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SUMMARY

Wastewater treatment and reuse are vital for sustainability on Earth, and now that long-duration space missions
are being planned, developing compact, self-sufficient wastewater treatment systems is a pertinent challenge. This
study explores the conceptual feasibility and simulation of a bioregenerative life support system (BLSS) based on
a vertical flow constructed wetland (VFCW) for treating highly concentrated wastewater (up to 3000 mg/L COD),
including solid waste, under partial gravity. Using the HYDRUS-2D model with the CW2D module, the study
simulates variably unsaturated water flow and reactive solute transport through sand and lunar regolith simulant
beds ina VFCW, under Earth and lunar gravity. Results show that the low permeability and high air-entry suction
of lunar regolith in partial gravity significantly reduce infiltration rates and dissolved oxygen availability, which
limits treatment efficiency. However, an optimized intermittent feeding strategy with extended resting periods
(10-day downtime) enabled the lunar regolith system to achieve up to 95% COD removal. Comparative analysis
revealed that sand outperforms Iunar regolith simulant in continuous feeding scenarios but accumulates more inert
sludge. The findings suggest that substrate selection, hydraulic properties, and feeding strategy are more critical
than gravity alone in determining treatment success. The study provides recommendations for using lunar
resources to build and operate a VFCW to treat the waste from a 4-astronaut base and offers insights for

minimizing the footprint of CW installations on Earth.

Keywords: Vertical Flow Constructed Wetlands, Lunar Regolith Simulant, Partial Gravity Simulation




Résumé

Le traitement et la réutilisation des eaux usées sont essentiels a la durabilité sur Terre. Désormais, avec la
planification de missions spatiales de longue durée, le développement de systémes de traitement des eaux usées
compacts et autonomes devient un défi crucial. Ce mémoire explore la faisabilité conceptuelle et la simulation
d’un systéme de support de vie biogénératif (BLSS) basé sur un lit de macrophytes a écoulement vertical (VFCW)
pour le traitement d’eaux usées trés concentrées (jusqu’a 3000 mg/L de DCO), y compris les déchets solides, en
gravité partielle. En utilisant le modéle HYDRUS-2D avec le module CW2D, I’étude simule 1’écoulement de
I’cau et le transport réactif des solutés a travers des lits de sable et de régolithe lunaire simulé (LMS-1), en gravité
terrestre et lunaire. Les résultats montrent que la faible perméabilité et la forte pression d’entrée d’air du régolithe
lunaire en gravité partielle réduisent significativement les taux d’infiltration et la disponibilité de 1’oxygéne
dissous, ce qui limite ’efficacité du traitement. Cependant, une stratégie d’alimentation intermittente optimisée
avec des périodes de repos prolongées (temps d’arrét de 10 jours) a permis au systéme a base de régolithe lunaire
d’atteindre jusqu’a 95 % d’¢élimination de la DCO. L’analyse comparative a révélé que le sable est plus performant
que le LMS-1 dans des scénarios d’alimentation continue, mais qu’il accumule davantage de boues inertes. Les
résultats suggérent que le choix du substrat, les propriétés hydrauliques et la stratégie d’alimentation sont plus
déterminants que la gravité seule pour assurer le succes du traitement. L’étude propose des recommandations pour
I’utilisation de ressources lunaires dans la construction et I’exploitation d’un VFCW pour traiter les déchets de 4

astronautes, et offre des pistes pour réduire I’empreinte au sol des installations de CW sur Terre.

Mots clés: Lits de macrophytes a écoulement vertical, Régolithe lunaire simulé, Simulation en gravité partielle




LIST OF ABBREVIATIONS & SYMBOLS

Abbreviation Full Form

VFCW Vertical Flow Constructed Wetland

Cw Constructed Wetland

LRS Lunar Regolith Simulant

LMS-1 Lunar Mare Simulant 1

LHS-1 Lunar Highland Simulant 1

PG Partial Gravity

EG Earth Gravity

COD Chemical Oxygen Demand

rCOD Readily Biodegradable COD

sCOD Slowly Biodegradable COD

iCOD Inert COD

DO Dissolved Oxygen

BLSS Bioregenerative Life Support System

ECLSS Environmental Control and Life Support System
Kat Saturated Hydraulic Conductivity

o Inverse of Air Entry Suction Pressure
HYDRUS-2D 2D Water Flow and Solute Transport Simulation Software
CW2D Constructed Wetland 2D Module (in HYDRUS)
EPA Environmental Protection Agency (U.S.)

ISS International Space Station

CFS Continuous flow strategy

IFS Intermittent flow strategy



Term

Air Entry Suction / Air
Entry Value

Chemical Oxygen Demand
(COD)

Continuous Feeding
Strategy (CFS)

Constructed Wetland (CW)

Dissolved Oxygen (DO)

Feeding Strategy

HYDRUS-2D

In-Situ Resource Utilization
(ISRU)

Intermittent Feeding
Strategy (IFS)

Lunar Regolith Simulant
(LRS)

Matric Potential

Partial Gravity (PG)

Reactive Transport

Saturated Hydraulic
Conductivity (Ksat)

Van-Genuchten Model

Vertical Flow Constructed
Wetland (VFCW)

Water Content

Field Capacity of Soil

GLOSSARY

Definition
The minimum suction (negative pressure) needed for air to begin entering the largest pores in a saturated
medium. It indicates how easily a material can aerate after being wetted.

A measure of the total amount of oxygen required to chemically oxidize organic and inorganic

compounds in wastewater. It is used to estimate pollution levels.

A feeding approach in which wastewater is added to the wetland system continuously or in frequent,

small doses. This improves flow rates but may limit oxygen availability due to saturation.

A man-made system designed to simulate the water treatment functions of natural wetlands using

vegetation, soil, and microbial processes.

The amount of oxygen dissolved in water, essential for supporting aerobic microbial activity in

biological treatment processes.

The pattern or schedule of wastewater input to a constructed wetland. It affects saturation, oxygen

levels, and treatment performance.

A modeling software used to simulate water flow, solute transport, and heat transfer in variably

saturated porous media in two dimensions.

The practice of using local materials (such as lunar regolith) for construction or system support,

reducing the need for external supplies during space missions.

A feeding method where wastewater is added in larger batches followed by rest periods. This allows the
bed to re-aerate and promotes oxygen transfer for more efficient treatment.

A synthetic material developed to mimic the physical and chemical properties of lunar soil. Common
types include LMS-1 (mare region) and LHS-1 (highland region).

The pressure exerted by capillary and adsorptive forces that holds water within soil or porous media. It

affects water availability and movement in unsaturated conditions.

A gravitational environment that is lower than Earth’s gravity, such as on the Moon (1/6th of Earth’s

gravity). This influences water flow, oxygen diffusion, and treatment efficiency.

A modeling approach that accounts for both physical transport (e.g., water and solutes) and

chemical/biological reactions occurring within the medium as it passes through the bed.

A property that indicates how quickly water can move through a porous medium when fully saturated.

Higher Ksat values mean faster water movement.

A commonly used model to describe water retention and movement in unsaturated porous media. It uses
parameters like o (related to air entry) and n (pore distribution).
A type of constructed wetland where wastewater is applied from the top and flows vertically through

layers of substrate, allowing for filtration and biological treatment.

The proportion of water present in a soil or substrate. It can be expressed as volumetric or gravimetric

water content and affects the availability of water to plants and microbes.

Field capacity is the amount of water soil retains after excess water has drained away due to gravity,

allowing air to occupy pore spaces.
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Chapter 1: State-of-the-art

1.1 Context of the project

As efforts advance toward sustainable waste recovery systems, closing the loop in food and waste

cycles remains a key challenge, particularly for long-duration space missions. A viable life support system
in space must continuously recycle essential resources with minimal external input, given the limitations in
material availability and manufacturing capacity. Current Environmental Control and Life Support Systems
(ECLSS), such as those aboard the International Space Station (ISS), do not fully recycle wastewater and
are inadequate for long-term missions'.
A parallel constraint exists on Earth, where increasing urbanization and land scarcity demand compact,
efficient wastewater treatment systems with low carbon and spatial footprints. For instance, the U.S.
Environmental Protection Agency (EPA) recommends limiting the area footprint of wastewater treatment
systems to 1 m? per person equivalent in urban settings’.

Constructed wetlands (CWSs) are engineered systems that replicate natural processes to purify
wastewater. CWs have been explored as potential candidates for such systems, including early planetary
base designs like Biosphere 2°. These systems utilize a combination of physical, chemical, and biological
mechanisms to remove contaminants such as organic matter, nutrients (N and P) and suspended solids*.
CWs offer several advantages, they are low-cost, energy-efficient, and require minimal technical
supervision’. However, their large land requirements pose a significant limitation in urban and space-
constrained environments. In this context, the present study aims to simulate a wastewater treatment for
bioregenerative life support support system (BLSS) based on a vertical flow constructed wetland (VFCW)
designed for lunar applications. The goal is to simulate the operation of this highly concentrated wastewater
treatment process based under partial gravity conditions using in-situ resources from the lunar surface to
support the feasibility of this project.

Chapter 1 presents the state-of-the-art and background relevant to the project. Chapter 2 outlines
the mathematical modeling framework and parameter estimation methods used to develop the simulation
approach. Chapter 3 details the simulation methodology and parameters. Chapter 4 presents and analyzes
the results, providing insights into water dynamics and reactive transport in lunar regolith simulant under
partial gravity. Chapter 5 discusses the key findings in the context of existing literature. Finally, Chapter 6

concludes the study and offers recommendations for design and operation and prototyping.



1.1.1 Current wastewater treatment methods for space applications

Current approaches to waste management in space, such as those used on the International Space
Station, are largely focused on recovering water, with solid waste such as feces simply collected and
discarded costing huge capital. Earth-based analogs for space missions also do not efficiently treat waste
either. A 2005 survey of 71 Antarctic research stations found that only half had any wastewater treatment
infrastructure, while the remaining discharged untreated sewage into crevasses permitted under the Protocol
on Environmental Protection to the Antarctic Treaty °. Analog astronaut habitats are meant to simulate long-
term human presence in space beyond Low Earth Orbit (LEO). Waste management at analog astronaut
habitats is typically limited. For instance, the Mars Desert Research Station in Utah, United States, relies
on septic tanks that are emptied post-mission'. Composting toilets, occasionally used for their simplicity,
also often do not deliver meaningful nutrient recovery. Despite the implication of the term "composting,”
these systems mainly operate by dehydrating waste and venting off water vapor and gases, leaving behind
minimal usable residue. Since compost is not circulated back into agricultural systems, these facilities
remain dependent on regular deliveries of food, medicine, and other consumables. As we prepare for future
exploration in space, the economic and logistical realities of resupply will necessitate more sustainable

waste management and efficient recycling of all waste streams, including solid wastewater nutrients'.

1.1.2 In-situ resource utilization (ISRU) for lunar exploration missions

In-Situ Resource Utilization (ISRU) is a critical approach for space exploration, involving the use of local
resources to create products and services for robotic and human missions”®. ISRU aims to reduce Earth
launch mass, mission risks, and costs by producing essential consumables like propellants, life support
materials, and manufacturing feedstock’. This technology can significantly enhance self-sufficiency,
shielding, and infrastructure growth in space. ISRU systems must operate in various environments and
gravities, considering diverse resource characteristics®. NASA has established an ISRU technology
development program focusing on resources from the Moon such as lunar regolith excavation and oxygen
production for future extended human missions to the Moon’. Therefore, depending upon the requirement,
an early planetary base on the Moon could utilize lunar regolith excavated from the Moon surface to
produce equipment and material for a bioregenerative life support system (BLSS). This presents an

important opportunity for utilizing lunar regolith as a lunar resource for sustainable waste management.

1.2 Constructed wetlands (CW) for wastewater treatment
Marshes or wetlands are naturally occurring water reservoirs, where water is treated while feeding
beneficial nutrients to the soil and developing plants on the surface. Marshes, fens, and bogs are diverse

ecosystems with waterlogged soils and plant life that grow in these waterlogged conditions!®!!. Wetlands



play an essential role in numerous ecological activities such as filtering water, blocking floods, and offering
habitats for endangered species. Wetlands also play a major role in biogeochemistry and nutrient cycling
regulation for silica, phosphorus, and nitrogen'>!3. Wetlands have specific chemical transformation and
transport properties that are often those of sinks for nutrients'>. Wetlands can further act as a source of
available nutrients during periods of low discharge, sustained by primary production, biomass storage, and
microbial activity'®. Wetland plant harvesting is a viable method for the removal of contaminant and

retrieval of nutrients and energy.

1.2.1. Contaminant removal and types of CWs

The natural property of wetlands to treat and remove nutrients from water has been used to treat
domestic and industrial wastewater, and such wetlands are called wastewater treatment wetlands or
constructed wetlands (CW). CWs are man-made systems that strive to purify wastewater through natural
processes 4. These systems utilize physical, chemical, and biological mechanisms to remove impurities,
including nitrogen, phosphorus, organic matter or chemical oxygen demand (COD), suspended solids,
metals, and pathogens. The artificial wetlands are a low-energy, cost-effective solution when compared
with conventional treatment methods®. Substrate, vegetation, and water are some of the natural components
of CW that interact to create a natural treatment ecosystem '>. CW substrate media options range from
gravel to specialized materials like light-weight expanded clay aggregate (LECA) '6. Various types of
wastewaters, such as municipal, industrial, agricultural, and stormwater can be treated in a CW.

CWs are divided into two broad types: free water surface (FWS) and subsurface flow (SSF)
wetlands. There are several types and orientations of CWs, in free water surface, subsurface flow (horizontal
and vertical), and hybrid systems'”!¥. Despite their advantages, CW's require careful consideration of design
parameters and may have higher land requirements compared to conventional systems '®!°. This

classification of wetlands is shown in Figure 1.1.
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Figure 1.1: The figure shows the classification of various types of wetlands as shown by Swarnakar et al., 2022"°.

