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ABSTRACT

Establishing a continuous human presence on Mars is a crucial milestone in advancing
human capabilities in space and is a high priority for the National Aeronautics and Space
Administration. An important step toward establishing a continuous human presence on
Mars is identifying landing sites suitable for human and scientific exploration. The quantity
of water needed to sustain human life on Mars is a key driver in the selection of landing sites.
However, minimal work beyond first-order water demand estimates has been completed to
date.

To address this gap, this thesis quantitatively estimates how much water is needed to
sustain a continuous human presence on Mars. Updates were made to a tool called HabNet, a
MATLAB simulation tool that incorporates key mission parameters and outputs predictions
of resource levels over time, to improve the accuracy and fidelity of water demand estimates.
These updates involve creating additional Environmental Control and Life Support (ECLS)
technologies and updating the crew model to reflect more recent data. The updated HabNet
tool was then used to simulate five discrete cases that collectively represent a Mars surface
campaign crew profile that shows increasing and continuous human presence.

Results from deterministic modeling of water demand showed that the net total water
demand for 4, 8, 12, 16, and 20 crew members on a 790-day mission were 38,669 kg, 76,545
kg, 118,069 kg, 151,617 kg, and 193,134 kg, respectively. For each crew size, 63-65 % of water
was needed for generating MAV propellant, 22-23 % of the water was needed for crops, and
12-15 % was needed for life support. Additionally, the water demand per crew member per
day was found to fluctuate between 12.00 kg to 12.50 kg across the five cases. This thesis also
demonstrated the ability to perform probabilistic modeling of water demand with HabNet
using high-performance computing (HPC). A Monte Carlo simulation was completed using
the MIT SuperCloud supercomputer for the same five discrete cases, which marked the first
time HPC was used to produce HabNet simulation results. Gaussian and beta distributions
were fitted to the water demand results from the Monte Carlo simulation. However, further
work is still needed to determine which probability distribution best represents the data.

Opportunities for future work include improving the accuracy and fidelity of HabNet
to make resource demand estimates and leveraging HPC for future analyses that may be
computationally intensive.
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Chapter 1

Introduction

1.1 Background and Motivation

Establishing a human presence on Mars is a vital stepping-stone for expanding human capa-
bilities in space and is a high priority for NASA. According to the NASA Authorization Act

of 2022, NASA will make further progress on advancing the human exploration road-map
to achieve human presence beyond low-Earth orbit to the surface of Mars [1]. Mars pro-
vides an opportune location to expand scienti c and human exploration not only because it
is close by in the solar system but also because its formation and evolution are similar to
Earth's. Mars is therefore a rich destination for searching for life beyond Earth, establishing
a human presence beyond low-Earth orbit, and understanding the history of Earth and the
solar system [2].

In past decades, robotic missions that have emerged from the Mars Exploration Program
for NASA's Science Mission Directorate (SMD), including orbiters, landers, and rovers, have
been critical to the knowledge of Mars. These robotic missions have been rooted in their
ability to ful Il scienti c objectives in astrobiology, climatology, and geology. Therefore, the
process of planning, designing, building, and operating these missions has not been tailored
toward the constraints of continuous human presence on the Martian surface. NASA's Space
Operations and Mission Directorate (SOMD) and Exploration Systems Development Mission
Directorate (ESDMD) provide a path to human presence on Mars. Starting in low-Earth

orbit (LEO) and expanding to the Moon, the International Space Station (ISS) and the

21



Artemis program are helping to develop and mature key technologies needed for deep space
human missions, including missions to Mars as outlined in NASA's Moon to Mars strategy [3].
Thus, establishing a continuous human presence on Mars is a coupled challenge between
NASA's SMD, SOMD, and ESDMD that should enable feed-forward knowledge from Mars

robotic missions to human exploration missions.

1.1.1 Determining Exploration Zones

Within this framework, there is a need to determine Exploration Zones (EZ), which are
locations where humans can land, live, and work on Mars. Selecting EZs is critical since the
nature of each EZ dictates key early decisions related to mission timeline and architecture,
habitat architecture, and In-Situ Resource Utilization (ISRU) strategies. An EZ is de ned

to be a collection of Regions of Interest (ROI) that are located within approximately 100km

of a central landing site (see Figure 1.1) [4]. ROIs are areas on the Martian surface that
have high scienti ¢ interest for human exploration (science ROIs) and areas that may contain
resources or the potential to develop capabilities necessary for sustainable human presence
(resource ROIs). Each EZ contains a landing site, which can support safe landing based on
a set of entry descent landing constraints, and a habitation site, which is an area that can
facilitate the infrastructure for human presence [5]. Selecting candidate EZs is a multifaceted
problem that involves understanding the supply and demand elements of Mars inhabitants
and available Martian resources. Supply involves investigating resources available in the
Martian environment that make it conducive to science exploration and safe and sustainable
EZs, while demand characteristics include understanding the resources needed for human
exploration missions. Understanding both the availability and demand of resources is crucial

to ensure the optimal selection of EZs.
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Figure 1.1: Labeled Exploration Zone on Mars showing science ROIs, resource ROIs, and
Mars landing site and surface eld Stations [4]

1.1.2 Water Demand and Supply on Mars

Water has always played a fundamental role in sustaining human life. On Earth, the avail-
ability of water for drinking, agriculture, and waste management made locations near bodies
of water attractive and practical for early human settlements. Much like the crucial role
that water plays for humans on Earth, the role of water in enabling a continuous human
presence on Mars will be equally vital. On Mars, water will be essential for consumption,
hygiene and health, science, and protecting crew and equipment from radiation. Water can
also undergo electrolysis to produce hydrogen and oxygen: these byproducts can be pro-
cessed to produce propellant needed for vehicles such as the Mars Ascent Vehicle (MAV) to
enable the return of the crew to Earth [6]. Given the potential bene ts of harnessing In-Situ

Resource Utilization (ISRU) capabilities to source water locally, quantifying water demand
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to support a human presence on Mars complements ongoing studies to locate and quantify
water availability. An example of such a study is the Subsurface Water Ice Mapping on
Mars (SWIM) that identi es the location and nature of potential water resources on Mars
(see Figure 1.2) [7]. Investigating water demand and supply on Mars will be valuable to
NASA's SMD, SOMD, and ESDMD as part of the multi-year process of determining EZs

and maturing Mars mission architectures to support continuous human presence.

Figure 1.2: Mars water resource map from the SWIM project [7]

1.2 Thesis Statement and Outline

Considering the objective of sustaining a continuous human presence on Mars, the goal of

this research is to address the fundamental question:
How much water is needed to sustain a continuous human presence on Mars?
To address this research question, the remainder of this thesis is organized as follows.

Chapter 2 is a literature review that primarily focuses on providing an overview of HabNet,

an existing tool that can be used to quantify the amount of water needed to sustain a
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continuous human presence on Mars. The chapter also describes a baseline long-duration
Environmental Control and Life Support (ECLS) system architecture that can facilitate
long-duration stays on Mars.

Chapter 3 details the updates that were made to HabNet to better capture water demand
elements. This involves creating new ECLS technology models and making updates to re ect
more recent data. Modeling assumptions and limitations are outlined for each new ECLS
technology modeled and veri cation test results are presented to con rm that the new and
updated models function as intended. Chapter 3 also describes the HabNet simulation set-up
that was used to obtain deterministic water demand estimates. This includes the selected
Martian surface campaign crew pro le, input parameters and variables for each simulation
case, and ECLS technology running order. The simulation setup was veri ed by completing
a unit test case that involved one crew member on a 2000-hour mission.

The fourth chapter presents and discusses the water demand estimates made using the
methodology presented in Chapter 3 for crew sizes of 4, 8, 12, 16, and 20 members each on a
790-day mission. The results presented in Chapter 4 are based on a deterministic model of
water demand. Chapter 5 demonstrates the ability to provide probabilistic models of water
demand estimates for the cases simulated in Chapter 4 using High-Performance Computing
(HPC). A sensitivity analysis was rst conducted on three selected input parameters to
investigate their impact on water demand. The sensitivity analysis provided an informed
decision on which parameters were represented by probability distributions in the Monte
Carlo simulation, which was completed using the MIT SuperCloud supercomputer.

Chapter 6 provides an overview of recent e orts to explore water availability on Mars.
This overview was completed to help provide a more holistic perspective of water su ciency
for future human missions to Mars. A water su ciency equation was also developed to
provide a high-level understanding of key factors that impact crew water su ciency.

