lipids for food production, lubricating oils, microbial protein for 

consumption, and soil amendments for cultivating crops on Mars. Additionally, the BIOSYS 

will remove carbon dioxide from cabin air, recycling it for life support purposes. Comprising a 

combination of microbial-based (bacteria, yeast, and algae) and physical unit processes, the 

BIOSYS is engineered to achieve several goals: (a) maintain energy and oxygen neutrality; (b) 

operate within a compact footprint; (c) treat water and air to reusable quality standards, ensuring 

resource recycling; and (d) produce surplus co-products to enhance long-term survival on Mars. 

The sustainability of human life in a Mars colony requires a suite of advanced life support 

technologies, encompassing waste management systems and on-site food production 

capabilities. In tandem with Martian colonization, humanity is also gearing up for lunar 

habitation as a precursor to Mars missions and as a launchpad for deeper space exploration. 

Consequently, life support systems tailored for colonization of both the Moon and Mars are 

paramount research and development priorities. These systems—particularly the BioSystem 

Reactor Unit—must meet stringent criteria: low energy consumption, high efficiency in 

resource recycling, and adaptability to human needs in extraterrestrial environments. Human 

activity within these future residences will inevitably generate waste while consuming vital 

resources such as water and oxygen. Key waste streams identified by space mission experts 
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include: (1) Black Water (toilet waste such as feces, urine, toilet paper, and water); (2) Food 

Waste (from kitchen and cafeteria operations, contributing some water content); (3) Grey Water 

(primarily hygiene-related wastewater, e.g., sink or shower runoff containing soap); and (4) 

Plastic/Paper Trash. To sustain a crew member during a space mission, approximately 5.8 kg of 

food, water, and oxygen are required per day. On missions like those aboard the International 

Space Station, fresh water constitutes a significant portion of the life support consumable 

resupply weight. Current scientific understanding of lunar and Martian geochemical and 

atmospheric systems suggests that in-situ production of water and oxygen from native resources 

poses significant challenges. Therefore, efficient conservation and recycling of available 

resources are critical. To enable sustainable human presence on the Moon, Mars, and beyond, 

it is essential to recover and reuse the chemical components that comprise astronauts' food, 

water, and air. Reducing dependence on frequent resupply missions will dramatically lower cost 

and logistical constraints. The proposed technology must meet a range of criteria: compact 

design with low weight; minimal energy consumption and oxygen usage; ease of operation with 

low maintenance requirements; and high efficiency in recovering life support resources for 

reuse. These advancements will be crucial in ensuring the feasibility and success of humanity's 

interplanetary ambitions. [1-105] 

 

Material, Method, and Discussion  

This project aims to develop an innovative waste management system that operates with energy 

and oxygen neutrality, balancing or exceeding its consumption of these resources. The system 

is designed not only to achieve effective treatment goals but also to generate additional life-

support resources as valuable byproducts. The primary concept for the BioSystem Reactor Unit 

is outlined below and illustrated in Figure 1. Central to this design is the inclusion of an aerobic 

biotreatment phase, among other integrated processes, which supports the production of lipid-

enriched biomass. This phase will necessitate some form of oxygen input or may alternatively 

utilize nitrate as an anoxic electron acceptor. The system is engineered to treat the chemical 

oxygen demand (COD) in water influents to near-zero levels. Essentially, almost all COD will 

be converted into value-added chemicals, with minimal residuals addressed in a downstream 

polishing stage. [1-105] 

The outputs of this system include a diverse range of useful products:  

1. **Hydrogen** – to serve as fuel for fuel-cell applications.  
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2. **Methane** – usable as fuel for fuel cells or alternatively fed back into the aerobic 

bioreactor to enhance protein and/or lipid production via methanotrophic processes.  

3. **Recovered Air** – containing reduced CO2 levels, to be recycled into the cabin 

environment for reuse.  

4. **Lipids** – suitable for the production of "green" lubricants or as nutraceuticals.  

5. **Protein Cake** (with or without lipids) – a potential food source for animals and even 

humans.  

6. **Soil Amendments** – usable as soil fertilizers and conditioners.  

7. **Recovered Water** – treated and purified for reuse as potable water. Two distinct waste 

influent scenarios are considered within the system design:  

- **Scenario A:** All three waste streams (grey water, black water, and food waste) are 

processed through the anaerobic digestion stage. 

 - **Scenario B:** Black water and food waste are directed into the anaerobic stage for 

treatment to maximize COD input into the reactor. Higher COD loads lead to increased 

hydrogen and methane outputs. In this scenario, grey water bypasses the anaerobic process and 

is treated directly in the aerobic bioreactor, potentially sacrificing some mass hydrogen 

production but offering increased lipid yield. Additionally, secondary processing pathways are 

evaluated, such as routing digester biogas through an algal bed. This step serves to remove 

carbon dioxide while fostering the generation of additional algal biomass, further enhancing the 

system's sustainability and productivity. [1-105] 
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Figure 1: BioSystem Reactor Design Process Flow Diagram. [1-105] 

 

The system as a whole consists of a sequence of unit operations, or process steps, designed to 

either add or remove mass or energy. Consequently, a comprehensive Mass and Energy Balance 

for inputs, internal processes, and outputs across the entire system will be conducted regularly 

to assess R&D progress. This methodology has previously been applied to the development of 

less integrated and holistic life support systems for space exploration. [1-105] 
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Conclusion 

In conclusion, the BioSystem Reactor is designed to effectively process all human-derived 

water-based waste streams, including black water, grey water, and food residues, by combining 

biological and physicochemical approaches. The primary technical objective is for the system 

to generate valuable by-products such as reclaimed potable water, purified breathable air (with 

carbon dioxide reduced to standard atmospheric levels), edible protein cake (with or without 

lipids), soil enhancements, and machinery-grade lubrication oils. Additionally, the reactor will 

capture and bind carbon dioxide within microalgal cells and associated by-products—such as 

oxygen—effectively producing recovered cabin air. The project aims to achieve the following 

goals: (a) restore breathable air within colonies to normal oxygen and carbon dioxide levels 

(21% and 0.04% v/v, respectively); (b) ensure the removal of more than 99% of organic 

pollutants and nutrients; (c) provide reclaimed water of potable quality; (d) achieve total 

conversion of solid waste into microbial biomass (either algal or bacterial), protein cake, 

hydrogen, and/or methane; (e) develop a compact and lightweight system constrained to a target 

volume of 10 cubic feet and weight of 100 pounds per individual; (f) fully optimize the system 

for comprehensive recycling, leaving no residual waste; and (g) design the system to operate 

with an energy balance that is either neutral or positive (targeting an energy output-to-input 

ratio of 1.0, with a goal of exceeding 1.2). (energy ratio Eout/Ein] equal to 1.0 with 1.2+ being a 

target). [1-105] 
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