1.2.2 Vertical flow constructed wetlands (VFCWs)
Vertical subsurface flow constructed wetlands (VFCWs) are types of vertical geometry wetlands in which
influent water infiltrates through the bed vertically, as shown in Figure 1.2. VFCWs have gained popularity

12°. These systems demonstrate excellent performance in removing

due to their water conservation potentia
various pollutants, including COD, nitrogen, phosphorus, and coliforms. The design of VFCWs is
optimizable by incorporating targeted pollutant removal levels. Oxygen transfer rate is a critical factor for
sizing VFCWs, with newer designs allowing for more compact systems without resting periods?!. Inflow
rate, pollutant load, hydraulic retention time, and wetland design parameters affect nutrient removal??. Plant
uptake also contributes to nutrient removal, although the harvesting timing is significant to achieve optimal

efficiency®.
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Figure 1.2: Figure shows the geometry of a typical VFCW with a feeding tank as shown by Shruthi et al., 202224,

Septic tanks combined with constructed wetlands offer an effective and low-cost solution for wastewater
treatment. Studies have shown high removal rates for organic matter (87-89% COD, 88-97.5% BOD),
nutrients (44-87% phosphorus, 63-86% nitrogen), and pathogens 2>-8, This kind of treated effluent often
meets terrestrial irrigation water quality standards and can be safely used for hydroponic cultivation of
vegetables®®. These systems have demonstrated versatility and sustainability in various population dense

geographical locations, including Egypt, India, Brazil, and China® 2.

Microbial communities play a crucial role in contaminant removal, with aerobic degradation of
organic matter, simultaneous nitrification, anaerobic ammonium oxidation (Anammox), and denitrification
processes occurring in different zones of VFCWs. However, substrate clogging is a significant operational
challenge in VFCWs, caused by the accumulation of suspended solids, microbial growth, and chemical
precipitation”. Understanding hydrodynamic operation and interactions between various contaminant
removal processes is essential for optimizing VFCW performance. Modeling approaches help elucidate

these interactions and improve system design®.



1.2.3 Operational strategies for VFCWs

VFCWs have various modifications in operation methods. The two main strategies are continuous
feeding strategy (CFS) and intermittent feeding strategy (IFS). CFS is continuously addition of
wastewater after a short time interval on to the bed without rest period (downtime). In IFS, wastewater is
periodically applied to the surface and allowed to percolate downward through the filter media to a drainage
layer at the base. This process involves multiple short dosing cycles per day (typically 4 to 12) followed by
longer rest periods, during which the water gradually moves through the unsaturated substrate and the
surface is able to dry. These intermittent loading cycles significantly improve oxygen exchange within the
bed, promoting efficient acrobic biodegradation®'. A new strategy is recirculating vertical flow constructed
wetland (RVFCWs), is discussed in Sklarz et al., 2009°%. Such a system is of interest because it allows the
use of the same bed instead of having secondary treatment to reach the desired quality of effluent while
requiring minimal area requirement. Even though recirculation presents a good alternative when spatial
constraints are present, it adds extra machinery and parts to the system, which need to be maintained and
run using additional resources.

Since VFCWs are complex systems in which water travels through porous media, the mechanisms
of water movement are influenced by various factors. In unsaturated porous solids, water movement occurs
under the influence of gravity, moisture, and temperature gradients, involving both liquid and vapor
phases®. Capillary rise in porous media exhibits "jump" behavior at pore necks, with the wetting front
appearing flat and saturated in initially dry conditions but irregular and unsaturated in initially wet
conditions. Clogging primarily occurs in the upper layers and is caused by inorganic and organic suspended
solids, biomembrane growth, and water adsorption®*. This process affects hydraulic conductivity (the ability

of water infiltration through the bed over time) and internal flow patterns over time™.

1.2.4 Beds and substrates used in CWs and their contaminant removal mechanism

Various materials have been used as CW substrates, usually minerals, and the research for using
various materials as CW substrates has been increasing over the years*. Depending on the nature of the
substrate, it can remove particles and contaminants by making them stick by an adsorption mechanism
shown in Figure 1.3 below. As the contaminant passes through the substrate’s fluid-solid film and diffuses
into the substrate and performs desorption of molecules **. The mathematical equation for this process is
discussed in the next chapter. Substrate selection therefore influences treatment performance, with
hydraulic conductivity and clogging capacity influencing performance. Gravel substrates are more
conductive than sand-and-gravel mixtures, which are prone to clogging®’. Substrate optimization through

combination or alteration is recommended to enhance treatment performance. The substrate selection must



be designed to meet influent water quality and pollutant removal objectives, since no one substrate provides
optimal treatment for all contaminants*. The diversity of substrates used for CW allows for possible
speculation about using lunar regolith as a substrate in CWs. This possibility can allow for the use of this

substrate instead of transporting soil or substrate from the Earth to serve as bedding for the system.

® Larger particles b Porous particle Fluid-solid film

@ Small particles
e H,0

+.Bulk diffusion

Surface diffusion d 3 __, Film diffusion

Figure 1.3: Figure shows the contaminant removal with the substrate (a) and adsorption mechanism as adapted from

Yang et al., 2022.

1.2.5 Potential of lunar regolith as a substrate for wetland bed and lunar regolith simulants

Lunar regolith is a layer of loose, fragmented material covering the solid bedrock on the Moon’s
surface formed by continuous meteorite and micrometeorite impacts on the lunar surface. Its dust resembles
that of sand but differs in characteristics from earth soil. It doesn’t contain any organic matter or
microorganisms or moisture. However, it has been speculated that the average ice content on the lunar poles
is estimated to be 1.5 + 0.8% by mass®®. The particle size distribution of the lunar soil changes with the
depth of excavation and is mostly consistent to a depth of several meters as shown in the Table Al
(Annex)*.

Although lunar regolith is devoid of organic matter, nitrogen and other nutrients that are necessary
for the growth of plants and a healthy microbiota, it contains one of the constituents in terrestrial soil i.e,
mineral matter, and some amounts of dinitrogen (N2) and oxygen gas (O2). For lunar regolith to be used
like terrestrial soils, all or some of the major components like organic matter is needed to be added into the
regolith®’. The diverse microbial communities in terrestrial soil maintain the soil's function and nutrient
cycling process; these microbial communities, therefore, can be introduced into the soil for its maintenance
and nutrient function. Heterotrophic microorganisms present in wetlands require organic matter for their
survival. It has been suggested that terrestrial soil or deep groundwater with a stable microbial community

can serve as an inoculum for the lunar regolith®.



Lunar regolith differs in mechanical and chemical properties depending upon the location on the Moon and
depth it is excavated from as shown in Figure Al and Table Al (Annex) respectively. To approximate the
chemical, mechanical, engineering, mineralogical, or particle-size distribution properties of lunar regolith,
scientists synthesize terrestrial materials called lunar regolith simulants. Lunar regolith simulants are
crucial for testing equipment, evaluating health risks, and developing in ISRU for lunar exploration*'. These
simulants aim to replicate specific characteristics of lunar regolith, such as bulk chemistry, particle size,
and distribution. However, terrestrial simulants differ from actual lunar regolith in elemental composition
due to the Moon's unique environment*. While simulants have been invaluable for lunar mission
preparations since the Apollo era, they are not perfect replicas of Iunar regolith, and their use in terrestrial
environments can affect experimental and simulation results®*. The two important lunar regolith simulants
in the context of this study are Lunar Mare Simulant (LMS-1) and Lunar Highland Simulant (LHS-1) and

which have been shown to provide a good estimate of lunar regolith geomechanical properties {Citation}.

1.3 Potential effects of partial gravity and lunar conditions on VFCWs
An early planetary base on the Moon experiences reduced or partial gravity, which is 1/6™ of terrestrial
gravity, i.e., 1.62 m/s’. This is called “partial gravity” and can have a potentially overlooked effect on
various processes, like hydrodynamics or water dynamics, that are important in a wetland system and might
change the behavior of an ecosystem by changing common processes such transport through a porous bed.
It is important to study the vertical gravity flow of water through the VFCWs in partial gravity. The
hydrodynamics will determine how long it takes for the wetland to treat a certain amount of wastewater and
the proper functioning of its wastewater treatment process. Water movement in porous media under reduced
gravity conditions, such as on the Moon, involves complex mechanisms. For instance, in microgravity,
conventional capillary flow does not fully explain water distribution, with evidence suggesting narrower
pore size distributions and inactive large pores*. However, recent studies found no significant differences
in infiltration rates between low gravity and Earth gravity (1G) conditions for fine uniform porous media*.
Reduced gravity, such as partial gravity on the Moon's surface, can lead to unstable fluid displacement
patterns and enhanced phase entrapment, potentially modifying macroscopic transport properties*.
Microbial activity in extraterrestrial spaces is expected to differ significantly from Earth due to
harsher conditions, including extreme temperatures, high radiation, and low pressure . These factors have
been causing rapid inactivation of microbes on external spacecraft surfaces, with a predicted -231 log
reduction in viable bioburden per lunation at the equator*®. However, internal spacecraft and base areas may
harbor microbes longer*. Simulated lunar gravity studies suggest increased bacterial growth and higher
antibiotic resistance for some strains compared to Earth conditions*’. The lunar surface also exhibits unique

radioactivity due to radon and thoron diffusion, estimated at approximately 1 microcurie per square meter*®,



These factors collectively contribute to a distinct microbial environment on the Moon compared to Earth,
impacting potential lunar exploration efforts and contamination risks. While the synergistic effects on the
activity of microorganisms of a VFCWs on the Moon cannot be simulated, insights can be provided by
using terrestrial microbial models and empirical data to simulate the hydrodynamics and contaminant

removal Processes.

1.4 Objectives

Although ISRU has not been demonstrated in actual missions, it is crucial to evaluate concepts and
technologies under relevant conditions and through simulation’. In this study, ‘The Marshian’ concept
(from the word ‘Marsh’) of a VFCW for wastewater treatment including solid waste from a lunar base'.
Evaluation of feasibility of such a VFCW cannot be done without proper evidence for its operation in partial
gravity conditions. Since experimental techniques lack the ability to simulate such a system in partial
gravity, the systems need to be simulated based on a mathematical model by adapting terrestrial models
adjusted to accommodate the effect of partial gravity. Therefore the aims of this study is to provide a

simulation of the VFCW to meet the following objectives:

e To simulate the feasibility of treatment of high strength macerated wastewater with solid waste
from a lunar base using a minimal area footprint and achieving 75% total COD removal (threshold
limit)

e To simulate the VFCW's performance under partial gravity conditions (1/6™ Earth gravity), for
operation on the Moon with minimal machinery and human intervention

e To gain insights into water dynamics and biokinetics within the VFCW when using lunar regolith
simulant as the substrate under partial gravity conditions and identify key functioning parameters

e To propose design and operation recommendations for prototype development and validating the

feasibility using simulation results for a 4-person astronaut base

Figure 1.4 explains how the flow of the research and simulation efforts to achieve the objectives.



Feasibility of constructed

wetlands (CW) for
Simulation of lunar bioregerative life support Simulation of CW
regolith as a bed for system for complete system in partial
w wastewater treatment gravity regime
application using in-situ lunar

resources

Simulation of biokinetic
processes occuring in the
wetland bed using terrestrial
biokinetic correlations in

lunar regolith simulant

Figure 1.4: Figure shows the flow diagram for the research and simulation methodology used for achieving project

objectives.
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Chapter 2: Modeling framework and estimation of properties for VFCWs in partial gravity

2.1 Mathematical modeling of water dynamics through a porous bed

The wastewater flow through a soil or wetland substrate bed can be modeled as fluid flow through
a porous bed. The porous bed in this study would be a particular substrate to be used in the ISRU context,
such as lunar regolith. Although fluid flow through porous media has been widely studied by employing
various modeling schemes, there are no studies that point out the flow in a partial gravity regime. The flow
through a porous bed was first described by the French engineer Henry Darcy in his 1856 work titled "Les
Fontaines publiques de la ville de Dijon" (The Public Fountains of the City of Dijon). It is governed by
Darcy’s law, which states that the velocity of flow through porous media (Q) is directly proportional to the

hydraulic gradient (‘;—j) for any given saturated soil under steady laminar flow conditions*” which is

analogous to Fick’s law but for water in porous bed, which is expressed in mathematical form in Bonan et

al., 2019 as follows:

AW oW
Q= —K(B)% = —K(8) [5 + 1] 2.1)
oW
Q= —K@©O)%——K(®) (22)

where 6 is the volumetric water content, W is the matric potential, the pressure with which water is held in
the substrate matrix due to the attraction between water molecules and porous particles (W < 0) for
unsaturated soil and (W = 0) for fully saturated soil with liquid, z is the height above the ground or
reference point, and Q is the velocity of flow and has units of m*m?.s. K(8) is the hydraulic conductivity
of the soil which describes how easily water can flow through it, and is dependent on volumetric water
content (6), which is the ratio of volume of water retained in the bed to the total volume of the bed.
However, Darcy's law needs to be further modified to model the hydrodynamics of water in ecological

processes, specifically in unsaturated conditions, also described in Bonan et al., 2019%.
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Figure 2.1.1: Figure shows the block diagram for mass balance on water movement through a wetland bed as shown

in Bonan et al., 2019.

This modification of Darcy’s law can be done by applying the continuity equation® on the wetland bed as
shown in Figure 2.1.1, where Qin, Qou are the volume of wastewater entering and leaving the wetland bed
respectively, assuming a cubic system where Ax, Ay, Az are the dimensions of the bed, and observing the
principles of mass conservation, the final equation is shown below:

00 9 ow
=== [K(B) =+ K(H)] (2.3)
20 o oW OK
= [K(H)E] += (2.4)

Which is also called Richard’s equation (3.3), with two independent variables y and 6, this equation can be

written in terms of one independent variable, either as a function of 0 or .