Lastly, Chapter 7 concludes the thesis and outlines avenues for future research that can

help plan and support mission architectures to support continuous human presence on Mars.
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Chapter 2

Literature Review

To date, minimal work beyond rst-order calculations has been completed toward quantita-
tively estimating water demand for a sustained human presence on Mars. Crew water usage
data from LEO space stations such as the International Space Station (ISS) may provide the
closest water demand estimate for sustained human presence on Mars given the similarity
in constraints that space imposes on factors such as the environment, logistics, and crew
habitation. However, the Martian surface environment is much di erent than that of LEO,
rendering LEO space station crew water usage data inaccurate for Martian water demand
estimates. While terrestrial Mars analog missions such as the Crew Health and Performance
Exploration Analog (CHAPEA) mission, which involve human test subjects, can o er in-
sights into water usage, they are resource-intensive and time-consuming [8]. Their mission
durations span months to years, causing them to face constraints in their capability to explore
aspects such as di erent crew pro les, habitat architecture, and environmental conditions.
These constraints limit their capability to provide decision-makers and policymakers with
the analysis needed to make key mission architectural decisions in a timely manner. To
provide higher-order estimates of water demand to sustain a continuous human presence on
Mars, the ability to model, simulate, and quantitatively estimate water demand through a

simulated modeled platform becomes necessary.
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2.1 HabNet

One such tool that can model and simulate water demand to sustain a continuous human
presence on Mars is called HabNet, an integrated habitation and supportability architecting
and analysis environment written in MATLAB [9]. This tool was rst developed at the
MIT Strategic Engineering Research Group by Sydney Do between 2013 and 2016 and has
previously been used for various Mars one-way and return trip mission architectures [10].
HabNet consists of four modules: Habitation, ISRU sizing, Sparing, and Space Logistics [9]
[11]. The habitation module will be the core focus of this thesis since it uses key mission
parameters such as the number of crew, mission duration, habitat layout, and Environmental
Control and Life Support (ECLS) system architecture to predict required resources, such as
water, over time. HabNet was selected to address the research question because of its ability
to provide dynamic analysis at a medium delity with serial function evaluation times on the
order of seconds to minutes. HabNet's computational speed, ability to model plant growth,
and mid- delity dynamic analysis capabilities make it suitable for the intent of this study,
which is to quantitatively estimate water demand for a sustained human presence on Mars [9].
Additionally, existing habitation and life support modeling tools are either computationally
expensive, limited to steady state analysis, unable to model ECLS technologies necessary
for long-duration missions, or constrained to integrated ECLS simulations within a ight

module rather than a modular surface habitat [12].

2.1.1 Overview of the HabNet Habitation Module

Understanding the mechanics behind how the HabNet habitation module functions is key to
understanding its capabilities and constraints, upgrades that may need to be implemented,
and how HabNet can be used to run on various Mars mission architectures. Figure 2.1
provides a high-level visual representation of the code architecture that supports HabNet
which consists of a main script that is comprised of three segments: initialization, record

resource levels, and state update.
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Figure 2.1: Overview of the HabNet habitation module architecture. Information was derived
from [9]

2.1.2 Initialization

The initialization segment provides the habitation module with a modular capability whereby

the user can de ne key mission variables and parameters according to the requirements
of various mission architectures. These mission variables and parameters include mission
duration, number of crew members in the mission, habitat model, resource storages, ECLS

architecture, and crew model.

Habitat Model

Initializing the habitat model involves designing the con guration of a habitat. Figure 2.2

shows three examples of habitat layouts that can be designed in the HabNet habitation
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module; they range from a simple single-module pressurized core module to a more complex
multi-module habitat. For each block in a habitat layout, the user can specify the target
molar fraction of O,, CO,, water vapor, N,, other gases, initialCO, concentration, hourly

air leakage percentage rate, total targeted atmospheric pressuf@; fraction hypoxic limit,

O, re risk molar fraction, and volume.

Figure 2.2: Three examples of habitat layouts composed of blocks

Resource Storage

Resource storage can be initialized internally to each block or external to the habitat by
declaring the storage capacity and current level of di erent types of resources. Figure 2.3

provides an example of a habitat with initialized resource storages.
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Figure 2.3: Example habitat layout with resource storages internal and external to the
habitat

ECLS Architecture

ECLS is a system of technologies and processes that are centered on keeping the crew alive in
a space habitat environment by controlling various aspects of the habitat such as air quality,
water and food supply, and waste management. Designing an ECLS system involves strate-
gically selecting a combination of di erent ECLS technologies to create a desired function.
Some examples of ECLS technologies include the Pressure Control Assembly(PCA), Carbon
Dioxide Removal Assembly(CDRA), and Water Processing Assembly(WPA). Within the
scope of the HabNet habitation module, various ECLS technologies have been modeled by
Do as helper functions that are called by the main script [9]. When these ECLS technology
model functions are called, they process and transfer resources from one resource storage(s)
to another. The user can specify which habitat block these ECLS technologies should belong
in as well as which resource storage(s) they would like the ECLS technologies to transfer re-
sources to and from. An example ECLS technology, Common Cabin Air Assembly (CCAA),
that is implemented in the example habitat layout portrayed in Figure 2.3 can be found in
Figure 2.4. Figure 2.4 depicts the CCAA taking inx moles of water vapor from the water
vapor storage and processing it inty kg of grey water that is transferred to the grey wa-

ter storage. The ECLS architecture is initialized in HabNet once all the necessary ECLS

technology functions are called in the main script.
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Figure 2.4: CCAA ECLS technology model implemented in the habitat layout shown in
Figure 2.3

Crew Model

The capability to model human consumption and production of resources will be valuable
for predicting crew survivability, which is necessary to characterize the trade space of future
Mars mission architectures centered on human presence. The HabNet crew model consists
of two portions that are dependent on each other: (1) A daily activity schedule for each crew
member that increments in hours for the duration of the mission, and (2) A crew physiological
model that indicates if crew member(s) are alive/dead and transfer resources to and from
resource storages to simulate human consumption and production of resources [9]. Each
activity in the crew member's daily activity schedule informs the crew's physiological model
of how much resources are consumed/produced by the crew within that hour. Initializing
the crew model involves designing a daily activity schedule for each crew member for the
duration of the mission and instantiating the crew physiological model for each crew member.
Figure 2.5 depicts a resource and data ow diagram of the crew model. It shows the crew
schedule as an input to inform the crew physiological model of how much resources are
consumed and produced by each crew member, and an indicator to determine whether the
crew is dead or alive. Starvation, dehydration, an€ O, poisoning are examples of conditions

that can lead to crew fatality, which the crew model accounts for [9].
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Figure 2.5: Crew model data and resource ow diagram

2.1.3 Record Resource Levels

In the second segment, resource levels are recorded. This segment records the current level
of each initialized resource storage at the end of each time increment (1 hour) after instan-
tiations of ECLS technologies and the crew model transfers resources to and from resource
storages. Keeping track of resource levels throughout the mission duration is essential to
verifying the simulation and ultimately assessing the water demand within the simulated
mission architecture. Some key examples of resource levels tracked that are relevant to wa-
ter demand estimation include dirty water, grey water, potable water, and water vapor.
The de nitions and examples of these four types of water within the scope of HabNet are

provided in Table 2.1.
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Table 2.1: Water types tracked in the HabNet habitation module

Water Type De nition Examples
Dirty Water  Biological wastewater or water that Urine
has come in contact with
biological waste

Grey Water Water that has been used Untreated output water from the
domestically laundry machine, showering,
and CCAA
Potable Water Water that is safe for human Drinking water
consumption
Water Vapor Water in gaseous form Product of crew/plant respiration

or evaporated sweat

2.1.4 State Update

The state update segment progresses the ECLS technology models and crew model to the
next time step (next hour) of the mission and enables the technologies to perform their
functions. It is coupled with the second segment in which resource levels are recorded at the

current time step after the ECLS technology models and crew model perform their functions.
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Figure 2.6: Interaction between segment two (record resource levels) and segment three
(state update) of the HabNet habitation module

A demonstration of the interaction between the second and third segments, which builds
upon the system shown in Figure 2.4, can be seen in Figure 2.6. It is of note that the
system described in Figure 2.6 is not representative of a realistic habitat layout and ECLS
system but its purpose is to capture how the HabNet habitation model functions. First,
the current levels of grey water, dirty water, and water vapor are recorded. Then, the state
update segment ‘ticks' the ECLS technology model to the next hour. The CCAA takes
in 60 moles of water vapor from the water vapor storage, leaving 40 moles left in storage.
The CCAA then outputs 1 kg of water to grey water storage, which now has 11 kg of grey
water. Updated resource levels are recorded and the main script cycles iteratively between
the second and third segment and terminates at the end of the speci ed mission duration or

at the rst instance of crew member(s) death.
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2.2 ECLS Architecture of Long Duration Missions

A baseline ECLS architecture for long-duration missions shown in Figure 2.7 was derived
from an internal presentation provided by the NASA Jet Propulsion Laboratory [13]. The

ECLS architecture shown is one of many possible architectures that can be implemented
into HabNet to support long-duration missions for continuous human presence on Mars. The
Mars habitation module is surrounded by potable water storage as a method of shielding the
crew from deep space radiation, which is an important feature when humans venture farther

beyond low-Earth orbit.

Figure 2.7: Long duration mission baseline ECLS architecture [13]

To integrate the presented baseline ECLS architecture into HabNet, updates to HabNet
are required to account for ECLS technologies that have not been modeled. Table 2.2 outlines

ECLS technologies found in Figure 2.7 that do not exist in HabNet.
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Table 2.2: ECLS technologies found in the long duration baseline ECLS architecture that
have not been modeled in HabNet

Technology

Description

Carbon dioxide, nitrogen,
and argon extractor

Extracts carbon dioxide, nitrogen, and argon from
the Martian atmosphere.

Heat Melt Compactor

Compacts trash into tiles, which could be used for
supplemental radiation shielding and produces by-
product water/gases [14].

Anaerobic digestor

Produces by-product CH4 (that may be used for MAV
propellant) from human urine, feces, ush water, and
hygiene water. By-product waste can also form a crop
nutrient solution that is provided to the crops [15].

Potable Water Dispenser
and Food Preparation
Station

Dispenses potable water for crew consumption and takes
in potable water for food preparation. By-product grey
water is produced from food preparation.

Waste and Hygiene
Compartment (WHC)

Transports crew wastewater/hygiene water within the
habitat to external grey and dirty water storage tanks.

Laundry Machine

Clean crew member's clothes.

Mars Ascent Vehicle (MAV)
and Cryocooler

The MAV is a vehicle designed to lift crew and cargo
from the surface of Mars to dock with a Mars-Earth
transportation vehicle. It helps return crew and cargo to
Earth [6]. The cryocooler, which is integrated with the
MAV, lique es gaseous oxygen and methane to produce
propellant for the MAV.

Water Electrolyzer for
MAV propellant generation

Electrolyzes potable water into gaseous hydrogen and
oxygen. Downstream the electrolyzer, oxygen is lique ed
to produce oxidizer for the MAV and the hydrogen is fed
into the Sabatier reactor to produce methane.

Sabatier Reactor for MAV
propellant generation

Inputs carbon-dioxide and hydrogen to produce methane
and water. By-product water is reclaimed and recycled
while methane is lique ed to produce fuel for the MAV.
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Chapter 3

Methodology

This chapter describes the methodology that was used to estimate water needed to sustain
a continuous human presence on Mars. The methodology consists of four key parts. The
rst part involved making modi cations to the baseline ECLS architecture described in
Section 2.2. This helped to simplify the ECLS architecture implemented in HabNet and
assist with water demand tracking. The subsequent part involved creating models of ECLS
technologies not previously modeled in HabNet and verifying that these new models function
as intended. The crew model was also updated to incorporate more recent data available.
The third part entailed developing a simulation set-up in HabNet that was used to make
water demand estimates, and the last part of the methodology veri ed that the simulation

set-up operated as intended.

3.1 Modied Baseline ECLS Architecture

Modi cations were made to the baseline ECLS architecture presented in Section 2.2 before
being implemented into HabNet. These modi cations, which included removing certain
technologies in the baseline ECLS architecture and adding resource storages, were made to
simplify the ECLS architecture, allow for a more conservative water demand estimate, and

assist with tracking the three key pillars of water demand:

1. Life Support Water
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2. Biomass Production Chamber (BPC) Water (i.e., Crop Water)

3. Water for MAV propellant generation

The modi cations are documented below in Table 3.1.

Table 3.1: Modi cations to the baseline ECLS architecture

Modi cation

Explanation

CO, extractor removed

An unlimited supply of carbon dioxide (either brought
from Earth or extracted via ISRU on Mars) is assumed.

N, and Argon gas
extractor removed

An unlimited supply of N, (either brought from Earth or
extracted via ISRU on Mars) to support the Pressure
Control Assembly is assumed. Argon is abstracted away
since it is one of the least prevalent gases in the Martian
atmosphere ( 2%) [16]

Heat melt compactor
removed

The heat melt compactor reclaims water rather than uses
water, so it is abstracted away to allow for a conservative
water demand estimate.

Anaerobic digestor
removed

The anaerobic digestor reclaims water rather than uses
water so it is abstracted away to allow for a more
conservative water demand estimate.

Potable water dispenser
and food preparation
station removed

The potable water dispenser and food preparation station
is omitted and instead simpli ed to having crew consume
water directly from the Mars habitat potable water storage
and consume food directly from the Mars habitat food
storage (food is either brought from Earth or transported
from the BPC)

Grey water tank
(BPC) added

A grey water tank is added to the BPC to track water
demand for the crops in the BPC

Potable Water Tank
(MAV Propellant) added

Grey Water Tank
(MAV Propellant) added

Separate grey water and potable water tanks are added
to help track the water required to generate MAV propellant

WPA
(MAV Propellant) added

A WPA is installed to recover water produced when
generating MAV propellant

As a result of the modi cations, a modi ed baseline long-duration ECLS architecture

shown in Figure 3.1 was obtained and implemented into HabNet. Note that the coloring

scheme shown in the key of Figure 3.1 will be used in block diagrams hereinafter.

40



Figure 3.1. Modi ed baseline long-duration ECLS architecture.
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At a high level, the modi ed baseline long-duration ECLS architecture presented in
Figure 3.1 consists of three key water loops that are tracked: life support, BPC (crop water),
and the MAV propellant loop. In the three water loops, the water/urine processing assembly

(WPA/UPA) and common cabin air assembly (CCAA) facilitate water recovery.

3.1.1 Life Support Loop

Within the Mars habitation module where crew members live, life support equipment which
includes the CDRA, habitat water electrolyzer, PCA, Waste and Hygiene Compartment
(WHC), CCAA, and laundry machine work together to provide the crew with food, wa-
ter, hygiene facilities, and habitable environmental conditions. The WPA/UPA and CCAA

function to reclaim water in the life support loop.

3.1.2 BPC (Crop Water) Loop

The BPC module supports crew's food supply; it is where crops are grown and harvested
to provide the crew with food. It is important to note that the BPC and Mars habitation
module are modeled as two separate entities that do not physically interface. Crew will not
need to enter the BPC to harvest crops and it is assumed that food is directly transported
from the BPC to the Mars habitation module for crew to consume. Within the BPC, the
Oxygen Removal Assembly (ORA), PCA, carbon dioxide injector, CCAA, and condensed
water remover operate together to ensure that environmental conditions within the BPC
can support crop growth. The crops and food processor work together to provide crew
with food to consume during the mission. The shelf stagger feature is implemented in the
BPC whereby a batch of crops is grown every day and harvested every day once the crops
mature so that food production is continuous over the mission. Water reclamation in the
BPC occurs primarily through the collection of water transpired by the plants that is then

processed through the CCAA and used as a water source for the crops.
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3.1.3 MAV Propellant Loop

The water electrolyzer and Sabatier reactor for MAV propellant, cryocooler, and MAV model
work together to produce propellant (liquid oxygen and liquid methane) for the MAV. The
water electrolyzer for MAV propellant transforms potable water into hydrogen and oxygen
gases. Oxygen is then converted tbOX in the cryocooler, while hydrogen undergoes a
reaction with carbon dioxide in the Sabatier reactor, resulting in the production of methane
and grey water as byproducts. Methane is subsequently processed in the cryocooler to
becomelL.CH 4. The WPA reclaims water in the MAV propellant production loop, a notional

capability that is introduced in this baseline long-duration ECLS architecture.

3.2 Updates to HabNet

Updates to the HabNet habitation module were deemed to be necessary to better capture
water demand elements of an ECLS system. The ECLS architecture shown in Figure 3.1
consists of technologies that were not previously modeled in HabNet including the WHC,
laundry machine, MAV and cryocooler, water electrolyzer for MAV propellant, and Sabatier
reactor for MAV propellant. This section details the models of these new technologies, their
assumptions, and veri cation tests to ensure that they function as intended. This section also
details updates made to the crew model to re ect more recent data available. The remaining
ECLS technologies were kept the same as originally constructed by Do and explanations of
their functions and assumptions/limitations can be found in [9]. Several of the key ECLS
technology models shown in Figure 3.1, including the CCAA, WPA/UPA, carbon dioxide
removal assembly (CDRA), and pressure control assembly (PCA) are ISS derived [9]. Other
technologies modeled, such as the oxygen removal assembly and carbon dioxide injector, are

notional technologies.

3.2.1 Crew Model Update

The crew model implemented in the 2016 version of HabNet was rooted in a crew model

developed by Goudarzi and Ting in 1999 and adopted within BioSim [17]. It determined
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crew resource demands based on gender, age, body mass, activity intensity, and metabolic
rate and was based upon data that was over two decades old [9]. However, now that updated
crew physiological data and understanding have become accessible, there emerged a need to
improve the accuracy of HabNet's crew model by integrating the latest information available
into HabNet. Since the water demand study focuses on ensuring sustainable continuous
human presence on Mars, crew model updates are necessary because the crew are the main
consumers and producers of resources, which is central to understanding crew survivability
during a long-duration mission.

In the 2016 version of the crew model, the crew schedule comprised of ve di erent types
of activities that are qualitatively categorized by levels of intensity ranging from 1 (low
intensity) to 5 (high intensity) as shown in Table 3.2 [9]. The intensity level of each activity
planned in the crew schedule for each crew member informed the estimated heart rate of
each crew member, which informed the respiratory quotient (moles GfO, exhaled forO,
consumed) and caloric requirements [9]. Independent of the intensity level/activity were the
water intake requirements. The 2016 crew model assumed that the crew consumed a xed
rate of 0.1667 liters of potable water per hour, 46.25% of which became urine, 17.5% of
which became water vapor through respiration, and 36.25% of which turned into some form
of grey water (e.g., liquid metabolic e uent, perspiration, etc.) [9]. While this allocation of
crew water intake ensured the water-mass equilibrium of each crew member (i.e., water in is

equal to water out), there was an opportunity to enhance the accuracy of the model.

Table 3.2: Crew activity and their intensity levels for the current HabNet tool [9]

Intensity Activity
1 Sleep
5 Intravehicular Activities (IVA) (e.qg., eating,
housekeeping, and science experiments)
3 Light exercise
3-4 Extravehicular Activities (EVA)
5 Exercise

Increasing the accuracy of the crew model involved making modi cations to two key

components of the crew model: the crew schedule and crew physiology model. First, the
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portfolio of activities in the crew schedule was expanded to include aerobic exercise, resistive
exercise, post-exercise recovery for the rst, second, and third hours, sleep, and Intravehicular
Activities (IVA). These activities, along with their associated water vapor output, liquid
sweat rate, O, usage,CO, output, and dirty water produced, were taken from NASA's
2022 Life Support Baseline Values and Assumption Document (BVAD), as well as from
an updated human metabolic model by Ewert, Downs, and Keener that incorporates a long
exercise protocol suitable for long duration missions that surpass thirty days [18], [19]. Using
information from the aforementioned sources, a generic 24-hour crew schedule was formulated
and now integrates the new activities and crew resource production and consumption as
outlined in Table 3.3. Note that values from Table 3 in [19] were processed to produce values
in the "Vapor Produced’, O, Needed'’, CO, Output' and "Potable Water Needed' columns.
Values from Tables 4.20, 4.34, and 4.35 in [18] were processed to generate values in the "Dirty

Water Produced' column.