C‘Palp—aKHaLp+aK 2.5
()6t_6z ()02] 0z (2:5)
Where C(W) = % is called the specific moisture capacity (m™")%.

This form of Richards equation only depends on one independent variable (y) and can be utilized for
saturated and unsaturated soil for the ground level and vadose zone (layer of soil and rock found just below
the Earth's surface but above the groundwater table)*®. However, since C(y) depends upon v, the equation
is not mass-conserving when y changes over a discrete period. Therefore, Richard’s equation can be further

described in terms of dependence on the soil water content (0):
9 0
ot 0z

901 0K
D(B)E] + = (2.6)
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Where, D(6) = % and is known as the hydraulic diffusivity (m?s™).

2.1.1. Modeling of partial gravity using Richard’s equation
Richards' equation is founded on relationships for K(8) or 8(y), though analytical solutions are hard
to find because these relationships are nonlinear. Numerical methods can normally be employed. Such
methods initially create a finite difference form of the partial differential equation (PDE) and subsequently
linearize the nonlinear terms containing K(08) and C(y). The accuracy of the solution depends heavily on
the specific numerical techniques used, the form of the Richards equation, and the time step and grid size
used. Richard’s equation is further expressed in three-dimensional form as follows:
Q=-K®)(Vh+ Vz) (2.7)
Where the term (Vh + Vz) represents the total head of the system from an arbitrary reference point. The
effect of partial/lunar gravity in vertical motion in a porous bed can be estimated by using the correlation
for the estimation of saturated hydraulic conductivity (Ks.:) for lunar regolith in saturated conditions using
the well-known Karmen-Cozeny predictive model®! for Ky, assuming a gravitational acceleration of 1.66
ms™.

Ksar = (% 2.8)

Where K is the saturated hydraulic conductivity (ms™), k is the permeability (m?), p is the liquid density
[g/cm?], g is the acceleration due to gravity (ms?), and 1 is the dynamic viscosity (kg'm™-s™"). However,
the Karmen-Cozeny predictive model is limited because it is based on Poiseuille’s law for flow through a
granular porous bed lacking structure or consolidation and is assumed to be a bundle of capillaries with a

single representative radius. This approach works better with uniform pore size distribution.

2.1.2 Estimation of hydraulic parameters of wetland bed substrates

Richard’s equation requires characterization of the hydraulic parameters of the porous bed media.
The two main porous media simulated in this study are conventional wetland substrate (sand) and lunar
regolith simulant (mare simulant (LMS-1)). In this study, the van Genuchten—Mualem model was used to
characterize the unsaturated porous bed hydraulic properties. These properties are derived from the soil-
water retention curve, which is often characterized empirically. The van Genuchten—Mualem model relates

the volumetric water content (0) to the pressure head (h)> as follows:

6 — 6
8(h) = 6, + ———

[t (@) (29)
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with h is the head and h > 0 and m = 1—1/n, the actual pressure head; 6 (h) (m*/m?), the actual water content
dependent on h; 0, and s (m*/m?), the residual and the saturated volumetric water contents respectively; o
(1/m), the fitting scale and n (-), the shape parameter. The interpretation of these parameters is shown in
Table 2.1.1. The van Genuchten—Mualem model parameters for the conventional wetland substrate (sand)
are provided in the HYDRUS-2D database™, and parameters for lunar regolith simulant (LMS-1) are
already available in the literature®*. The only commercially available lunar regolith simulant that has been

characterized with the van-Genuchten model is LMS-134.

Table 2.1.1: The table shows the hydrodynamic parameters required in the van-Genuchten model

Parameter Interpretation
Or (Residual Water Content) Minimum water content left in the bed after
[-] drainage
0s (Saturated Water Content) Maximum water content when the soil is fully
[-] saturated

o (Air Entry Suction Pressure) | Determines the pressure at which air enters the soil

[1/cm] pores

n (Pore-size Distribution
Parameter) Describes how uniform the pore sizes are

[-]
Ks (Saturated Hydraulic

The rate at which water moves through fully

Conductivity) )
saturated soil
[cm/day]
1 (Pore Connectivity Parameter) Empirical parameter influencing hydraulic
[-] conductivity under unsaturated conditions

2.2 Mathematical modeling of contaminant transport/removal through a porous bed

Contaminant transport occurs simultaneously with the downward motion of wastewater in porous
media such as VFCWs and involves complex mechanisms like advection, diffusion, and mechanical
dispersion™. Itis also evident that some contaminants or solutes move slower than the water passing through
the bed, which needs to be modelled with an alternative approach. Solute transport is explained by the

advection-diffusion equation, a one dimensional (1-D) form of which is shown below *°.
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3t Do e Hla (2.10)

ac 92 ac  ppdC* ac
5.
Where each term of the equation describes the phenomena of dispersion, advection, sorption, and reaction
respectively, where C is the concentration of solute in liquid phase (kg/m?), t is the time (day), Dy is the
longitudinal dispersion coefficient (m%day), vy is the average linear groundwater velocity (m/day), 1 is
the bulk density of the porous bed (kg/m?), q is the volumetric moisture content or porosity for saturated
media (unitless), C* is the amount of solute sorbed per unit weight of solid (no units) and rxn is the subscript

indicating a biological or chemical reaction of the solute (other than sorption).

Other modeling approaches, such as single continuum models, can also represent contaminant
transport in fractured porous formations for given conditions. However, these models require data on
equivalent porosity and dispersion coefficients, typically determined through field experiments®’. The
integration of experimental data with a variety of modeling techniques, including coupled algorithms, has
become increasingly popular in simulating the transport of contaminants and informing groundwater

management >®

. CWs remove pollutants through settling, filtration, microbial degradation, adsorption, and
plant interactions, effectively treating organics, nutrients, pathogens, heavy metals, and contaminants via
integrated physical, chemical, and biological processes. When the solute transport involves chemical or
biological reactions and microorganisms' growth, as the ones mentioned above, which is also the case in

VFCWs, it is modelled as ‘reactive transport’ >°.
2.2.1 Reactive transport modeling for VFCWs

Reactive transport modeling is an efficient tool for research on fluid migration and biogeochemical
reactions in subsurface systems®, and it also considers processes such as advection, diffusion, dispersion,
and a number of reactions able to alter porous media properties®. These alterations lead to mechanisms of
feedback that affect water flow, solute migration, and reaction rates®® and, in turn, the removal of
contaminants from the wastewater. Besides prediction, reactive transport modeling provides a conceptual
framework for integrating experimental observations, comparing potential alternative biogeochemical
processes, and identifying research needs®'. The universality of the method makes it applicable in
explaining complex interactions between transport and reaction processes in evolving porous media ¢,

which is utilized in a VFCW.
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2.3 Modeling software review and selection

Richard’s equation is a nonlinear PDE dependent upon the bed moisture content, which is a
nonlinear function of head and hydraulic conductivity. Solving these nonlinear functions require an iterative
approach since these parameters are coupled in such a way that they are dependent upon each other, and
the equation cannot be decoupled into simpler parts. The equation is transient and cannot be solved for
single time point and therefore require implicit or explicit methods like Euler or Crank-Nicolson, which is
unstable or inaccurate without proper numerical schemes. For the above reasons, a numerical solver with
advanced iterative techniques, matrix solver, and adaptive time stepping is required, for which a thorough
software review was conducted with pros and cons in the context of application to VFCW and modifiable

parameters. The results are summarized in Table A2 (Annex).

2.3.1 Modeling of hydrodynamic and contaminant removal using HYDRUS-2D

Among the various software reviewed, only a few of them are still currently available, among which
the HYDRUS-2D model, which can be used for modeling variably saturated water dynamics and along
with reactive transport of dissolved compounds, with an additional module for wetland kinetics (CW2D),
which will be discussed in the next section. The HYDRUS-2D model solves Richards’ equation using
numerical methods and provides a graphic interface for the dynamics of water in a porous bed. HYDRUS
provides variably saturated water flow results and estimates the hydrological properties with the van
Genuchten model. The results can be obtained ranging from seconds to days. HYDRUS has both one-
dimensional (HYDRUS-1D) and multi-dimensional (HY DRUS-2D/3D) versions, with the former being
free and open-source but the latter being commercial®>. The software has been under continuous
development, with recent additions being specialized add-on modules that enhance its functionality 2.
HYDRUS can be used for direct and inverse problems, allowing for parameter estimation and model
calibration by built-in optimization algorithms or by external global optimization methods. The models
have been applied to a wide range of steady-state and transient flow and transport issues in field and

laboratory situations®.

Reactive transport can be modelled using HYDRUS-2D and has been enhanced considerably,
allowing for the simulation of complex biogeochemical processes in subsurface systems and providing
supporting experimental studies for parameter and data collection. Hydrus-2D has a specialized module for
wetlands using two biokinetic models (CW2D and CWM1) for simulating CWs. CW2D module simulates
solute transport, and organic matter, nitrogen, and phosphorus degradation by Monod-type equations and

164

temperature-dependent rates using the activated sludge model **. The biological transformations considered

in the CW2D module are described in S1 (Supporting Information). Reaction rate equations are shown in
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Table A7 (Annex). CW2D has been applied in various applications, including wastewater treatment and
combined sewer overflow (CSO) control?>**. Even though the model is effective for pilot-scale CWs, more
research is needed to improve adsorption modeling, degradation processes, and influent fractionation for
combined sewer overflow treatment®”. The CW2D manual includes detailed information on the
mathematical formulations of the module, default parameters that can be modified based on case
information, and HYDRUS implementation, along with examples and additional input/output file

descriptions %.

2.3.2 Estimation of parameters for HYDRUS-2D simulation

Various parameters for contaminant transport modeling are required to validate the equation
mentioned in the previous section for performing the reactive transport part simulation. Parameters such as
longitudinal and transverse dispersion coefficients and initial solute concentrations (mentioned in the
previous section) are estimated according to the substrate particle properties. Contaminant transport is
simulated using the Crank-Nicholson time weighting scheme and Galerkin finite elements for spatial
discretization®*¢’, The stability criterion is set to 2. Tortuosity is considered using the Millington & Quirk

model®®

. Nonlinear adsorption is not a primary focus, as iteration criteria are minimal (tolerance values set
to zero with one iteration). Twelve solute transport components shown can be modeled with a modifiable
pulse duration (cm/day) and units of (mg/L) as shown in Table 2.3.1 below. Initial solute concentrations
are defined in the liquid phase (mass of solute per volume of water), assuming equilibrium between phases
at the start and the contaminants are modelled as dissolved in the influent wastewater. Additional modules

(e.g., attachment/detachment) were not enabled.

In HYDRUS-2D CW2D module, the total COD is further distributed into readily biodegradable
(rCOD), slowly biodegradable (sCOD), and inert COD (iCOD) for simulation of these components. The
distribution can be seen in the Table 2.3.1 below by Langergraber and Simunek 2006%°. The initial amount
of microbial concentration in the bed and influent can also be assigned by changing the concentrations of
the component 5 for heterotrophic species and 6,7 for autotrophic bacteria. The profile of microorganisms
can be set by using the graphical interface and assigned concentration to the specific area of the bed
according to supporting literature. Further parameters of contaminant transport in equation 3.5 like
longitudinal and transverse dispersivities play an important role in the contaminant removal processes, the
estimation of these parameters for lunar regolith can be done by using particle information mentioned in

Slyuta et al., 2013% and shown in Table A3 (Annex) as explained in the next section.
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Table 2.3.1: Table shows the twelve solute transport components that can be modelled in HYDRUS-

2D
No. Component Symbol Unit
. mgO:

1 Dissolved oxygen (DO) 02 Lo
2 Readily biodegradable COD rCOD mch_?D
3 Slowly biodegradable COD sCOD mgf_(l)D
4 Inert chemical oxygen demand iCOD mngj_E)D
5 Heterotrophic microorganism XH —
6 Nitrosomonas spp. (autotrophic bacteria 1) X AN —
7 Nitrobacter spp. (autotrophic bacteria 2) XAN b —
8 Ammonium ion (NH4") NH:N | mgN L™
9 Nitrite ion (NO2") NO:N | mgNL™
10 Nitrate ion (NOs") NOsN | mgN L™
11 Dinitrogen gas (N2) NN mg/L
12 Inorganic phosphorus 1P mg/L

2.3.3 Estimation of the total COD in influent wastewater from an early planetary base

The influent composition of wastewater from an early planetary base differs from typical terrestrial
domestic raw wastewater. Therefore, the components such as COD, NH4", NO>™ differ in these wastewaters.
Since such wastewater formulation has not yet been present, to provide an initial estimation, influent flow
rate and composition can be inferred from the Baseline Life Support Baseline Values and Assumptions
Document (BVAD)", as well as data from ersatz formulations’'. With an assumption that organic matter,
such as feces and urine, has a similar COD value to that in earthly conditions, and is mixed in the toilet
flush. The wastewater is mixed with latent wastewater, which is the crew's latent humidity generated purely
due to latent heat processes from the crew's respiration, perspiration, and other activities in a closed
environment. Further distribution of wastewater in BVAD is shown in Table A4 (Annex).

According to the BVAD, each crew member should generate about 32 g of feces dry matter per day and
1.56 kg of urine per day. Correlating this dry matter to COD by using empirical values tested on earth,
which corresponds to the dry matter of feces and urine to corresponding COD value which comes out to be
63495 mg in total, when this is divided by the total flush water volume (2.2334 L assuming density of
water), we can get the resulting COD as 28429.7 mg/L in the flush water which is 22.3% of the total
wastewater according to the BVAD, which gives us the final COD of 6328.46 mg/L after dilution.
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Furthermore, Verostko et al., 2004"" attempted to formulate the wastewater in an early planetary base and
did some empirical measurements of the total carbon content (TOC), which is shown to be 519 - 631 mg/L
as shown in Table A5 (Annex). A correlation between COD and TOC is shown in Figure A2 (Annex).
Using this correlation and assuming again the wastewater composition like that of terrestrial wastewater,
we can estimate that the COD value ranges from (6725.91 - 8158.73 mg/L).