Table 3.3: 24-hour Crew schedule with activities and their resource consumption/production
rates [18], [19]

vanor Dirty 0 CO, Potable
Duration . b Water 2 Output  Water
Hour Activity Produced Needed
(hr) (Mol/hr) Produced (Mol/hr) (Mol/ Needed
(kg/hr) hr) (kg/hr)
1 0.5  Aerobic s 3qy 0 3.846 3.660  0.781
Exercise
2 1 Resistive g5 352 0 2757  2.650  1.448
Exercise
3 1 Recovery g 569 0 1.138 0.968  0.154
(Hour 1)
4 1 Recovery 5540 0 1.138 0.968  0.094
(Hour 2)
5 1 Recovery 4 592 0 1.138 0.968  0.085
(Hour 3)
6-15 10 IVA 4,555 0 1.138 0.968 0.082
IVA
16 1 (Personal 4.555 1.400 1.138 0.968 1.584
Hygiene)
17-24 8 Sleep 3.699 0 0.713 0.617 0.066
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Modeling Assumptions and Limitations

A couple of important notes regarding the content in Table 3.3 are highlighted. First, the
vapor produced by the crew is assumed to encompass only water vapor produced through
respiration and sweat water which is assumed to evaporate to the surrounding environment.
The IVA activity from hours 6-15 includes laundry operations that are planned to occur
once a week per crew member for one hour. The IVA activity involving toilet usage and per-
sonal hygiene triggers the waste and hygiene compartment model to operate, which manages
wastewater from the crew. Furthermore, it is assumed that all personal hygiene and toilet
usage functions, which include oral hygiene, showering, hand washing, urination, and defe-
cation occur during the one-hour IVA activity dedicated to toilet usage/personal hygiene.
Potable water needed is the sum of dirty water and vapor produced subtracted by food water
content. Additionally, the values provided for vapor produced©, needed, andCO, output

are intentionally conservative; the data provided by Ewert, Downs, and Keener increment in
15-minute intervals, and the maximum values for water vapor output, liquid sweat rateQ,
usage, andC O, output for the same activity were selected. To account for the slightly longer
Martian sidereal day compared to that of Earth, crew resource consumption/production was
scaled by 1.023, which is the ratio of minutes on a Mars sidereal day to minutes on an Earth
sidereal day [20]. Other than the updates presented in section 3.2.1, the crew model was kept
the same as originally coded and so other assumptions/limitations of the crew model related

to crew food consumption, crew health, and dry waste production can be found in [9].

Veri cation of the Crew Model

Information from Table 3.3 was implemented into the crew schedule and crew physiology
model of the crew model, which allowed crew resources to be taken/added to its relevant
resource storage locations. To verify this new implementation of the crew model, a unit
test was conducted using a single crew member who adheres to the 24-hour crew schedule
presented in Table 3.3. The crew member was simulated to be in a single pressurized core
module habitat with relevant resource storages and operated without any ECLS technology

models. Within the scope of crew water resource production/consumption, the implemented
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crew model was veri ed using three criteria: (1) water mass balance (water in equals water
out) of the crew member, (2) resources produced by the crew member (i.e., water vapor and
dirty water) is equal to resources outputted by the crew member to the habitat resource
storage, and (3) potable water consumed by the crew is equal to potable water depleted in
the habitat. Figure 11 represents a ow diagram of the unit test simulation set-up whereby
the crew member took in potable waterO,, and food and outputted water vapor (in the
form of evaporated sweat and respiration)CO,, dry waste, and dirty water (in the form of

urine water).

Figure 3.2: Resource ow diagram of a crew member inside a single pressurized core module
habitat for 24 hours

From the test, a water mass balance in the crew model was con rmed; the crew consumed
5.5 kg of water and outputted 5.5 kg of water. This is approximately 20% more than the
water mass input/output value of a crew member of the same mass and exercise protocol
from a study completed by Ewert in 2019 where the crew member consumed and produced
4.53 kg of water daily [21]. This discrepancy was expected since the crew model used
upper bound values for water vapor produced through respiration and sweat to ensure that
water demand estimates erred on the side of being conservative. Creating conservative
estimates of resource requirements early in the development process is important so that

there is exibility to accommodate for contingencies in subsequent developmental stages. In
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addition, Figure 3.3 through Figure 3.5 shows that that the model performed as intended.
Figure 3.3 and Figure 3.4 show that the cumulative dirty water and water vapor produced is
equal to the habitat dirty water storage and vapor storage level. Figure 3.5 shows that the
potable water consumed by the crew is equal to the potable water depleted in the habitat; in
other words, the water consumed and water remaining in the habitat potable water storage

add up to the arbitrarily chosen initial value of 10 kg of potable water in the habitat.

Figure 3.3: Dirty water level over time from running the crew model
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Figure 3.4. Water vapor level over time from running the crew model

Figure 3.5: Potable water level over time from running the crew model
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3.2.2 Validation of the Crew Model with ISS data

A rst-pass validation of the updated crew model was performed using data from the ISS
Water Recovery System (WRS). The data showed that In the last year, 4474 L of potable
water have been supplied to the US Segment potable bus by the WPA. It was assumed
that the last year refers to the 2018-2019 year based on the publication date of [22], which
approximately covers ISS Expeditions 57 to 61 [23]. Since the potable water generated by
the WPA refers to the US segment potable bus, it was assumed that only US and European
Space Agency astronauts are considered during Expeditions 57 to 61. On average, there were
between 2-3 US and ESA astronauts onboard the ISS during each Expedition, suggesting
that approximately 1491 L (lower bound) to 2237 L (upper bound) of water was produced
by the WPA per crew member on the ISS [23].

HabNet was used to model the Node 3 "Tranquility' module of the ISS, where the
WPA/UPA system is located, and was modi ed to include a Carbon Dioxide Removal As-
sembly (CDRA), Oxygen Generation Assembly (OGA), Pressure Control Assembly (PCA),
Sabatier reactor, and WPA/UPA system [24]. A block diagram of the ECLS system is shown
in Figure 3.6.
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Figure 3.6: Block diagram showing the modeled ISS Node 3 ECLS architecture

The simulation was modeled for one crew member (modeled using the updated crew
mode) on a one-year mission, and results showed that the WPA produced 1955 L of potable
water over the one-year duration with one crew member. 1955 L is bounded by the upper
and lower bounds of potable water generated by the WPA per crew member on the ISS in

one year (1491 L and 2237 L respectively), which validates the updated crew model.

3.2.3 Waste and Hygiene Compartment

The waste and hygiene compartment functions to transport crew-generated wastewater into
grey water and dirty water storage tanks, where the water will be reused or treated farther

downstream. A resource ow diagram of the WHC is shown in Figure 3.7.
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Figure 3.7: Resource ow diagram of the WHC

Potable water is used for personal hygiene functions which include oral hygiene, hand
washing, shower, and toilet usage ( ush water). Wastewater from oral hygiene, hand wash-
ing, and showering becomes grey water, and ush water is plumbed to the habitat's dirty
water storage due to its contact with human excrement. Dirty water and grey water in the
habitat are then transported to external dirty and grey water storage containment tanks for
downstream processing or reuse. Values for the amount of oral hygiene water, hand wash
water, shower water, and ush water needed per day were taken from NASA's 2022 Life
Support BVAD and a twenty percent margin was added to each value for contingency as
shown in Table 3.4 [18]. Note that values from Table 4-20 in [18] were processed to produce

values in Table 3.4.

Table 3.4: Amount of water used per day per crew member for oral hygiene, hand wash,
shower and ush water with a 20% margin [18]

Water Usage Amount per Day per Crew Member (kg)

Oral Hygiene 0.552
Hand Wash 0.768
Shower Water 1.296
Flush Water 0.600
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Modeling Assumptions and Limitations

Although ush water does not have to be potable water (water of a lower sanitation grade
can be used), it was assumed that potable water is used as ush water to avoid bacterial
accumulation in the WHC. It was also assumed that there is no ow rate limit on any
of the water transfer processes (i.e., any amount of potable, grey, and dirty water can be

transported per hour).

Modeling Assumptions and Limitations

To show that the WHC model performed as intended, a unit test was performed where the
WHC model ran once during the twelfth hour of the day. It was isolated from other ECLS

technologies and only interacted with potable, grey, and dirty water storage tanks. Figure 3.8
shows that the WHC functions as intended where the habitat potable water remaining after
the twelfth hour of the day (6.784 kg) plus the external grey and dirty water levels (3.216 kg)
that come from oral hygiene, hand wash, shower, and ushing, is equal to the initial value
of 10 kg of potable water in the habitat (in other words, water mass is conserved within the
WHC system). It is noted that because the crew model was not running in this test, the

dirty water level excluded the mass of urine water.

Figure 3.8: Dirty, grey, and habitat potable water levels from WHC operations
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3.2.4 Laundry Machine Model

The laundry machine model functions to clean crew members' clothes throughout the mission
and is abstracted to be a simpli ed model where it turns potable water into grey water as

shown in Figure 3.9.

Figure 3.9: Resource ow diagram of the laundry model

Modeling Assumptions and Limitations

A 100% water return was assumed where wastewater from the laundry machine is transported
to grey water storage and any moisture remaining on the washed clothes evaporates to
the habitat environment and eventually gets processed by the common cabin air assembly
(dehumidi er) into grey water. It was also assumed that each crew member would complete
their laundry once a week, and this was encoded into the crews' schedule where the laundry
machine is triggered once every seven days during an hour-long intravehicular activity. Each
laundry load per crew member was assumed to use 24 gallonsq1 L) of water per load,
which provides a 20% margin to the amount of water a standard washing machine uses per
load [25].

Veri cation of the Laundry Model

A unit test with a single laundry machine for one load occurring at the twelfth hour of a
day showed that the potable water depleted was equal to the grey water produced, verifying

that the laundry model completed its intended function as shown in Figure 3.10.
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Figure 3.10: Potable water depleted and grey water produced for a laundry load occurring
at the 12" hour of the day

3.2.5 MAV and Cryocooler

The primary purpose of the MAV is to lift crew and cargo o the Martian surface and
dock with a Mars-Earth transportation vehicle, facilitating the return of crew and cargo to
Earth [6]. The MAV model uses cryogenic propellants (liquid oxygenLOX ) and liquid
methane (LCH ,4)) stored in cryogenic storage tanks that have an integrated cryocooler. As
per the baseline long-duration ECLS architecture, gaseous oxygen and methane are fed into
the cryocooler to be converted intd.OX and LCH 4, which are stored in cryogenic storage

tanks as shown in Figure 3.11.

Figure 3.11: Resource ow diagram of the MAV and cryocooler model
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At a high level, the MAV model outputs the amount of LCH 4, and LOX that is required
to be produced per crew mission day such that there is enough propellant to lift crew and
cargo o the surface of Mars by the end of the mission duration. Data taken from an
internal JPL spreadsheet contains estimates of the necessary quantities of LOX aodH 4
for a speci ed number of crew members on the mission, as shown in Figure 3.12, and were

incorporated into the MAV model [26].

Figure 3.12: Plot of theLOX and LCH 4 mass required versus crew size. Note that the plot
is altered from the original plot found in [26] to display relevant information and include
formatting changes

The cryocooler and cryogenic storage tanks faftCH , and LOX were captured within
the MAV model by incorporating a user input boil-o rate (BOR) parameter (%/day) for
both the stored LOX and LCH,.The MAV model uses the boil-o rates to calculate the
amounts of LOX and LCH 4 that should be produced per day to ensure there is enough
propellant at the end of the mission duration as per Figure 3.12. The amount bCH 4, and

LOX that is required to be produced per day is given by Equations 3.1 and 3.2.
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P, !

_ | + BOR re
FicH, = = F*'CTH at q_'I_CH . (3.1)
redcH ., t=1 lcn,t BOR
P | BOR |
_ re
flox = t=1 4BOR;t OLox (3.2)

where
foew, = rateof LCH, production per day (factoring in the BOR) [kg/day]
I'Lox = rate of LOX production per day (factoring in the BOR) [kg/day]
t = time [days]
reqcu, = required amount of LCH 4[kg] (per Figure 3.12)
regox = required amount of LOX [kg] (per Figure 3.12)
lich,e = level of LCHyattimet, =4 + |icy ¢ 1(1 BOR) [Kg]
lloxy = level of LOX attime t, =2 + | 5%y (1 BOR) [kg]
T = mission duration [days]
lich,o = O
llox;o = 0

Modeling Assumptions and Limitations

The integrated MAV and cryocooler model assumed that the BOR is the only e ciency loss
in the cryocooling process that turns gaseous oxygen and methane iht®X and LCH 4.
Thermal e ciency, duty cycles, and power constraints were not factored into the MAV and
cryocooler model. It was also assumed that the cryogenic propellant tanks can store any
amount of LOX and LCH 4.

3.2.6 Water Electrolyzer for MAV Propellant

The water electrolyzer for the MAV propellant electrolyzes potable water into gaseous hy-
drogen and oxygen. The oxygen gas is then processed ib©OX in the cryocooler while
the hydrogen gas gets fed into the Sabatier reactor to react with carbon dioxide gas and
produce methane gas which is then sent to the cryocooler to be turned int@H,. The
block diagram in Figure 3.13 shows a resource ow diagram of the water electrolyzer for

MAV propellant.
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Figure 3.13: Block diagram showing the ow of inputs and outputs for the water electrolyzer
for MAV propellant

The water electrolyzer for the MAV propellant model functions by taking in the amount
of LOX and LCH 4 production required per day from the MAV model output and converting
that to moles of water needed per hour to produce the required amount b®©X and LCH 4
based on the stoichiometric ratios shown in Equations 3.3 and 3.4. Water Electrolysis has

the stoichiometric reaction shown in Equation 3.3.

2H,0! 2H,+ O, (3.3)

The Sabatier reaction has the stoichiometric reaction shown in Equation 3.4

CO,+4H,! CH,+2H,0 (3.4)

Based on Equations 3.3 and 3.4, it was inferred that two water molecules can yield one
02 molecule (2 : 1) while two water molecules can yield 0GH, molecules (2 : 0.5). The
molar oxidizer to fuel ratio (moles ofLOX required to moles oLCH , required) for 1-12 crew
members is (1 : 1.64), meaning that hydrogen gas is the limiting reactant (i.e., the water
required to be electrolyzed to produce enough MAV propellant is dependent on the amount
of LCH,4 needed, and will result in an excess dfOX ) [26]. The water electrolyzer then
takes the amount of water from the potable water storage to produce the required amount
of LCH 4 indicated by the MAV model output.

Modeling Assumptions and Limitations

It was assumed that the water electrolyzer for the MAV propellant could intake as much

potable water as needed from the Mars habitation module and accommodate any oxygen
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production rate to ensure that enoughLOX could be produced. A perfect stoichiometric
reaction with no losses as shown in Equation 3.3 is also assumed. It is also assumed that

there is no ow rate limit on any of the water/gas transfer processes.

3.2.7 Sabatier Reactor for MAV Propellant

The main function of the Sabatier reactor is to take in gaseous carbon dioxide and hydrogen
to produce methane and water per the reaction shown in Equation 4. The output methane is
fed into the cryocooler to be turned intoLCH 4 for the MAV propellant and the output water

is fed into the grey water storage as depicted in the block diagram shown in Figure 3.14.

Figure 3.14: Block diagram showing the ow of inputs and outputs of the Sabatier reactor

Modeling Assumptions and Limitations

The Sabatier reactor was modeled such that it operated as soon as a 138G, to H, ratio

was reached rather than a 1:40, to H, ratio [27]. This was so that all the hydrogen in

the storage tank could react as soon as possible since gaseous hydrogen is prone to leaking.
In reality, some water product from the Sabatier reaction is lost as vapor. To account
for this loss, the Sabatier reactor was modeled to include a user-inputted water conversion

e ciency parameter that is currently approximated to be 0.9 (i.e., 0.9 of water produced gets
reclaimed as grey water while 0.1 of water produced is vented away as water vapor) [28].
It was also assumed that the Sabatier reactor for the MAV propellant can intake as much
carbon dioxide and hydrogen as needed and accommodate any methane production rate to

ensure that enoughLCH 4 can be produced by the end of the mission duration.
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Veri cation of the MAV and Cryocooler, Water Electrolyzer for MAV propellant

and Sabatier Reactor

To ensure that the MAV model, water electrolyzer for MAV propellant, and Sabatier reac-
tor for MAV propellant all function as intended, a test was performed to see if the water
electrolyzer for the MAV propellant and Sabatier reactor were both producing the expected
amount of LOX and LCH 4 as outputted by the MAV model. This test ensured that the
water electrolyzer for the MAV propellant was drawing the right amount of water needed to
produce su cient MAV propellant and that the stoichiometric reactions in both the Sabatier
reactor and water electrolyzer had been implemented correctly. For a mission with one crew
member on a 500-day mission and BOX and LCH 4 boil-o rate of 0.1%/day, the results
are as shown in Table 3.5.

Table 3.5: Table showing the expectedCH 4 and LOX production per hour based on the

MAV model and the LCH,4 and LOX produced based on the Sabatier reactor and water
electrolyzer output

Expected LCH 4 LCH 4 production Expected LOX LOX production
production per hour per hour production per hour per hour
(MAV model (Sabatier reactor (MAV model (Water electrolyzer
output) output) output) output)
[moles/hr] [moles/hr] [moles/hr] [moles/hr]
27.56 27.56 45.24 55.13

The LCH,4 production per hour outputted by the Sabatier reactor is equal to the ex-
pected LCH 4 production per hour as outputted by the MAV model. TheLOX production
per hour outputted by the water electrolyzer is 10 moles/hour more than the expected
LOX production per hour provided by the MAV model, which was expected as discussed
in Section 3.2.6. To further verify that su cient LCH,4 and LOX were being produced for
MAV propellant, plots showing the LOX and LCH,4 levels over a 500-day mission for one

crew member at a 0.1%/day boil-o rate are shown in Figure 3.15 and 3.16.
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Figure 3.15:LOX level over time for a 500-day (12000 hr) mission for one crew member at
a 0.1%/day boil-o rate

Figure 3.16:LCH 4 level over time for a 500-day (12000 hr) mission for one crew member at
a 0.1%/day boil-o rate

Figure 3.15 shows that the amount of the. OX exceeds the required amount by the end
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of the mission and Figure 3.16 shows that theCH 4 level reaches the requiredtCH 4 level
by the end of the mission. These outcomes are both expected and indicate that the MAV
model, water electrolyzer for MAV propellant, and Sabatier reactor for MAV propellant all
collectively function to ensure that su cient MAV propellant is produced by the end of the

mission duration.

3.2.8 Summary of Updates to HabNet

Updates were made to the HabNet habitation module through modeling additional ECLS
technology models and updating the crew model to re ect more recent data. The updates

are summarized in Table 3.6.
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Table 3.6: Summary of updates made to HabNet

propellant generation to show that the expected amount of
LOX and LCH, is generated for a 500-day mission for one

crew member. This is shown in Figure 3.15 and Figure 3.16.