For an initial estimate, a 50% COD removal was assumed in the septic tanks owing to settling.
Septic tanks are generally used as a reservoir for storing wastewater prior to the treatment and can function
without intervention for a long time’?. A final total COD value of 3000 mg/L was taken as a basis for the
simulation study. This estimated COD is comparable to industrial wastewater rather than domestic
wastewater. This value provides an initial estimate for influent concentrations defined in the methodology

which are expected to be revised once empirical data is available from the prototyping phase.

2.4 Simulation of operational strategies

Different operation modes and feeding strategies can be employed for the proper operation and
contaminant removal in a VFCW as discussed in Section 1.2.3, some of which have been well-established
such as CFS and IFS. These operational strategies are of interest in this study due to time, substrate and
spatial constraints. Furthermore, these strategies that require little to no extra machinery and moving parts
are preferred in the context of this study. The objectives of the treatment system can be met by focusing on
key performance indicators such as contaminant removal efficiency (e.g., COD, nitrogen, phosphorus),

effluent quality, saturation time, space efficiency, and system complexity.

The HYDRUS-2D software can further be employed to simulate these operational scenarios under
partial gravity by changing the feeding time and the schedule and frequency of feeding wastewater. Such
versatile model simulation results for a VFCW using these different feeding strategies, substrates and
gravity conditions could be determining key parameters of focus. These scenarios can also be evaluated
based on their effectiveness in pollutant removal primarily COD removal and nitrate in the effluent. These
simulation results will help aid the resource requirements, operational feasibility, and adaptability in the

context of space exploration and use in area deficient countries.
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Chapter 3: Methodology & Simulation Parameters

3.1 System setup

The geometry of the modelled system is an axis-symmetrical cylinder with dimensions of a radius of 50 cm
and a height of 100 cm, containing a single substrate porous bed. The simulation was performed using
HYDRUS-2D version 5.05 with the CW2D wetland module as an additional module for the simulation of
reactive transport. The substrate bed is modelled by using the Finite Element Mesh method”, using a
maximum of 500000 mesh nodes for observation of fluid flow, as shown in Figure 3.1.1. The
hydrodynamics in the VFCW bed was simulated under Earth and partial gravity conditions using sand and

lunar regolith simulant (Lunar Mare Simulant (LMS-1)) as a substrate medium for comparison.

R0em 100 cm

Substrate bed

50 cm 50 cm
a) 3D Conceptual Model b) 2D Finite Element Mesh Model

Figure 3.1.1: Figure shows the 3D conceptual model (a) and 2D finite element mesh model (b)
constructed on HYDRUS-2D.

20



3.2 Model assumptions
The model assumptions are described below:
e The system was modeled as a two-dimensional axisymmetric domain.

e Flow and solute transport were assumed to be predominantly vertical; lateral movement was
considered negligible.

e The filter media (sand and lunar regolith simulant) were treated as hydraulically and physically
homogeneous.

e A constant ambient temperature of 20 °C was assumed, reflecting a climate-controlled indoor
environment on Earth or the Moon.

e (Gravity was varied between Earth (9.81 m/s?) and Moon (1.62 m/s?), while:

e Microbial kinetics and reaction rates in CW2D were assumed not to vary with gravity.
e The surface was exposed to aerobic atmospheric conditions.

e The system was assumed to be unplanted, with negligible evapotranspiration.

e CW2D modeled organic matter and nitrogen transformations, but did not account for, pH changes,
redox potential variations, or salinity effects.

3.3 Simulation settings & initial conditions

At initial conditions of hydrodynamics, the bed is at field capacity (having enough available water for plant
growth), which can be modified based on the substrate media. It is the amount of residual moisture in the
soil when the soil is dry/nonsaturated. This was estimated to be a head of -93.347 m throughout the bed in
HYDRUS-2D. The effect of partial gravity was simulated as discussed in Section 2.1.1 (Equation 2.7 &
2.8). The microorganism profile in the porous bed was selected based on Lagergraber & Tietz 20077* as
shown in Table 3.3.1. The bed has a gradient of heterotrophic microorganisms 500 mg/L reducing to zero
at 50 cm of the bed, while the bed contains 30 mg/L of autotrophic bacteria (Nitrosomonas spp.) reducing
from the top of the bed to the lowest depth as 0 mg/L and 15 mg/L of autotrophic bacteria (Nitrobacter
spp.) starting from the top of the bed and decreasing linearly to 0 mg/L at lowest time as shown in Table
3.1.1.
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Table 3.3.1: Table shows the assumed microorganism profile in the bed using HYDRUS-2D based on empirical
data in Lagergraber & Tietz 20077* and Wetland Example 175

Microorganism Type Bed Depth Concentration
L . Linear decrease from 500 mg/L
Heterotrophic microorganisms 1-50 cm
to 0 mg/L

Linear decrease from 30 mg/L
(Nitrosomonas spp.) and 15
mg/L (Nitrobacter spp.) to 0

mg/L

Autotrophic bacteria 1-100 cm

The kinetic parameters used in the simulation were based on the CW2D module mentioned in Table A6
(Annex). The simulation was configured with an initial time step of 0.0001 day, and an observation interval
of 1 day. To ensure numerical stability and accurate resolution of transient processes the maximum number
of iterations were set to 100 for hydrodynamic simulation and 10 for solute transport simulation. The total
simulation duration (minimum 10 days and maximum 60 days) was set to adequately capture the system at
saturated performance and provide enough time to observe contaminant removal or accumulation while
reducing computing time. The results for effluent concentrations were taken directly at the seepage end of

the bed.

3.4 Hydraulic & solute transport properties of substrates

For the van-Genuchten model, hydraulic parameters were taken from Brozovich et al., 2024
particularly relating to the Lunar Mare Simulant (LMS-1) and for sand the parameters were taken directly
from HYDRUS database as shown in Table 3.4.1. The solute transport parameters for sand were taken
directy from the HYDRUS database. The longitudinal dispersion coefficient Dr in lunar regolith was
estimated using the relation D=0y -v, where aL is the longitudinal dispersivity and v is the average seepage
velocity. Based on particle size distribution data from Slyuta et al. (2014)%° (Table A3, Annex), the mean
grain size was approximated as 0.01 cm. Assuming a seepage velocity of 3 cm/day’®, the dispersivity
coefficient was calculated as D;=0.015 cm?/day. This gives a corresponding longitudinal dispersivity of
0.005 cm. This parameter is crucial, as dispersivity is influenced by grain size, which affects pore structure
and solute transport pathways in the regolith.

To estimate the transverse dispersion coefficient Dr in lunar regolith, the formula Dr=Dpn+orv is
used, where Dy, is the molecular lateral diffusion coefficient (negligible for lunar soils as predominant
motion is vertical in the setup), ar is the transverse dispersivity, and v is the seepage velocity. Assuming
lateral negligible diffusion, Dr=arv. An empirical relationship Dr=¢K is applied, where ¢ is the porosity
(44%) and K is the hydraulic conductivity (13.34 cm/day), resulting in D1=5.87 cm*/day. Using
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v=3 cm/day, the transverse dispersivity is then calculated as or=1.96 cm. Understanding transverse
dispersivity is essential for modeling lateral solute spread in porous media such as lunar regolith. Other
solute-specific parameters, such as the molecular dispersion coefficient of solutes in different media, were

used based on the HYDRUS dataset” as shown in Table 3.4.2 and Table A7 (Annex).

Table 3.4.1: Table shows the list of hydraulic parameters derived from van-Genuchten model for solving Richard’s

equation in HYDRUS-2D

e 05 n (Pore-size Ks 1 (Pore
(Residual | (Saturated . A (Saturated . .
Substrate Water Water o (1.&1r Entry Distribution Hydraulic Connectivity
Content) | Content) Suction) [1/cm] Parallf;eter) S ) Parallf;eter)
[-] [-] [cm/day]
Sand
(HYDRUS database) 0.045 0.43 0.145 2.68 712.8 0.5
Lunar regolith Simulant 0.02 (taken for
(LMS-1) 0.0651 0.3098 silty loam Hydrus 4.092 13.34 0.5
(Brozovich et al., 2024) database)

Table 3.4.2: Table shows a comparison is shown between the solute transport parameters used for sand compared

to lunar regolith simulant (LMS-1).

Mean Longitudinal | Transverse Sl
; Bulk Porosity nsttudis c X Hydraulic
Substrate Grain . Dispersivity | Dispersivity . .
. Density (d) Conductivity
Size (o) (o) (Ksnd)
(HYDRISJaSngatabase) g'orflfn' 1.5 g/em® | 0.37-0.46 0.5 0.1 712.8 cm/day
L‘gﬁi{ii‘z‘i’gh r?uL 1.5g/m’ | 044 0.005 cm 1.96 cm 13.34 cm/day

3.5. Influent contaminant concentrations

The concentrations of different components present in the influent are shown in Table 3.5.1. The values
were taken as an initial estimate using the COD estimate done in the Section 2.3.3(3000 mg/L) and Wetland
Example 1 (HYDRUS Manual). The COD was distributed into a rCOD, sCOD, and iCOD based on the
distribution in HYDRUS manual. The assumed concentrations are to be revised once empirical data is
acquired from the prototyping phase of the project. The formula used for calculation of the COD removal

(%) is as follows.
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Influent Concentration — Ef fluent Concentration

Percentage removal (%) =

X 100

Influent Concentration

Table 3.5.1: The table shows the concentrations of different components present in the influent wastewater used in

the simulation

Component Symbol | Value Unit Reference
Dissolved oxygen (DO) 0, 0.282 mg/L Jelena 2023
o BVAD, Langergraber &
Readily biodegradable COD rCOD 1600 mg/L Simunek 2006
. BVAD, Langergraber &
Slowly biodegradable COD sCOD 1200 mg/L Simunek 2006
. BVAD, Langergraber &
Inert COD iCOD 200 mg/L Simunek 2006
Heterotrophic microorganism XH 500 | mgCOD/L Assumption
Nitrosomonas spp- (autotrophic XANa 20 mgCOD/L Assumption
bacteria 1)
Nitrobacter spp. (;;ltOtI’Opth bacteria XANb 15 mgCOD/L Assumption
Ammonium ion (NH4") NH4N 50 mg/L Langergraber & Simunek 2006
Nitrite ion (NO2") NO2N 3 mg/L Langergraber & Simunek 2006
Nitrate ion (NOs™) NO3N 30 mg/L Langergraber & Simunek 2006
Dinitrogen gas (N2) N2N 0 mg/L Langergraber & Simunek 2006
Inorganic phosphorus P 116 mg/L Shrestha et al., 2023”7

3.6. Optimization and sensitivity analysis

The main operation scenario was based on a four-person astronaut base producing 40 kg of maecerated

wastewater per day, which was taken as the basis for the initial water dynamic results and feasibility for the

bed to process 40 L wastewater/day from a 4-person astronaut base. Further strategies of operation explored

in CFS strategy to meet the 40L/day requirement in partial gravity using lunar regolith simulant. A

comparison was made between different feeding schedules by increasing the frequency of feeding and

decreasing the amount of wastewater added to obtain an optimized CFS strategy for water dynamics. Then

contaminant removal was checked for this optimized CFS scenario and an alternative operation scheme

using IFS was developed by trial and error until the required removal rate of pollutants was achieved in

both lunar and earth gravity using conventional substrate (sand) and lunar regolith simulant
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Table 3.6.1: Table shows the rationale for comparison of different cases for determining simulation strategy.

Substrate and .
Condition Sand Lunar Regolith
For validation For comparison between
Earth Gravity of the results of conventional substrate and ISRU
simulation substrate and validation of result
Checking for Determining optimized
the effect of . X
Partial Gravity partial gravity hydrodynamic and nutrient removal
g strategy for a VFCW implemented on
on functioning the moon with in-situ resources
of VFCW

Chapter 4: Results & analysis

The structure of the results and analysis is broken down into two parts, results of the water dynamics and
results of the contaminant removal. The results of water dynamics were taken as a basis for checking

contaminant removal as shown in Figure 4.0.1.

Results & Analysis

Water dyanamics
results

—

40 L/day continuous
feeding strategy (CFS)
results

Infiltration Problem
in Partial Gravity
using Lunar regolith simulant

Optimized CFS strategy

results

Checking for

Contaminant removal

Contaminant removal

results for otpimized
CFS

using lunar regolith simulant

No contaminant removal

Contaminant results for

intermittent feeding
strategy (IFS)

Figure 4.0.1: Figure shows the flow of the results of simulation using HYDRUS-2D for water dynamics

and contaminant removal.
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4.1 Simulation results of water dynamics through substrate bed

4.1.1. Simulation results of water dynamics through substrate bed using 40L/day CFS

VFCW water storage capacity comparison for 40 L/day
loading

Volume (L)
[N
Ul
[}

0 2 4 6 8 10 12 14 16
Time (days)

—@— Sand Bed at Earth Gravity (L)

—@— Lunar regolith simulant at Earth Gravity (L)
Sand Bed at Partial Gravity (L)

—@— Lunar regolith simulant at Partial Gravity (L)

Figure 4.1.1: Figure shows the simulation results from HYDRUS-2D for comparison of bed water
storage for different substrates (sand & lunar regolith simulant) in different gravity conditions for a 15-
day simulation for hydrodynamics (40L/day loading).

The water volume retained in the bed was simulated by the addition of 40 L of wastewater over the
bed once every 24 hours, which is the expected wastewater load in a 4-person astronaut base. The simulation
results shown in Figure 4.1.1 shows the comparison of the two substrates (sand and lunar regolith simulant)
in partial and earth gravity conditions. As it can be observed the sand bed substrate shows less tendency to
accumulate water in its pores compared to lunar regolith simulant, further, it shows even lower water
retention in the bed in earth gravity compared to partial gravity.