Update Explanation Appendix
The crew schedule and crew physiological model were
updated to re ect more recent data and enable the crew
model to be modeled at a higher delity than what had been
Crew Model modeled by Do [9]. This can help improve the accuracy of A.l
water demand estimates. A water mass balance in the crew A2
model was con rmed during veri cation as shown in
Figure 3.3 to 3.5 and the crew model data was validated
with ISS WPA data as described in Section 3.2.2.
A WHC was modeled to transport crew waste to grey and
Waste and . .
. dirty water storage tanks where water can be reclaimed by
Hygiene ) A.3
the WPA. A water mass balance was con rmed during
Compartment L -
veri cation as show in Figure 3.8
A laundry machine was modeled so that crew will have the
capability to wash their clothes. It was assumed that 91L
Laundry of potable water is used and turned into grey water per load. A.4
A water mass balance was con rmed during veri cation as
shown in Figure 3.10.
An integrated MAV and cryocooler model was created using
data from an internal JPL spreadsheet [26]. It outputs the
amount of LCH 4 and LOX that is required to be produced
MAV and per crew mission day (factors in boil-o rates oLCH 4, and
Crvocooler LOX) such that there is enough propellant to lift crew and A5
y cargo o the surface of Mars by the end of the mission
duration. The output from the MAV and cryocooler model
is used by the water electrolyzer for MAV propellant
generation.
Water .
The water electrolyzer for MAV propellant generation was
Electrolyzer :
modeled. It turns potable water into gaseous hydrogen and
for MAV , ) : A.6
oxygen. The oxygen gas is processed int®X while the
propellant : : .
. hydrogen gas is fed into the Sabatier reactor.
generation
The Sabatier reactor for MAV propellant generation was
modeled. It takes in gaseous hydrogen and carbon dioxide
. to produce methane gas, which is then processed in the
Sabatier :
cryocooler to be turned intoLCH 4.
Reactor for
r(')\/lé\lfant An integrated veri cation test was performed for the MAV AT
propefia and cryocooler, water electrolyzer, and Sabatier for MAV
generation
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3.3 Simulation Set-Up

This section describes the simulation set-up in HabNet that was used to predict the amount

of water needed to sustain continuous human presence on Mars.

3.3.1 Martian Surface Campaign Crew Pro le

A Martian surface campaign crew pro le that captures increasing and continuous human
presence is shown in Figure 3.17 and was the baseline crew prole used for water de-
mand investigation. This crew pro le is an extension of the NASA DRA5.0 recommended
conjunction-class sortie mission [9]. In the Figure 3.17 pro le, each successive crew of four
(each denoted by a unique color) spends a progressively longer duration on the Martian sur-
face until a predetermined steady-state population is achieved. The length of stay for each
group of crew follows the rule that the nth group of crew remains on the surface for 790n+540
days until the n + 1" crew group arrives. Subsequent crew groups after the n+1th remain
on the Martian surface for 790(n+1) + 540 days in order to maintain the population [9].
These length-of-stay values assume that a conjunction class mission trajectory is used to
transport four crew members for each mission. This results in a minimum period between
each resupply (i.e., when a new group of crew arrives) that is approximately equal to the
synodic period of Earth and Mars around the Sun (26 months or 790 days) [9]. The
population ramp-up crew pro le in Figure 3.17 was chosen because it facilitated the investi-
gation of water demand requirements for space habitation capabilities that approach distant
future Earth Independence capabilities (trajectory denoted by the blue arrow shown on

Figure 3.18), which has yet to be explored.

Figure 3.17: Mars surface campaign crew pro le showing population ramp up [9]
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Figure 3.18: Evolution of Space Habitation Capabilities. Note that the image is altered
from the original image found in [9]. The blue arrow represents space habitation capabilities
within the scope of this paper that approach Earth Independence capabilities

To determine the water demand for the crew pro le shown in Figure 3.17, ve discrete
cases that captured crew sizes of 4, 8, 12, 16, and 20 people were executed as documented
in Table 3.7. These ve discrete cases represent the annotated cases shown in Figure 3.18
and Figure 3.19, and were intentionally selected to enable the modeling of water demand
for missions beyond the "capability limit" Pareto frontier shown in Figure 3.18 that humans

astronauts have yet to venture beyond.

Table 3.7: Simulation cases

Case Number of Crew Duration

1 4 790 days
2 8 790 days
3 12 790 days
4 16 790 days
5 20 790 days
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Figure 3.19: Simulation cases represented on the crew prole. Note that Case 5 was run
for 26 months (790 days) rather than 540 days for consistency of the mission duration. The
gure is altered from the original gure found in 3.17

It was assumed that a steady state population of 20 people was desired. The simulated
cases do not capture the dynamics of resource levels in between the discrete cases presented;
continuous simulation of the crew pro le will be required and was left for future work. For
consistency of the mission duration, Case 5 was executed for 26 months (790 days) rather

than 540 days.

3.3.2 Input Parameters

The input parameters, which remained constant throughout all ve cases, are presented in
Tables 3.8 to 3.12. Based on Table 3.8 an unlimited initial supply of oxygen, nitrogen,
carbon dioxide, grey water, potable water, and power was assumed. The simulation started
with an unlimited amount of potable water (for the Mars Habitation Module and MAV
propellant) and grey water (for the BPC) to allow water depletion to be monitored over
time and enable the calculation of total water demand. For simplicity, only wheat was
selected as the crop type for the crew to consume because wheat is the most calorically

dense per square meter of crop growth area per day [9].
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Table 3.8: Initial storages (resources brought from Earth or assumed to be readily available
on Mars)

Input Parameter  Units Value
Crop type N/A Wheat
Food N/A Twice the amount need.ed. to sustalln crew
members for the mission duration
Oxygen Moles Unlimited
Nitrogen Moles Unlimited
Carbon Dioxide Moles Unlimited
Grey Water (BPC) kg Unlimited
Potable water (Mars -
Habitation Module) kg Unlimited
Potable water (MAV kg Unlimited
propellant)
Power Available w Unlimited

Table 3.9 and Table 3.10 highlight air-related parameters inside the BPC and Mars
Habitation Module. In HabNet, air composition is abstracted into categories of oxygen,
nitrogen, carbon dioxide, water vapor, and other gases. The initial target levels of each
of these gases are presented in Table 3.9 and Table 3.10. It is important to note that for
the BPC, the target CO, molar fraction was set to 0.0012 because it was found to be the
optimal concentration for maximizing photosynthesis rates in crops [29]. Oxygen re risk
molar fraction refers to the fraction of oxygen gas in the module that is considered a re
hazard. A key assumption made regarding the air tightness of the modules was a sustained
leakage. For this work, it was assumed that there is a 0.05% air leakage rate per day [30].
The target relative humidity inside the Mars habitation module was also set to be 40%.
This relative humidity level was selected because maintaining indoor relative humidity levels
between 40-60% can help minimize adverse health e ects [31]. Last, the target relative
humidity inside the BPC was set to be 55%. This selection was made to support the ideal

relative humidity for wheat, which is between 50% and 60% [32].
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Table 3.9: Habitat module air parameters

Input Parameter Units Value
Daily air leakage rate % 0.05 [30]
Total atmospheric pressure targeted  kPa 55.2 [33]
Target O, molar fraction - 0.32 [33]
Target N, molar fraction - 0.6656
Target CO, molar fraction - 0.0004 [34]
Target water molar vapor fraction - 0.004 [34]
Target other gases molar fraction - 0.01 [34]
O, re risk molar fraction - 0.5[9]
Target relative humidity % 40 [31]

Table 3.10: BPC module air parameters

Input Parameter Units Value
Daily air leakage rate % 0.05 [30]
Total atmospheric pressure targeted  kPa 55.2 [33]
Target O, molar fraction - 0.32 [33]
Target N, molar fraction - 0.6648
Target CO, molar fraction - 0.0012 [34]
Target water molar vapor fraction - 0.004 [34]
Target other gases molar fraction - 0.01 [34]
O, re risk molar fraction - 0.5[9]
Target relative humidity % 55 [32]

Each crew member followed the generic crew schedule shown in Table 3.11 [35]. Every

seventh day (once per week), each crew member would spend an hour cleaning laundry

during the Intravehicular Activity crew member activity. It was assumed that each crew

member is a 35-year-old male who weighs 85 kg. To prevent simultaneous use of facilities

(e.g., WHC, laundry, exercise equipment), each additional crew member followed the same

sequence of activities shown in Table 3.11, but shifted by an activity from the previous crew

member.
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Table 3.11: Crew schedule

Duration

Hour (hn) Crew Member Activity
1 0.5 Exercise - Aerobic
2 1 Exercise - Resistive
3 1 Recovery - Hour 1
4 1 Recovery - Hour 2
5 1 Recovery - Hour 3
Intravehicular Activity (laundry module triggered
6-15 10 h
once every7" day)
16 1 Intravehicular Activity (Toilet/Personal Hygiene)
17-24 8 Sleep

The BORs for LOX and LCH 4 are shown in Table 3.12 below.