Compared to sand substrate, lunar regolith simulant shows lower sensitivity to gravity and a
difference of bed water storage. Another important parameter shown in Figure 4.1.1 is the saturation time
(how fast the bed reaches steady-state or saturated conditions) and this time is the slowest (6 days) for lunar
regolith simulant in partial gravity compared to other substrates which reach steady state in lower time

(around 4 days for sand).

26



Infiltration rate of water into the lunar regolith
simulant bed (L/day)
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Figure 4.1.2: Figure shows the simulation results from HYDRUS-2D for infiltration rate of wastewater into the
lunar regolith simulant bed in earth and partial gravity for the 15-day simulation for hydrodynamics (40/L day
loading)

Using 40 L/day wastewater feeding method should complete the requirement of the base however, checking
the infiltration rate shown in Figure 4.1.2, which shows how much water infiltrates through the bed over a
certain time, it can be observed that the infiltration rate decreases over time in partial gravity compared to
earth gravity. The decrease in infiltration rate occurs over the first 8 days after which the infiltration rate
reaches 19 L/day. This is almost half of the infiltration rate required for functioning. Compared to sand bed
and earth gravity conditions, this is the only case that causes surface accumulation/runoff as shown in Figure

4.1.5.
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Accumulation and seepage in lunar regolith simulant
bed in earth gravity
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—&— Cumulative Water seepage through bed (L)

Figure 4.1.3: Figure shows the simulation results from HYDRUS-2D for accumulation of wastewater on the lunar
regolith simulant bed and seepage out of the bed in earth gravity for the 15-day simulation for hydrodynamics
(40L/day loading).

Accumulation and seepage in lunar regolith simulant
bed in partial gravity
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Figure 4.1.4: Figure shows the simulation results from HYDRUS-2D for accumulation of wastewater on the lunar
regolith simulant bed and seepage out of the bed in partial gravity for the 15-day simulation for hydrodynamics

(40L/day loading).

As can be observed in Figure 4.1.3, the lunar regolith simulant in earth gravity shows a constant level of
initial accumulation of water on top of the bed after four days. These results show a manageable
accumulation (<20 L) as the seepage of water through the bed reaches a steady rate on day 5. However,

Figure 4.1.4 shows that in partial gravity accumulated water keeps increasing as with the seepage. The
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seepage of water is not enough to balance out the accumulated water being accumulated on top, which is
simulated as surface runoff, shown in Figure 4.1.5. This provides a major problem in the working of the
system, since eventually the system exceeds the headspace/freeboard height of the bed and causing spill
over. This is an operational disruption in the working of the system, especially in the context of limited

spatial constraints.

Surface run-off rate comparison for lunar
regolith simulant

0 2 4 6 8 10 12 14 16
Time (days)

Surface run-off rate (L/day)

—®&— Runoff Volume (L/day) in Earth Gravity
—@— Runoff Volume (L/day) in Partial Gravity

Figure 4.1.5: Figure shows the simulation results from HYDRUS-2D for comparison of surface run-off in lunar

regolith simulant bed in earth and partial gravity for 15-day hydrodynamic simulation (40L/day loading).

4.1.2. Simulation results of water dynamics through substrate bed using optimized CFS

To eliminate this operational disruption with spatial constraints in lunar base context, different
operation strategies could be implemented, mainly to optimize for no surface run-off/accumulation on top
of lunar regolith bed in partial gravity. Different feeding times (hours) were checked with combination of
volumes (liters) of wastewater added on the bed to come up with a feeding technique which does not show
this problem. The results of these simulation trials are summarized in Table 4.1.1. Apart from surface run-
off, the time taken for the bed to reach steady/saturated state (saturation time) is also an important parameter
in this context as it tells how much time would be required for starting the system. Higher saturation times
can be unfavorable however, optimizing for lower surface run-off correlates to addition of lower volumes
of wastewater/time. This further reduces the rate at which water passes through the bed upto 14 days.

From table 4.1.1, the strategy which allows for lowest surface runoff rates (0 L/day) is addition of
around 12 L of wastewater added per 7 hours. This strategy provides no runoff but also passes 40 L

wastewater per day. Therefore this strategy is the optimized continuous feeding strategy (CFS) for lunar
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regolith simulant bed in partial gravity. The results of optimized CFS are displayed below in figure 4.1.6.
and 4.1.7.

Table 4.1.1: Table shows the simulation results from HYDRUS-2D for optimization trials for wastewater feeding

strategies tested in partial gravity using lunar regolith simulant for zero surface run-off

Feeding Time | Saturation time SIS
Condition | Volume (L) (hoﬁrs) (days) off/Accumulation
y occurred (L/day)
1 11.8 7.2 14 0
2 19.9 12 9.5 2.4
3 23.6 14.4 7.5 5.9
4 39.3 24 6 223
5 80 48 6 62.8

Volume of water (L) stored in lunar regolith
simulant bed in partial gravity in optimized CFS
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Figure 4.1.6: Figure shows the simulation results from HYDRUS-2D for the volume retained in lunar regolith
simulant bed at partial gravity using optimized CFS (11.8 L every 8 hours) for lower surface runoff/accumulation of

wastewater.
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Accumulation and seepage in lunar regolith
simulant bed in partial gravity using optimized
CFS
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Figure 4.1.7: Figure shows the simulation results from HYDRUS-2D for water retained in lunar regolith simulant bed

at partial gravity using optimized CFS for lower surface runoff/accumulation of wastewater.

Figure 4.1.7 illustrates that the optimized water balance results in CFS shows a lower accumulation
compared to Figure 4.1.4 in partial gravity, where the feeding strategy was 40 L/day added at one instance.
The breaking down of feeding volume into smaller doses in smaller interval, helped reduce the
accumulation of water over the substrate in partial gravity. However, as discussed earlier, this increased
saturation time from 6 days to 14 days. For conventional substrate (sand), this problem does not arrise in
partial or earth gravity, therefore, the exploration of optimization strategies are not needed. This issue was
also not observed in the lunar regolith simulant under Earth gravity, showing that the root cause of this
problem could be the decrease in gravity and the hydraulic properties of lunar regolith simulant. In the next

section the contaminant removal was checked in this optimized CFS strategy.

4.2 Simulation results of contaminant removal

4.2.1 Simulation results for contaminant removal using optimized CFS

The optimized CFS for lunar regolith simulant bed in partial gravity was taken as a basis for simulating the
contaminant removal and the simulation results are summarized in tables and figures below. The Table
4.2.1 describes the effluent concentrations received by using the optmized CFS (~11.8L of wastewater

added every 7-8 hours).
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Table 4.2.1: Table shows the results of 30" day contaminant removal for sand and lunar regolith simulant substrate

bed using CFS (11.8 L of wastewater added every 0.25 days) in earth and partial gravity conditions

Substrate
. Lunar regolith simulant
Component Gravity Sand (I%MS-I)
Earth Lunar Earth ‘ Lunar
Influent Effluent
Readily biodegradable COD 1600 1.05 0.94 1031 1420
(mg/L)
Slowly biodegradable COD 1200 | 8.67 | 632 505.65 526.3
(mg/L)
Inert COD (mg/L) 200 5329 | 533.89 203.4 189.09
Ammonium ion (NH4") (mg/L) 50 0.017 0.02 23.72 42.52
Nitrite ion (NO>") (mg/L) 3 0.001 0.001 0.56 0.02
Nitrate ion (NOs") (mg/L) 30 31.77 30.17 9.77 0.26
Dinitrogen gas (N) (mg/L) 0 20.92 23.56 73.77 81.23
Phosphorus (inorganic) (mg/L) 116 3.02 3.34 6.51 7.64

Comparison of COD in Effluent for Optimized CFS (at 30" day)

Regolith Simulant - Earth Gravity

Sand - Partial Gravity

Substrate - Gravity Condition

Sand - Earth Gravity

0 500 1000 1500 2000 2500
Concentration (mg/L)
B Readily Biodegradable COD  m Slowly Biodegradable COD Inert COD

Figure 4.2.1: Figure shows the comparison of COD distribution in effluent at 30" day in optimized CFS for

different substrates and gravity conditions.



It can be inferred through Table 4.2.1 that the total COD removal (%) is comparably higher in sand (81.9%
in both earth and partial gravity) than lunar regolith simulant (52.5% in earth gravity and 14.9% in partial
gravity). Furthemore, Figure 4.2.1 shows that sand removes most if not all of the rCOD and sCOD present
in the influent but accumulates more iCOD, also known as sludge, however, lunar regolith simulant does

not retain as much of the sludge (iCOD) as sand, allowing for lesser need for sludge removal in long term.

Comparison of DO concentration in Comparison DO concentration in
Lunar regolith simulant bed using Sand bed using optimized CFS
100 optimized CFS 100
90 90
80 80
70 70
.60 . 60
g g
= 50 = 50
(5]
= 40 T 40
30 —@— Earth Gravity 30 —@— Earth Gravity
20 —@— Partial Gravity 20 —@— Partial Gravity
10 10
0 0
0 5 10 0 5 10

Concentration (mg/L) Concentration (mg/L)

Figure: 4.2.2(a),(b).: Figure shows the dissolved oxygen (DO) concentration in two substrate bed (lunar regolith
simulant (LMS-1) (a) (left) and sand (b) (right) at the 30" day throughout the bed height using optimized CFS

The higher reduction in rCOD and sCOD in sand in CFS could be attributed to the higher cohesion in sand
compared to lunar regolith simulant, the cohesion of sand is 11.17 kPa compared to 0.393 kPa for lunar
regolith simulant (specifically LMS-1) which is almost 30 times higher. This property is an advantage for
reduction in rCOD and sCOD. Higher cohesion allows the substrate enough contact with the
microorganisms and more contact area for microbial and physicochemical conversion. This could be the be
seen seen by higher values of iCOD in the case of sand (532.9 mg/L) compared to lunar regolith simulant

(203.9 mg/L) in earth gravity.
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Another limiting factor in contaminant removal is the concentration of dissolved oxygen (DO) in the bed,
which starts out higher in an empty porous bed of substrate due to pores being filled with air while the
surface is exposed to the atmosphere as shown in Figure 4.2.4. (a), (b). Initially a considerably higher
concentration of DO (9 mg/L) can be observed start of the simulation for both substrates. This initial high
concentration reduces upon addition of wastewater having a DO concentration of 0.282 mg/L for lunar
regolith simulant but increases over time of the bed in sand as shown in Figure 4.2.4 (b) at saturated
conditions (30" day). (a) shows a very low DO concentration in lunar regolith simulant and almost zero
oxygen permeation in partial gravity (0-0.03 mg/L). Compared to sand which allows for easy permeation
of oxygen over the bed even in partial gravity (b).

The DO in sand bed increases overtime from 9 mg/L to 12 mg/L and remains constant over the
depth of the bed. This shows that the wetland aeration is indeed affected by parameters like depth and size
of gravel”™. If this result could be attributed to the difference in the nature of lunar regolith simulant and
sand, a possible hypothesis is that sand pores allow for easier absorption of oxygen from the empty pores.
However, lunar regolith simulant does not allow for easier exchange between the gas-liquid. This is further

discussed in Section 5.2.

Comparison of Effluent Contaminant Concentrations in

CFS (at 30t day)
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H Sand - Earth Gravity B Sand - Partial Gravity

Lunar Regolith Simulant - Earth Gravity ™ Lunar Regolith Simulant - Partial Gravity
Figure 4.2.3: Figure shows the simulation results from HYDRUS-2D for comparison of effluent concentrations

simulated for different compoenents in wastewater at 30™ day of treatment using CFS.

DO is interlinked to microbial processes, specifically for processes that are dominant in rCOD
removal like aerobic degradation, respiration by heterotrophs and nitrification. Therefore the rCOD removal

throughout the bed depends on the DO available®®. In HYDRUS CW2D module, sCOD does not use DO
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for conversion into rCOD for hydrolysis (see Section S1). It can therefore be observed in Figure A4

(Annex), sCOD decreases but the increasing rCOD is not degraded due to the lower DO concentration

previously shown in Figure 4.2.2 (a).

Dissolved Oxygen (DO) Concentration in the bed over 30 days in Lunar Regolith Simulant Bed in Earth Gravity
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(b)
Figure 4.2.4: Figure shows concentration of DO throughout the bed depth (0 cm being the surface) at different time
points through 30 days using CFS for lunar regolith simulant in earth (a) and partial gravity (b)

The effect of DO also evident in the nitrification process. A threshold of 1.5 mg/L required for nitration
process’. Since there is higher DO in earth gravity at steady state conditions. Nitration process could

perform better in earth gravity which aligns with the fact that higher amount of NO;* (9.7 mg/L) are shown

in simulation results in this condition as shown in Figure 4.2.3.
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Further due to these anaerobic conditions, more ammonium (NHy4") in lunar regolith simulant bed could be
converted to dinitrogen gas (N2) via the anoxic process modelled in HYDRUS. This is inline with the
increased N content using lunar regolith simulant in partial gravity (81.27 mg/L) and earth gravity (73.76
mg/L). On the other hand, since sand has been shown previously to provide good aeration and DO
concentration throughout the bed at saturation, aligns with the fact that more of the NH4" has convert into
nitrates (~30 mg/L) and dinitrogen gas (~20 mg/L) for both earth and partial gravity in sand substrate (see
Figure Figure 4.2.3).

The optimized CFS does not provide satisfactory COD removal in the effluent with lunar regolith
simulant (52.5% total COD removal in earth gravity and 14.9% in partial gravity) is still considerably high
and not treated enough according to EU Urban Waste Water Treatment Directive 91/271/EEC?’, which
requires treatment of urban wastewater to a total COD of 125 mg/L or a reduction in COD of 75%. Other
feeding strategies are explored in the next section to check the nutrient removal specifically using lunar
regolith simulant. Furthermore, since NOs" is an important nutrient for plant growth, aerobic conditions are
important to be maintained in the partial gravity system and these conditions can be further enhanced by
modifying the design to increase the aeration. Furthermore, the size of the gravel/substrate bed used is also
related to oxygen transfer efficiency’®.