Table 3.12: Boil-o rates for LOX and LCH 4

Fuel/Oxidizer Boil O Rate (%/day)
LCH, 0.1
LOX 0.1

3.3.3 ECLS Technology Running Order

The various ECLS technologies were triggered in the order documented in Table 3.13. It
was essential that the ECLS technologies were triggered in the presented order because each
has downstream impacts on other ECLS technologies. For example, the PCA located in the
BPC and Mars habitation module was triggered after all entities that move gases within the
BPC and Mars habitation module (ORA, CDRA, Crops, CO2 Injector, CCAA, Condensed
Water Remover, Crew) were triggered. This ensured that the modules were not under or
over-pressured and that the oxygen level inside the modules was su cient but not in excess.
The CO, injector (which added CO2 into the BPC), CCAA, and condensed water remover
(all in the BPC) all ran after the crops respired. This ensured thatCO, levels and relative

humidity values in the BPC reached target values by the end of each hour.
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Table 3.13: Technology running order

Technology Location
1. Mars Habitation Module (air leakage) N/A
2. BPC Module (air leakage) N/A
3. Habitat Water Electrolyzer Mars Habitation Module
4. Water Electrolyzer for MAV Propellant MAV Propellant Water Loop
5. Sabatier Reactor for MAV Propellant MAV Propellant Water Loop
6. WPA MAV Propellant Water Loop
7. ORA BPC
8. CDRA Mars Habitation Module
9. Laundry Mars Habitation Module
10. WPA/UPA Mars Habitation Module
11. Crops BPC
12. CO; Injector BPC
13. CCAA BPC
14. Condensed Water Remover BPC
15. Food Processor BPC
16. Crew Mars Habitation Module
17. CCAA Mars Habitation Module
18. WHC Mars Habitation Module
19. PCA Mars Habitation Module
20. PCA BPC

3.3.4 Input Variables

Table 3.14 below documents the input variables for each simulation case.

70



Table 3.14: Input variables for the simulation cases

Variable Value

Case 1 Case 2 Case 3 Case 4 Case 5
Number of Crew 4 8 12 16 20
Mars habitation 60 120 180 240 300

module volume
[m3]

Estimates of the Mars habitation module volume used the Celentano
curve parametric function given by:

duration

Habitable Volume m®]= A(1 e & ) N

where the standard form useé =5 (tolerable), 10 (performance),
20 (optimum), B = 20 days, N is number of crew,

duration is in days [36].A was assumed to be 15 for all
simulation cases.

BPC volume
[m3]

1000 1500 2000 2750 3250

The BPC volume was sized to ensure that all crops stay alive
throughout the mission duration. For larger crew sizes, more crops
were needed to provide enough food for crew and therefore m@®,

was required for crops to respire and stay alive. Larger volumes were
therefore needed to accommodate more crops as seen in the increasing
BPC volume.

Crop growth
area n?]

156.685 313.370 470.056 626.741 783.426

These were the crop growth areas required for di erent crew sizes to
produce su cient wheat crops to provide su cient calories for crew
members. Each crew member requires approximately3773.3 calories
per day as calculated in the crew model of HabNet based on crew age,
gender, weight, and crew activity intensity [9]. This crop growth area
ensures that the rate of food production is greater than or equal to the
rate of food consumption (supports 100% of crew caloric needs).

Number of
MAVs

1 2 3 4 5

It was assumed that each MAV could carry four crew members
(consistent with the MAV design in [6]) so that the number of MAV
seats readily available was equal to the crew size.

Number of
CDRASs in the
Mars habitation
module

3 3 3 5 6

The number of CDRA units was as many as required to ensure no
crew members died of carbon dioxide poisoning. The current
CDRA unit in HabNet was modeled after the ISS CDRA [9].
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Number of 1 2 3 4 5

WPA/UPA An additional WPA/UPA system was brought and added to the

units for the Mars habitation module with each additional crew group of four.

life support This ensured that the life support water loop water recovery rate
loop (percentage of water output reclaimed) remained as close as

possible to 93-94%, which is the water recovery rate on the ISS
prior to the addition of the brine processing assembly (BPA) [37].
Given that the ISS serves an analog for the life support loop

of the Mars habitation module where MAV propellant production
and food crop growth are absent each simulation case aimed

to achieve a water recovery rate closely aligned to that of the ISS.

Number of 10 10 10 15 17
CCAAs in the The number of CCAA units in the BPC was such that the relative
BPC humidity inside the BPC stayed within £ 10% of the target relative
humidity of 55%.
Number of 1 1 1 2 2
CCAAs for the There were enough CCAA units to ensure that the relative humidity
life support inside the Mars habitation module stayed within 30% to 60% (target
loop relative humidity is 40%). 60% relative humidity was set to be the

upper bound before another CCAA unit was added since 60% is
stated to be the upper relative humidity bound to minimize adverse
health e ects [31].

There were as many WPAs as needed to ensure that the WPA
does not need to run every hour as a result of reaching full capacity.
One WPA was needed for the MAV propellant loop for all ve cases
to achieve a water recovery rate of approximately 45%

in the MAV propellant loop.

Number of
WPAs for the
MAV propellant
loop

3.4 Simulation Set-Up Veri cation

To verify that the integrated simulation set-up outlined in Section 3.3 is functional, an
integrated "unit-test' case was completed for a mission involving one crew member on a 2000-
hour mission. The input parameters and technology running order documented in Table 3.8
through Table 3.12 were used and the input variables implemented in this unit-test case are
shown in Table 3.15.
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Table 3.15: Input variables for a 2000-hour test case with one crew member

Variable Value
Number of Crew 1
Mars Habitation Module volume 3] 60
BPC volume m3] 1000
Crop growth area n?] 79
Number of CDRASs in the Mars habitation module 3
Number of WPA/UPA units for the life support loop 1
Number of CCAAs in the BPC 10
Number of CCAAs for the life support loop 1
Number of WPAs for the MAV propellant loop 1

Key resource levels and atmospheric conditions in the Mars habitation module (Mar-
sHab) and BPC were tracked over time. Results indicated that the integrated simulation
operated as expected. Behaviors in the hydrogen, grey wate)X , and LCH 4 levels suggest
that the MAV propellant loop was functioning as intended. Water reclamation capabilities
were veri ed in the life support loop. Furthermore, the dynamics of gases and pressure in
the MarHab and BPC indicate that both the PCA and CCAA were able to perform their
functions in the integrated simulation environment. Food levels in the MarsHab and dry
waste accumulation in the BPC suggested that the BPC system was able to support plant
growth and feed crew. In all, these observations from the unit-test case con rmed that the
simulation set-up outlined in Section 3.3 can be applied for longer-duration missions and

larger crew sizes. The detailed veri cation can be found in Appendix B.
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Chapter 4

Deterministic Modeling of Water

Demand

This chapter presents results from executing the ve simulation cases documented in Ta-
ble 3.7 that used the ECLS architecture shown in Figure 3.12 and the input parameters,
variables, and technology running order documented in Section 3.3. The results for water
demand were interpreted and bench-marked against water used by an average American
household. Limitations to the water demand estimates are discussed, along with improve-

ments that could be made to increase the accuracy of the presented water demand results.

4.1 Results

Figure 4.1 presents the water demand for 790 days for crew sizes of 4, 8, 12, 16, and 20
people along with the net water demand per crew member per day. Results show that across
all crew sizes, 63-65% of water is needed for generating MAV propellant, 22-23% of the water

is needed for crops, and 12-15% is needed for life support.
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Figure 4.1: Water demand for 790 days for crew sizes of 4, 8, 12, 16, and 20 and the
corresponding water demand per crew member per day

The water recovery rates across all the cases are documented in Table 4.1 for the life
support and MAV propellant water loop. It should be noted that the water recovery rate
of the life support loop across all ve cases deviated no more than 2% from that of the ISS
prior to the installation of the BPA (93-94%) [37]. Note that the BPC water recovery rate is
not quanti ed because the design of the water recovery system in the BPC water loop (i.e.,
the number of CCAAs in the BPC) was intended to let the BPC achieve the target relative

humidity (55 10%) rather than a predetermined and consistent water recovery rate.
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Table 4.1: Water recovery rate for the life support water loop and MAV propellant water
loop

Life Support Water Recovery MAV Propellant Water

Crew Size Rate [%] Recovery Rate [%]
4 93.47 44.94
8 93.73 44.97
12 91.74 44.97
16 93.63 44.98
20 92.45 44.98

4.2 Discussion

The water demand for each crew member per day uctuates between 12.00 to 12.45 kg across
the ve cases. These results do not re ect the expected bene t of economies of scale, where
the water demand per crew member per day decreases with a larger crew size. An intuitive
explanation for this is that the crew schedule was not optimized for sharing resources as
the crew size increased. For example, each crew member completed laundry once a week
without sharing loads. In addition, the CCAA and WPA/UPA technologies in the Mars
habitation and BPC modules were modeled based on systems that exist on the ISS that are
not optimized for larger crew sizes [9].

By comparing the average US household water consumption rates to those used by the
Martian crew members, some key insights were gained. Benchmarking the water demand
estimates against the average American household water usage highlighted the impact of
incorporating water recovery capabilities in the ECLS architecture for long-duration mis-
sions. According to the US Environmental Protection Agency, the average American family
(between 3-4 people) uses over 300 gallons of water per day360 kg per person per day)
for indoor and outdoor activities such as showering, laundry, and watering lawns [38]. This
equates to 900,000 kg over 790 days at an assumed 0% water recovery rate. Comparatively,
four crew members require 4.31% of that used by the average American family over 790 days.
Even with a crew size of 20, the water demand is only 21.53% of that used by the average
American family in 790 days. These water demand estimates may seem unexpectedly low,

but a key consideration that must be made is the use of water recovery methodologies. The
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average US household can be considered ine cient in their use of water whereas Martian use
is more e cient through the implementation of water recovery technologies. It is asserted
that this di erence is a major source of disparity between Martian and Earth-based (average
US household) water consumption rates. This di erence is also highlighted as a critical factor
in accurately modeling water demand and recovery needs for long-term Martian missions.
While water reclamation technologies have the potential to reduce the amount of water
that will need to be extracted from the Martian surface or brought to Mars, they can
also introduce operational and integration complexities to the ECLS system. Implementing
water reclamation technologies can also add to the launch mass needed for parts, spares, and
maintenance capabilities. Determining water required to sustain continuous human presence
on Mars can therefore be seen as a trade-o between many factors including but not limited
to the ECLS system water recovery rate, launch mass, ECLS system complexity, and ISRU

capabilities.