Since the design of the plant is to optimize for autonomy and reduced intervention, using an operation
strategy which allows natural aeration into the bed or more time for the solute to be processed in the bed is
required. This provided a considerable insight from the initial results of contaminant removal in optimized

CFS and a basis for investigating contaminant removal in an IFS strategy.

4.2.2. Simulation results of nutrient removal using IFS

The IFS strategy is providing enough downtime to allow the wastewater contaminants to be
processed by the microbial activity. As we observed from the previous simulation results that the optimized
CFS for 40 L/day wastewater feeding directly to the bed was not effective in COD removal and removed
only 15% of total COD in lunar regolith simulant in partial gravity. This was attributed factors such as DO
and inherent substrate properties. Since these properties of lunar regolith can not be changed, a viable
strategy is to change the current operation/feeding again to allow more time for biological transformations
specifically aerobic transformations by oxygen permeation for contaminant removal. Such a strategy
implemented is IFS strategy, whereby 40 L of wastewater is added to the bed and it is provided downtime
of 10 days. Table 4.2.5 shows the results of simulation of contaminant removal using IFS for operation of
the system whereby the wetland bed is fed with 40 L of wastewater once every 10 days in lunar and earth
gravity. This feeding strategy was selected after several trials by increasing downtime (from 1 day to 10

days), therefore increasing the downtime of the system to 10 days was the optimized IFS.
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Table 4.2.5: Table shows the simulation results from HYDRUS-2D for 60" day using sand and lunar regolith
simulant bed with IFS (10 day intervals and addition of 40 L of wastwater) in partial and earth gravity

Substrate
. Lunar regolith simulant
Component Gravity Sand (I%MS-I)
Earth Lunar Earth ‘ Lunar
Influent Effluent
Readily biodegradable COD 1 1550 | 335 | 0.9 75.94 3.82
(mg/L)
Slowly biodegradable COD 1200 5.43 3.75 55.33 6.23
(mg/L)
Inert COD (mg/L) 200 604.96 | 605.85 25491 122.07
Ammonium ion (NH4") (mg/L) 50 0.01 0.01 0 0
Nitrite ion (NO>") (mg/L) 3 0 0.002 0.02 0.03
Nitrate ion (NO3") (mg/L) 30 109.03 | 105.69 0.17 0.61
Dinitrogen gas (N2) (mg/L) 0 34.38 44.08 108.14 53.49
Phosphorus (inorganic) (mg/L) 116 29.19 30.5 3.34 1.69

As shown in Table 4.2.5, compared to the previously tested optimized CFS summarized in Table 4.2.1, the
effluent concentrations are drastically different for the total COD removal (%) in lunar regolith simulant.
From 52.5% to 86.15% in earth gravity and 14.9% to 95.9% in partial gravity, showing that contaminant
removal processes could be occurring more effectively in this strategy. Furthermore, the contaminant
removal is higher in lunar regolith simulant in lunar gravity compared to earth gravity for COD removal
showing the efficacy of this strategy. However, the nitrate (NO™) concentrations are reduced to almost
negligible (0.17-0.61 mg/L) using lunar regolith simulant showing high removal of nitrates (98-99%). The

effluent still contains a minimal concentration (~1-3 mg/L) of inorganic phosphorus.
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Percentage removal of contaminants compared in IFS for lunar regolith
simulant bed at 60 day
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Figure 4.2.6: Figure shows the percentage removal (%) calculated from HYDRUS-2D results for specific

contaminants achieved by using IFS with a downtime of 10 days, in earth and partial gravity

To understand the difference in the activity and mechanism behind the higher contaminant removal rate
with increased downtime, it is important to investigate the important parameters over time in bed and how
they behave differently. One of the most important parameters discussed in the last section is the DO content
over the bed as it drives not only the COD removal but also the nitrogen transformations. It can be observed
from Figure 4.2.7 (b) below that the lunar regolith simulant bed remains partially air saturated upon feeding

only once in ten days, and over time allows enough oxygen in the lower portion (50-100 cm) of the bed for
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effective transformation of rCOD. This could be attributed to aerobic degradation in the bed that led to

COD removal. In this strategy the dissolved oxygen (DO) adaptation is similar to the sand bed.

Dissolved Oxygen (DO) concentration over time in lunar regolith simulant bed at Earth Gravity
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Figure 4.2.7: Figure shows the concentration of DO throughout the bed depth (0 cm being the tallest point) at

different points through 60 days using IFS 540 L every 10 days) for lunar regolith simulant in earth (a) and partial
gravity (b), results taken directly from HYDRUS-2D
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It can be observed from Figure 4.2.8 (a), (b) that the DO profile over time is relatively different from the
optimized CFS DO profile shown in Figure 4.2.2. This is shown by the increased fluctuation of DO around
20 cm of bed. Since the time points show the profile at the day of feeding, the DO reaches a certain height
at day of feeding. Further the bed allows for an exchange between the DO from the atmosphere once all of
the wastewater has passed through the bed. This can cause further increase in the dissolution of oxygen for
continuing microbial processes. It can also be observed from Figure 4.2.8 (a), (b) that DO is also affected
by the lower gravity in the partial gravity regime, allowing for more penetration of the DO through the bed
at 60™ day in partial gravity.

DO Concentration Vertical Profile at 60" day in Lunar DO Concentration Vertical Profile at 60t day in Sand
regolith simulant using IFS using IFS
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Figure 4.2.8 (a), (b): Figure shows the simulation results from HYDRUS-2D for DO profile through the bed at 60™
day in both gravity regimes for lunar regolith simulant bed (left) (a) and sand (right) (b)

Comparing the results in Figure 4.2.7 to previous DO profile in Figure 4.2.4 using optimized CFS.
The results are similar in the start of the bed due to the structural difference and higher oxygen-to-water
transfer supporting this hypothesis from Section 4.2.1. For lunar regolith simulant in partial gravity, to

obtain sufficient COD removal, one of the limiting factors in this case is the time required for slower
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oxygen-water transfer required for aerobic degradation of rCOD. The organic matter and other solutes pass
through the bed at a slower rate than wastewater. Therefore, the bed accumulates contaminants like COD
overtime. Due to limited DO, the COD cycle starts but is not completed causing an increased rCOD. This
rCOD as dissolved organic matter passes through the bed with water lower intervals (5, 7 days) using lunar
regolith simulant.

The effluent COD distributions over time for 60-day simulations using intermittent strategy are
shown in Figure 4.2.9 (a) for earth gravity and Figure 4.2.9 (b). It can be observed that this strategy allows
for enough time for the bed to remove the rCOD despite limited DO so that the effluent contains little to no
rCOD and sCOD (also shown in the concentration profiles in Figure A3 (Annex)). The effluent still contains

considerable amount of inert COD (sludge) which cannot be removed through the bed due to biological
transformations, and these contribute mainly to the COD left in the effluent, this could be due to the lysis

process mentioend in S1 (Supporting Information).

COD Distribution overtime in IFS using Earth Gravity
using lunar regolith simulant bed
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Figure 4.2.9(a): Figure shows the simulation results from HYDRUS-2D for change in effluent final COD

distribution over time in earth gravity from lunar regolith simulant bed for 60-day simulation
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COD Distribution overtime in IFS using Partial Gravity
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Figure 4.2.9(b): Figure shows the simulation results from HYDRUS-2D for change in effluent final COD

distribution over time in partial gravity from lunar regolith simulant bed for 60-day simulation

450 Comparison of total effluent COD over time in IFS
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Figure 4.2.10: Figure shows the simulation results from HYDRUS-2D for comparison of effluent total COD

comparison in earth and partial gravity from lunar regolith simulant bed for 60-day simulation using IFS

Fom Figure 4.2.10, it can be observed that the COD removal in intermittent strategy is higher in partial
gravity compared to earth gravity. This is due to less accumulation of inert COD in partial gravity

potentially because of lower cell lysis and due to a better DO profile. It can be observed in Table 4.2.5 and
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in Figure A3, that the dinitrogen content obtained using lunar regolith simulant is considerably higher than
in sand, owing to lack of DO and could be due to the anoxic transformations occurring at the end of the
bed.

Chapter 5: Discussion

5.1. Substrate properties

Simulation results of hydrodynamic comparison of lunar regolith simulant and sand show that sand
shows a higher water permeability (0 L/day accumulation at saturated condition) compared to lunar regolith
simulant. This in accordance with Tabuchi et al., 2023 which states that water permeability of lunar
highland regolith simulant (LHS-1) is 1-2 orders of magnitude lower than fine silica sands at similar
packing fractions, attributed to irregular particle shapes and micro-sized chunks®'. Although the simulant
(LMS-1) properties used in the hydrodynamic simulation due to the geo-location difference in regolith type
(refer to Figure Al, Annex), this result still holds true. The difference between the permeabilities of sand
and LMS-1 could not be verified distinctively through simulation results, even though the water blocking
properties of regolith pointed out by Chevrier et al., 2006% manifested as shown in Section 4.1.1.

It can be pointed out that the saturated hydraulic conductivity in earth gravity of LMS-1,
empirically measured by Brozovich et al., 20244, are similar to the estimated value using Karman-Cozeney
correlation for LHS-1, 15-19 cm/day and 13.24 cm/day respectively. LHS-1 shows a slightly lower
saturated hydraulic conductivity even though both have a considerable difference in mineralogical
composition ¥, This allows for more flexibility between using different types of simulants for validating
the simulation results as it hints that the geographic location of lunar regolith might not affect the
hydrodynamic properties of the regolith to a larger extent.

However, this similarity in the saturated hydraulic conductivity could also be because of the same
manufacturing company of the simulants (Exolith labs). Therefore, it is important to characterize the
hydraulic parameters of other mare and highland simulants from other manufacturers such as LX-M100
(mare simulant to be characterized for validation of simulation results and prototyping phase). Furthermore,
upon initial investigation of the hydraulic conductivity of lunar regolith simulant (LX-M100) done in the
context of this project, a bigger particle size range (1-2 mm) for checking for countering reduced gravity
effects is envisioned as increasing particle diameter above 1 mm and narrowing particle size distribution
may be beneficial®*.

Sand has rounder grains, less dust particles and the saturated hydraulic conductivity (Ksa) of sand
is almost 43 times higher compared to the saturated hydraulic conductivity (Ks:) of lunar regolith simulant

(see Section 3.4). The difference in saturated hydraulic conductivities (Ks:) does not only manifest in the
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movement of water through the bed but also in solute transport by affecting the contaminant removal
mechanisms like advection and dispersion. Higher hydraulic conductivity (K) allows for greater

longitudinal dispersion as shown Section 3.4, causing solute plumes to spread out more in sand in shorter

time compared to lunar regolith®®. This property of sand is different from the natural water blocking property
of regoliths®? which manifests as higher transverse dispersibility in lunar regolith.

Another important factor is the inherent difference in the solute transport properties of lunar
regolith and sand as shown in Table 3.4.2, where lunar regolith has a higher transverse dispersibility (1.96
cm) while sand has a higher longitudinal dispersibility (0.5 cm). This makes sand a better candidate for use
in VFCW and lunar regolith as a better candidate for use in horizontal flow vertical flow wetland (HFCW).
Furthermore, properties of lunar regolith show a lower accumulation of sludge (inert COD) as shown in the
result of nutrient removal, lower sludge accumulation in lunar regolith simulant aligns with findings that
less cohesive, finer-grained substrates produce less long-term clogging but may compromise treatment
efficiency’®.

It should be considered that a big limitation while discussing the HYDRUS simulation results is
not taking into account the heterogeneity of the hydraulic conductivity and non-uniform surface distribution
of the water which can lead to further reductions in filtration depending on the properties of the substrate
85 QOver time, the effect of organic matter added on hydraulic conductivity is also not simulated and can be
different for each substrate leading to specific clogging issues. The addition of organic matter increases
substrate fertility however, higher amounts of organic matter might reduce the hydraulic conductivity

further .

5.2. Dissolved oxygen (DO)

The importance of DO for nitrification and overall treatment efficiency is well-established in
wetland and biofilter literature %. The DO concentration throughout substrate bed is shown to be affected
by the substrate properties in both optimized hydrodynamic and intermittent feeding strategies. Sand shows
better DO permeability in both cases. The result is consistent with the simulation parameter o (inverse of
air entry suction pressure). o for sand (0.145 m™!) and lunar regolith simulant (assumed as 0.02 m™') was
used in the simulation as shown in Table 3.4.1. a is higher for sand than in lunar regolith simulant which
means that sand requires less suction pressure for air to enter the pores than lunar regolith simulant. This
could be the reason why the oxygen is not properly when incoming wastewater is added on the bed in lunar
regolith simulant, therefore the oxygen is pushed down with added water over time, as shown by the results
in Section 4.2.1.

It is important to mention that this o was based on assumption of properties of hydraulic properties

of lunar regolith being similar to silty loam as shown by Brozovich et al., 2024°* and mentioned in Table
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3.4.1. Therefore, to critically discuss the sensitivity of the intermittent feeding downtime to this parameter,
sensitivity analysis was conducted in partial gravity for lunar regolith simulant. It was observed that with
increasing value of a, the intermittent feeding time was reduced to 9 days for and increase in air entry
suction pressure from 0.02 m™! to 0.05 m™'. Even though this result provides an insight that the substrates
with higher air-entry suction pressure could further reduce the solute transport by decreasing the time
required for oxygen permeation. Future research should be focused on empirical measurement of this
parameter for lunar regolith simulant to obtain better understanding of the DO mechanism in lunar regolith.
a can be changed by various soil properties, including mineral composition, swelling properties, and grain
size distribution®’. Therefore, manipulation of these properties could provide a different result in terms of
DO exchange in the porous bed.

A factor to consider while interpreting the HYDRUS results of DO like other solutes simulated is that they
are dissolved in wastewater. The initial bed is in dry condition but still contains some amount of moisture
at field capacity. It should also have a higher linked DO content which was not added in the initial
conditions. The importance in substrate’s ability to transfer DO is the main effect manifested in the
difference between two substrates simulated. Based on this observation, the properties oxygen-transfer

properties of both sand and lunar regolith simulant have been compared.

5.3. Effect of gravity

The main differences in partial and earth gravity manifests as the reduced infiltration and
accumulation on top of the bed which is not observed in both substrates at earth gravity. Further lunar
regolith simulant bed takes longer time to achieve saturation (6 days) compared to earth gravity (4 days).
This simulation result was in accordance with the fact that particle size and gravity levels can influence
infiltration rates*. The phenomena of reduced speed of infiltration in lower gravity observed in Section 4.1
was expected to allow for higher contamianant removal in partial gravity. However the contaminant
removal performance of the two substrates (sand and lunar regolith simulant) did not present considerable
difference for total COD removal (%) in optimized hydrodynamic strategy in the two gravity conditions
tested due to difference in substrate properties. Therefore, it is more relevant to compare the effect of gravity
on the same substrate rather than comparing substrates to one another.

Even though sand behaves slightly better in earth gravity (0.6%), this difference is not very
significant and shows that the hydraulic properties of the substrate like cohesiveness and solute-transport
properties are more important than the gravity conditions for substrates with high saturated hydraulic
conductivity like sand (712.8 cm/day). This could also suggest that gravity-dependent effects on water
movement in porous media may be limited to specific conditions, such as large particle sizes or high

porosity allowing particle movement®®,
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The water-blocking effect of lunar regolith® was more pronounced in partial gravity shown in
Section 4.1 and required modification of the loading technique. However it did not show the threshold
contaminant removal (>75%) using optimized CFS (Section 4.2.1). Therefore, the crucial factor where
gravity condition can play a big role is determining a hydrodynamic strategy which does not cause
accumulation and reduction in infiltration rate while still producing acceptable contamiannt removal.
However it can be observed by the results of IFS (Section 4.2.2) that partial gravity favored the removal of
rCOD and sCOD showing (+95% removal) while not retaining much of the iCOD due to lower cell lysis.
This could be a potential benefit of using partial gravity, however the increased downtime required for
contaminant removal (10 days) is a significant disadvantage since similar contaminant reductions can be

achieved for lower downtime in earth gravity using lunar regolith simulant.

5.4. Feeding strategy

Lower hydraulic conductivity of lunar regolith allows the solute to move slowly through the bed as
the water passes slowly through the substrate. This increases time especially at the top of the bed, potential
for reactions and attenuation of the solute. This inherent difference in hydraulic properties could explain
higher removal of organic matter (COD) for sand when more of the wastewater is added in a short time, 8
hours (optimized CFS) and better performance of lunar regolith simulant when wastewater is added at once
and the bed is left for processing for longer residence times, 10 days (IFS). Furthermore, better performance
of sand in optimized hydrodynamic strategy shows that the bed could be reduced in size to achieve a
permissble range of COD removal (%). The main culprit for incomplete COD removal in optimized CFS
was poor aeration conditions which were successfully verified by the simulation results in Section 4.2.1.

The difference in the DO profiles in the two feeding strategies is in further accordance with Wanko
et al., 2006%, which shows that the dominant oxygen transfer mechanism in porous bed is convection in
continuous feeding, while diffusion plays a minimal role in deeper layers. This could be the case in lunar
regolith where this is lack of convection and the dominant oxygen transfer is occurring by diffusion owing
to reduced hydraulic conductivity and longitudinal transversality.

The optimized CFS in partial gravity using a lunar regolith bed has a high saturation time of 14
days, this can be a disadvantage as it requires more time for the set-up of the system. Using a slightly
different feeding schedule, the saturation time can be decreased for allowable accumulation on top of the
bed if the design of the VFCW allows it. Recent studies have explored innovative designs, including
constructed floating wetlands (CFWs) that adapt to changing water levels® and hybrid systems combining
vertical and horizontal flow'”. However, using such a system requires more complex machinery than a

passive design approach required in the scope of this research.

46



Feeding strategies can be modified based on the priority whether the system prioritizes more water
passing through the bed (CFS) with a compromise on effluent quality or whether the system prioritizes
effluent quality and compromises on time (IFS). However, the two strategies can be used with design
modifications such as introducing aeration techniques and allowing for higher residence times in the bed
1. Another approach is effluent recycling back to the VFCW bed??, however this requires introduction of

pumping machinery.

5.5. Nitrification rates

One of the disadvantages of the IFS is that it allowed conditions for the nitrogen cycle to pass
through directly from ammonium (NH.") to dinitrogen gas (N») and competition between aerobic
degradation and nitrification due to lower DO?!. Since the aim of the study is to enhance nitrate, this can
manifest as a disadvantage and further design modifications need to be added such as aerations at the bottom
of the bed. There is more concentration of nitrates (NO) in the effluent using sand-substrate compared to
lunar regolith simulant because of better availability of DO. The results show that there is indeed a
competition between the aerobic degradation and nitrification process as the nitrate concentration using
lunar regolith simulant in both gravity conditions is almost 0 mg/L as mentioned in Liu et al., 2016 for the
case of lunar regolith simulant. However, minimum nitrogen concentrations for maximum growth can be
as low as 2-20 mg/L for some crops®. Therefore, future strategies should optimize the substrate
performance for achieving higher nitrate concentrations in the effluent for the effluent to be used for

potential agricultural and hydroponic utilization.

Chapter 6: Conclusion & Recommendations

6.1. Conclusion

This study evaluated the feasibility of CWs beds using lunar regolith simulant and sand for BLSS under
Earth and partial gravity. Results showed that substrate properties, especially hydraulic conductivity and
particle structure, are critical for water movement, contaminant removal, and oxygen transfer. Sand, with
its higher hydraulic conductivity, enabled faster infiltration and more stable saturation, while Iunar regolith
simulant’s lower permeability led to slower infiltration and greater surface accumulation, particularly under
partial gravity. Contaminant removal depended on both substrate and feeding strategy. With optimized CFS
(12 L every 7-8 hours), sand achieved high COD removal (~81.9%), but lunar regolith simulant performed
poorly in partial gravity (14.9%) due to limited hydraulic conductivity and poor oxygen transfer. Dissolved
oxygen availability was a key limiting factor, as the regolith simulant showed near-zero DO at saturation,
inhibiting aerobic degradation. Switching to an IFS (40 L every 10 days) greatly improved COD removal

in lunar regolith simulant (up to 95.9% in partial gravity), but this also led to prolonged anoxic conditions,
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favoring denitrification and causing significant nitrate loss. Sand maintained better nitrate recovery due to
more consistent oxygen distribution. These findings highlight the trade-off between contaminant removal
and nutrient recovery, emphasizing the need for careful selection of substrates and feeding strategies. In
summary, while lunar regolith simulant can be adapted for effective organic contaminant removal in partial
gravity with optimized intermittent feeding, its limitations in oxygen transfer and nitrogen cycling pose
challenges for nutrient recovery. Future designs should focus on aeration techniques recommended to meet

the COD removal effectively, while using CFS to manage the required load (40L/day).

6.2. Recommendations
Based on the results of simulation, discussion and conclusion, the recommendations for design and

operation of VFCW in the context of this study are summarized in Table 6.2.1 and Table 6.2.2.

Table 6.2.1: Table shows the design recommendations for the system based on simulation results

Design Area

Recommendation

Expected Benefit

Substrate
Engineering

Improve lunar regolith simulant with
a higher particle size of 1 mm,
optimize for mineral composition,
swelling properties, and grain size
distribution for increase air suction
into bed pores

Enhances infiltration, reduces surface accumulation,
supports stratified biological activity.

Bed Geometry

Design beds to be shallow (<80 cm)
and wide, with gentle slopes. Use
modular rectangular units if needed.

Improves oxygen penetration and uniform saturation;
better hydraulic performance under reduced gravity.
Boosts Nitrate ( NOs") formation

Aeration
Enhancement

Incorporate passive aerators (e.g.,
perforated tubing) in lower layers.
Consider surface air exposure vents.

Improves DO availability, supports aerobic microbial
processes, essential for COD and nitrate removal.
Boosts nitrate ( NOs~) formation

Flow Distribution

Use perforated inlet manifolds or
drip feeders to distribute uniformly

Prevents channeling, ensures equal treatment across

System across the bed surface. the bed, avoids dead zones.
Install embedded sensors for DO,
Monitoring & NH.4*, NOs~, temperature, and Enables real-time monitoring and adaptive system

Sensor Integration

moisture at various depths. Connect
to data logging and control systems.

control, especially in autonomous or remote setups.

Modular Design

Use tray-based or cartridge-style
replaceable substrate compartments.
Include accessible ports for
inspection and replacement.
Include a retention compartment for
receiving treated water at the end

Simplifies maintenance, especially important for long-
term closed-loop systems (e.g., lunar bases), allows
better control of the treated effluent
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Table 6.2: Table shows the operational recommendations for the system based on simulation results

Operational

Recommendation Expected Benefit
Focus
. Use IFS with shorter intervals Allows oxygen recovery between cycles;
Feeding Strategy . . S ;
. via automated valves with significantly improves COD removal (up to
— Intermittent . o) . .
programmable timers. 95.9% in partial gravity).
Feedlpg Strategy If dally treatment 1s regulred, Allows higher quantity of water to be treated
— Distributed split load into multiple based on the size of the crew
Daily Load alternating VFCWs
. Promote aerobic stage or air-
Nutrient . . .
Recove permeable zone near bed bottom | Promotes nitrate formation, reduces conversion to
Y to favor nitrification over dinitrogen gas, aiding plant nutrient recovery.
Enhancement . .
denitrification.
Employ programmable logic
Automated controllers (PLCs) or Improves system autonomy, essential for space

microcontrollers to manage
inflow, aeration, and sensor
feedback for level control

Control System missions or minimally supervised environments.

Innoculation and Follow a proper start-technique

. . and cultivation of microbiota by Enhances long-term biological performance,
Microbial . . . L : .
using terrestrial wastewater as prevents rapid decline in hydraulic conductivity.
Processes .
an influent
Use gravity-fed inflow where Reduces energy requirements, supports
Energy . o .
. o7, possible and solar-powered sustainability and closed-loop design for space-
Optimization .
components for electronic load. based systems.

Based on the following recommendations, figure 6.1 shows the implemented changes for design and
operational scheme in the initial conceptual model of ‘the Marshian’ system.

6.3. Future directions

Future research will focus on experimentally determining the hydraulic properties of the lunar mare
simulant (LX-M100) under Earth gravity to validate the hydrodynamic simulation results. Additionally, a
highly-concentrated wastewater with total COD concentrations ranging from 3000 to 4000 mg/L will be
formulated for use in prototype testing. These experimental data will support the refinement of influent
parameters used in the simulation model.

Subsequent simulation efforts should aim to further optimize the operational strategy of the vertical
flow constructed wetland for long-term wastewater management in a four-astronaut lunar base scenario.
Particular attention should be given to enhancing the removal of nitrate (NOs~) and phosphorus (P), which
may benefit from incorporating vegetation into the system. The effect of planting on contaminant removal

dynamics particularly nutrient uptake, microbial enhancement, and oxygen transfer should be explored.
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To improve model calibration and accuracy, tracer experiments may be conducted in future work
to validate solute transport behavior and refine initial condition assumptions. These efforts will support the
development of a reliable, compact, and bioregenerative treatment system suitable for both extraterrestrial

and land-constrained terrestrial applications.

Distributer

Influent 1
Maecerated Entry S

Wastewater

100cm

Sludge Removal

Treated water

Level Control

The Marshian abs

Figure 6.2.1: Figure shows the updated implementation to ‘the Marshian’ scenario based on
recommendations on the simulation results
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Figure A1l: Figure shows the mineral composition of different lunar regoliths depending upon their geolocation on

the moon as shown in Schreiner et al., 2016%’
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Figure A2: Figure shows the correlation between total organic carbon (TOC) and carbon oxygen demand (COD) for

urban wastewater as shown in Tian et al., 2019%8
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Figure A3: Figure shows the COD distribution over the height of the lunar regolith simulant bed at 60" day using
IFS in partial (left) and earth (right) gravity conditions
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rCOD Vertical profile through lunar regolith bed at 30th day using optimized
CFS in Partial gravity

100

90

80

70

60
E
&
=
Q
M

£ 50
s
<
I
=
Q
3

40

30

«=@— Readily Biodegradable COD
(mg/L)
20 ==@==Slowly Biodegradable COD
(mg/L)
w=@==Inert COD (mg/L)
10
0

100.0 300.0 500.0 700.0 GRRcgntrationdme/L) 13000 15000  1700.0

Figure A4: Figure shows the COD distribution over the height of the lunar regolith simulant bed at 30 day using

optimized CFS in partial gravity conditions
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Table Al: Table shows the speculations of particle size distribution of lunar regolith as pointed out in Heiken et al.,

Tables

1991%4
Depth Range ﬁ(:;_f;‘tg; Average Void
(cm) n (%) i Ratio, e
0-15 52+£2 1.07£0.07
0-30 49 +£2 0.96 +0.07
30-60 44 +£2 0.78 £0.07
0-60 46 +£2 0.87£0.07

Table A2. Table shows the summary of software review for modeling of VFCW in partial gravity using different

substrates
Model Application Availability Pros, Cons & Source
Pros: Graphical user interface, detailed multi-component reactive transport,
HFCWs and Commercial | includes DO, OM, and nitrogen pathways, handles variably saturated flow.
HYDRUS-2D VFCWs for : : : : s : :
. (HYDRUS | Cons: Expensive, clogging not considered, limited gravity settings, only
CW2D/CWMI liiomestlc and software) | models dissolved substances.
other wastewaters Source: Langergraber & Simtinek, 2005%
Pros: Models non-typical feeding/emptying cycles, simulates clogging via
VFCWs under Not porosity reduction, includes particulate transport.
FITOVERT un§qtur ateq publicly Cons: No plant uptake or adsorption modeling, phosphorus and persistent
(MATLAB) cond1t10ns,. Wth available | pollutants not simulated.
evapotranspiration Source: Giraldi et al., 2009%
Diph M 2nd stage French | Not Pros: Diphasic air-water modeling, tracks DO, ammonium, and COD
(MATLAB) VFCWs, post- accessible transport.
septic tank Cons: Based on older CW1 model, limited accessibility for use or testing.
treatment Source: Petitjean et al., 2012%
RSF_ Sim CWs for Open access | Pros: Designed for dynamic Combined Sewer Overloads, suitable for
combined sewer for integration with sewer system models.
overflow (CSO) scientific Cons: Not applicable for domestic wastewater or nutrient-focused systems.
treatment use

Source: Meyer & Dittmer, 2015%
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Table A3: The table shows physical and mechanical properties of lunar regolith (Slyuta et al., 2013)® used for

estimation of solute transport properties of lunar regolith simulant

Characteristics

Numerical value

Soil density

Density variation
Soil porosity

Porosity variation

Percentage (%) of grains larger than the assumed value

for the typical lunar regolith
N.4% = —23.205In(d) + 143.586

Soil deformation modulus

Deformation modulus variation
Poisson ratio of the soil (mean value)
Shear strength of the soil

Shear strength variation
Cohesion of grains (mean value)

Cohesion variation
Variation of the internal friction angle

Surface layer

At the depth of 15.0 cm
At the depth of 60 cm

At the depth of 200 cm
To the depth of 200 cm
Surface layer 0—15 cm

At the depth of 30—60 cm
To the depth of 200 cm
>841 um

>250 pm

>105 pm

>53 um

>20 pm

Surface layer

At the depth of 200 cm
To the depth of 200 cm
To the depth of 200 cm
At the depth of 5 cm

At the depth of 50 cm

At the depth of 100 cm
At the depth of 200 cm
To the depth of 200 cm
At the depth of 0—15 cm
At the depth of 10—20 cm
At the depth of 0—30 cm
At the depth of 30—60 cm
At the depth of 0—60 cm
To the depth of 200 cm
To the depth of 200 cm

1.3 g/cm3
1.5 g/cm3
1.66 g/cm®
1.9 g/cm?
p=1.92(z+12.2)/(z + 18)
52+2%
44 +2%
<40%
1%
15%
35%
50%
78%
15.6—29 kPa
240 kPa
15.6—240 kPa
0.2
0.1-2.5 kPa
1-3.5kPa
2—4 kPa
4—8 kPa
0.1—-8 kPa
0.52 kPa
0.6 kPa
0.90 kPa
3.0kPa
1.6 kPa
0.1-3.5kPa
30°-50°
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Table A4: The table shows the distribution of wastewater in an early planetary base as a baseline assumption value

for typical steady-state wastewater generation rates for various missions (Ewert et al., 2022)7°

Wastewater 93

Early Mature
International Transit Planetary Planetary
Parameter Units |Space Station| Vehicle Base Base
Urine kg/CM-d| 1.200 1.50@ 1.50@ 1.50@
Urinal Flush kg/CM-d 0.30M 0.30® 0.50® 0.50@
Total Urine Wastewater Load | kg/CM-d 1.50 1.80 2.00 2.00
Oral Hygiene kg/CM-d n/a n/a 0.37@ 0.37®
Hand Wash kg/CM-d n/a n/a 4.08? 4.08@
Shower kg/CM-d n/a n/a 1.08® 1.08®
Laundry kg/CM-d n/a n/a n/a 1.1©
Dish Wash kg/CM-d n/a n/a n/a 3.54©
11;?:;::;% Bcalipgang keg/CM-d|  wa n/a wa TBD
Total Hygiene Wastewater Load | kg/CM-d 0.00 0.00 5.:53 10.17+
o Sy kg/CM-d| 227@ 2270 2270 2.90®
éggg:[ll SI;?;em PRy kg/CM-d n/a n/a TBD TBD
Total Latent Wastewater Load | kg/CM-d 2:27 227 2.27+ 2.90+
Payload kg/CM-d n/a n/a TBD ® TBD®
Total Payload Wastewater Load | kg/CM-d 0.00 0.00 0.00+ 0.00+
Total Wastewater Load kg/CM-d 3.77 4.07 9.80+ 15.07+
Biomass Production kyleid it 3 il TBD
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Table AS: The table shows the measured parameters for ERSATZ formulation of wastewater from an early

planetary base”!
Conductivity Chloride | Nitrite-N | Nitrate-N
Ersatz PH ws) | TOCMIM) TCMON | gy | mgny | (mgn)
Analog Target - 3 - 2199 33 4| 1887 - -
Transit Wastewater| ES2Z Fomuiation ' | 26302 | 12362 41853 | 2209 4221 0:0 | 18701281 .
Measurement Results 2| 2722001 | 12362153 | 2233434 010 | 1852165 ;
— IWRS TestDala | 8902 | 6400£1300| 519:118| 325 - 5152204| - -
Base Wastewater | EFSatz Formuiation | 89102 | 686941030 631463 [ 391459 | 514477
Measurement Results | 8831001 | 6869123 631116 399112 525188 | - -
IWRSTestDala | 65104 | 32814710 | 48423 | 72463 | 5152204 30428 | 2719
BWP Effluent Ersatz Formulation | 66202 | 38022570 | 51151 | 110217 | 608291 | 50107 | 47171
Measurement Results | 6.76 +0.01| 3802 £ 48 56108 | 9714 723328 | 54101 | 4611.1
S—— WRSTestData [ 63104 [ 3302157 | 12212] 1416 26315 | 18218 | 84175
hapecaar Ersatz Formulation | 66102 | 285143 14105 | 140221 | 320248 | 18103 | 51108
Measurement Results | 667001] 285132 | 13:02] 139201 |3085403 | 1574001] 49101
FEE—— IWRS Test Data * - 487 53 20 41 18 1.81
e Ersatz Formulation | 733102 | 382157 50215 | 179227 | 620193 | 28104 | 6610
Measurement Results | 7.4510.04| 382224 | 52104 | 182402 | 565205 | 2684002] 6.340.1
IWRS TestDala | 80106 | 4712403 | 39126| 37124 | -
e ﬁg’r:’iﬁ:fate | ErsatzFormuiation | 80102 | 507276 | 45:15| 52478 - . .
Measurement Results | 800:001| 507217 | 58101)] 541106 | - . .
AES Condensate..| WVRS 1estDa@ | 94301 | 19174971 | 63150 93114
e Ersatz Formulation | 94302 | 12864193 | 95130 | 9401141 -
Measurement Results | 9543001 12864235 | 124101 | 114107
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Table A6: Table shows the kinetic parameters used for reactive transport simulations for microbial conversions,

taken from HYDRUS-manual’

Value

Kinetic parameter 20°C 10°C
K hydrolysis rate constant [1/d] 3 2
K %> sat./inh. coeff. for hydrolysis [mgcop cs/mgcopen] 0.1 0.22
11z maximum aerobic growth rate on CR [1/d] 6 3
by rate constant for lysis [1/d] 04 0.2
K et 02 sat./inh. coeff. for O2 [mgoy/1] 0.2 0.2
Kot cR sat./inh. coeff. for substrate [mgcop cr/1] 2 2

| Khee Nu4n sat./inh. coeff. for NH4 (nutrient) [mgxua/1] 0.05 0.05
K et 10 sat./inh. coeff. for P [mgnp/1] 0.01 0.01
LN maximum denitrification rate [1/d] 48 24
KDN,OZ sat./inh. coeff. for O2 [mg02I1] 0.2 0.2
Ko NO3N sat./inh. coeff. for NO3 [mgNog):/’l] 0.5 0.5
| Kpnixon sat./inh. coeff. for NO2 [mgxnon/1] 0.5 0.5
 Kpxcr sat./inh. coeff. for substrate [mgcop cr/1] 4 4

| Kpnxman sat./inh. coeff. for NH4 (nutrient) [mgxmuan/1] 0.05 0.05
 Kpaip sat./inh. coeff. for P [mgip/1] 0.01 0.01
s ™ maximum aerobic growth rate on NH4N [1/d] 0.9 03
baxs™ rate constant for lysis [1/d] 0.15 0.05
K s 02* sat./inh. coeff. for O2 [mgoy/1] 1 1
K aos xuan™* sat./inh. coeff. for NH4 [mgnuav/l] 0.5 5.0
K ans 1 sat./inh. coeff. for P [mgp/1] 0.01 0.01
RS S maximum aerobic growth rate on NO2N [1/d] 1 035
b rate constant for lysis [1/d] 0.15 0.05
K om,02* sat./inh. coeff. for O2 [mgoy/1] 0.1 0.1
K,\Nb,xom' sat./inh. coeff. for NO2 [mgNom/l] 0.1 0.1
Kowamew  sat/inh. coeff. for NH4 (nutrient) [mgyyay/l] 0.05 0.05
[ Kowm sat./inh. coeff. for P [mgp,/1] 0.01 0.01

* Nowak (1996). ** Langergraber (2005b).
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Table A7: Table shows the molecular diffusion coefficients used for different contaminant components taken from

HYDRUS wetland example 17°

Molecular Dispersion Molecular Dispersion
Solute Coefficient in Free Water Coefficient in Soil Air
(cm?/day) (cm?/day)
Dissolved Oxygen 0.00072 769

Readily biodegradable rCOD 0.000456 0
Slowly biodegradable sCOD 0.000456 0
Inert chemical oxygen demand iCOD 0.000456 0
Heterotrophic microorganism 0 0
Nitrosomonas spp. 1(;utotrophic bacteria 0 0
Nitrobacter spp. (autotrophic bacteria 2) 0 0
Ammonium ion (NH4+) 0.000801 0
Nitrite ion (NO;") 0.000801 0
Nitrate ion (NO;3") 0.000801 0
Dinitrogen gas (N2) 0.000801 0
Phosphorus (inorganic) 0.000801 0
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Table A8: Table shows the reactions modelled in HYDRUS-2D using CW2D module and their rate expressions’

R Process / Reaction rate rc;

Heterotrophic organisms
1 Hydrolysis
re, =K, —=X_.¢ (32
! ) KX + CCS / Cm -
2 Aerobic growth of heterotrophs on readily biodegradable COD
o Cer
7y = jig - : Sy Cxn (3.3)
Kpwor+€02 Kpucr+Ccn
3 NO3-growth of heterotrophs on readily biodegradable COD
Kpx.02 Cxo3 K px 302 Cer
7C3 = Hpy - - 2 - s - “fxox-Cxm
Kpvor+Co2 Kpyyos +Cxos Kpvaor +Cno2 Kpyer +Ccr
(B4
4 NO2-growth of heterotrophs on readily biodegradable COD
Kpv.o1 Cxo2 Ccr
YCq = fipy - - . - fxov-Cxn (3.5

Kpvor+€o2 Kpyxor +6x02 Kpxer+Ccn
5 Lysis of heterotrophs

rCs =b, -Cp (3-6)
Autotrophic organisms 1 — Nitrosomonas
6 Aerobic growth of Nifrosomonas on NH4

Con Cams Crp

Cs = Hux: - “Cxan: (€3))

202 7€ Kpoxms +Cms Kpopp+Cp
7  Lysis of Nitrosomonas

7¢; =bgp: i (ER))
Autotrophic organisms 2 — Nitrobacter
8 Aerobic growth of Nitrobacter on NO2

Co2 ) Cao2

7€y = flpy - Sy -Cxon (3:9)
K 301 +Cor Kaiwaor +Cxom

9 Lysis of Nitrobacter

¢y =bypa - Cron (3.10)
Conversion of solid in liquid phase concentrations

Car =§.s,,, where ¥ = H, ANs, AND G11)
Factor for nutrients

Jox= Coms S . where x = Het, DN, ANb (.12

K ons+Cuus K,op¥Cp

The stoichiometric coefficients of these parameters can be found in HYDRUS CW2D module.”
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Supporting Information

S1. Reactions modelled in CW2D Module”

Heterotrophic Bacteria Processes
These bacteria are responsible for breaking down organic matter and performing both aerobic and anoxic

processes as explained in HYDRUS CW2D manual:”

Hydrolysis: Slowly biodegradable compounds are broken down into simpler, more readily degradable
forms (rCOD). This reaction also releases ammonium (NH4") and orthophosphate (IP). Hydrolysis occurs
regardless of oxygen presence.
Aerobic Growth: Under oxygen-rich conditions, heterotrophs consume readily biodegradable COD
(rCOD) and oxygen (O2) while incorporating NH4" and IP into new biomass.
Anoxic Growth (Denitrification): In oxygen-limited conditions, heterotrophs use nitrate (NOs") or nitrite
(NOx2") as electron acceptors, converting them into dinitrogen gas (N2). This process also consumes CR,
NH.*, and IP.
Lysis: When heterotrophs die, they release organic matter (COD), along with NH4" and IP, back into the
system.

Autotrophic Bacteria Processes
These microorganisms are specialized for nitrification, which occurs in two aerobic steps:
Step 1 — Nitrosomonas Activity: These bacteria oxidize NH4" into NO2~, consuming O: in the process.
Some NH4" and IP are assimilated into the biomass.
Step 2 — Nitrobacter Activity: In the next step, NO:™ is further oxidized to NOs~, with continued uptake
of O2, NH4", and IP into biomass.
Autotroph Lysis: Similar to heterotrophs, the breakdown of autotrophic biomass releases organic matter,

NH.*, and IP into the system.
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