4.3 Limitations and Future Work

The water demand estimates presented in this paper have associated limitations and areas
for further work. Speci cally, improvements to the simulation set-up, BPC module, Mars

habitation module, and crew logistics are addressed.

4.3.1 Simulation Set-Up

The ve discrete cases summarized in Table 3.7 were simulated to determine the water
demand of the crew pro le shown in Figure 3.17. However, these discrete cases do not capture
the dynamics of resource levels between the cases and thus necessitate continuous simulations
of the crew pro le. Performing continuous simulations in the future can help capture water
demands at a higher delity. This includes modeling mission architectural elements such as
changing crew sizes, the addition of ECLS technologies or modules throughout the mission,
and resupply capabilities.

In addition, the simulation set-up assumed that there was an unlimited supply of power,

oxygen, nitrogen, and carbon dioxide. These supplies are either assumed to be readily avail-
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able for use on Mars or brought to Mars from Earth, which is not realistic. Further literature
review needs to be conducted to understand the availability and capabilities to extract these
resources on Mars as the limited resources can pose constraints that impact water demand.
For example, power constraints can impact the duty cycle of various ECLS technologies (e.g.,
CCAA, WPA/UPA, and water electrolyzer for the MAV propellant), which can impact the
water recovery rate and water demand. Furthermore, water leakage, extravehicular activ-
ities, and reserved water needed for radiation shielding were not modeled. All three may
contribute to increased water demands to compensate for leaked water, cooling spacesuits,

and supplying additional water to protect the crew from radiation.

4.3.2 BPC Module

As seen in Table 3.14, the BPC volume expanded as crew size increased to ensure that there
was su cient CO, to support more crops to feed more crew members. This suggests that
the BPC volume can expand over time, which can pose logistical and operational challenges
if implemented. An approach to xing this issue could be to add smaller identical BPC
modules to accommodate more crops. This strategy, rather than increasing the volume of a
single BPC module, can also provide the crop growth system with redundancy.

Another limitation of the BPC module is that wheat was the only crop grown inside the
BPC. While wheat provides su cient calories for crew members to perform their activities,
wheat does not have all the macro-nutrients necessary for a nutritious diet or to support
critical bodily processes such as growth, development, and metabolic activities. Future
simulations can incorporate other crop types already modeled in HabNet such as tomatoes,
beans, and rice.

In addition, the number of CCAAs installed in the BPC was aimed at ensuring the relative
humidity remained within the desired bounds of 5510%. An avenue for further exploration
could be to size the number of CCAAs in the BPC to maximize the water recovery rate in
the BPC, minimize power usage, and reduce system mass while still maintaining the desired

relative humidity inside the BPC.
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4.3.3 Mars Habitation Module

Estimates for the Mars habitation module volume for each crew size were based on the Ce-
lentano curve parametric function. However, there are known limitations with Celentano
curves. The test conducted by Celentano et al., upon which the Celentano curves are pred-
icated, had a maximum duration of seven days [39]. Data for habitable volume beyond
the seven-day time frame were extrapolated and may be inaccurate for durations as long as
790 days [39]. While the Celentano curve habitable volume estimate may initially su ce,
future iterations of the simulation will need to implement a more robust habitable volume

estimation scheme.

4.3.4 Crew Logistics

In the cases simulated, each additional crew member's schedule was shifted by an activity
from the previous crew member's schedule. Although the shifted schedules aided in pre-
venting the simultaneous use of equipment between crew members, the schedules may prove
impractical for cohabiting crew members. For example, some crew members may be asleep
while others are exercising, potentially causing disruption for those who are trying to sleep.
To address this issue, an optimal redesign of the crew schedule can help align sleep times for
all crew members while ensuring that they can still avoid simultaneous use of facilities and
equipment.

Furthermore, it was assumed that the number of MAV seats, with each MAV capable
of transporting four crew members, matched the total number of crew in the mission. This
provided the option for crew members to depart from the Martian surface at any time but
was contingent upon the availability of 15 MAVs. With the current MAV model's capability
of estimating LOX and LCH 4 requirements for a MAV that can hold up to 12 crew mem-
bers, there is an opportunity to further investigate other crew return architectures. This
exploration may prove bene cial in better understanding water demands for sustaining con-

tinuous human presence on Mars.
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Chapter 5

Probabilistic Modeling of Water Demand

The purpose of this chapter is to demonstrate the ability to provide probabilistic water
demand estimates for the cases simulated in Chapter 4 using High-Performance Computing
(HPC). To accomplish this, three input parameters were selected for investigation into how

they impact water demand. The parameters of interest include:
1. Water Leakage Rate [%)]
2. LOX and LCH 4 Boil-O -Rates [%/day]
3. Air Leakage Rate [%/day]

These parameters were selected based on heuristic reasoning, which posits that water
demand is notably sensitive to resource losses within the system. Speci cally, water leakage
contributes to a depletion of the system's water supply, subsequently leading to an increase
in water demand. Additionally, the boil-o of LOX and LCH 4 results in the loss of MAV
propellant, necessitating supplementary water to facilitate the production of the required
propellant quantity. Furthermore, air leaks lead to a dissipation of air, which includes water
vapor, into the Martian environment, necessitating additional water to compensate for the
incurred loss. A sensitivity analysis was rst conducted to quantitatively evaluate the extent
to which each of the three input parameters impacts the total water demand (the sum of
water required for life support, MAV propellant generation, and crops). The results of the

sensitivity analysis provided an informed decision on which parameters were to be represented
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by probability distributions in the Monte Carlo simulation, which was then conducted for
each of the ve cases outlined in Table 3.7 using the MIT SuperCloud supercomputer. This
marked the rst time HabNet leveraged HPC to obtain results and can support future studies

that may require computationally intensive uses of HabNet.

5.1 Sensitivity Analysis

A sensitivity analysis was performed on Case 1 (4 crew members on a 790-day mission, with
the simulation set-up documented in Section 3.3) for the water leakage rate, boil-o rate,
and air leakage rate. It was presumed that the outcome of the sensitivity analysis conducted
on Case 1 could extend to larger crew sizes in Cases 2 through 5, rendering it unnecessary
to repeat the analysis for these subsequent cases. The selection of lower and upper bounds

for each parameter was informed by relevant literature and is documented in Table 5.1.

Table 5.1: Lower and upper bounds for water leakage rate, boil-o rate, and air leakage rate
used in the sensitivity analysis

Parameter Lower Bound Upper Bound

Water Leakage Rate [%] 0 25
Boil-o Rate [%/day] 0 0.5

Air Leakage Rate [%/day] 0.01 0.09

As reported in [40], the average water loss across 43 cities surveyed on Earth in 2012
was found to be 21%. Under the presumption that a water system designed for the Mar-
tian environment is expected to be less prone to leaks compared to Earth-based systems,
attributed to the relative scarcity of water and newness of water systems on Mars, the upper
bound water leakage rate was set to 25%. The lower bound for water leakage was set to 0%,
which is consistent with the assumption made in Chapter 4. The boil-o rate lower bound
of 0%/day assumes zero-boil o (ZBO), a cryogenic uid management technology capability
that NASA is working toward [41], while the upper bound boil-o rate of 0.5%/day is based
on commercially available Earth-based cryogenic tanks [42]. The upper and lower bounds
for air leakage were taken from Table 4-1 of NASA's 2022 Baseline Value and Assumptions

Document [18].
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5.1.1 Water Leakage Rate

Water leakage was implemented into the simulation as the loss of grey and potable water
owing through the system. Water leakage was assumed to only impact owing grey water
and potable water in the simulation. This was because the ow of dirty water was presumed

to fall under the domain of a sewage system, and such consideration was deemed to be outside
the scope of the current analysis. Water leakage was incorporated into all ECLS technology
models that involve the transfer of potable or grey water. The laundry machine model can
be used to illustrate the implementation of water leakage. As illustrated in Figure 3.9, the
laundry machine takes in a xed amount of water from the potable water storage and outputs
the same amount to the grey water storage. Assuming the water leakage rateXi8o, and

that the water required by the laundry machine isy per load, then the amount of water

taken out of the potable water storage is:

1+ X%)y (5.1)

and the amount of water added to the grey water storage is:
1 X%y (5.2)

Equation 5.1 shows more water being taken out of the potable water storage than is required
by the laundry machine to compensate for the potable water leakage. Equation 5.2 shows
less water being added to the grey water store than is taken in by the laundry machine to
account for grey water leakage.

Figure 5.1 presents a plot of the total water demand versus water leakage rate for 4 crew
members on a 790-day mission. It can be observed that the di erence in total water demand

between the upper and lower bound water leakage rate is approximately 2.08F kg.
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Figure 5.1: Plot showing the total water demand versus water leakage rate for four crew
members on a 790-day mission

5.1.2 Boil-o Rate

Figure 5.2 presents a plot of the total water demand versus boil-o rate for four crew members
on a 790-day mission. It was assumed that the boil-o rate fotOX and LCH 4, was the
same. The di erence in total water demand between the upper and lower bound boil-o rate

is approximately 5.22 10* kg.
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Figure 5.2: Plot showing the total water demand versus boil-o rate for four crew members
on a 790-day mission

5.1.3 Air Leakage

Figure 5.3 presents a plot of the total water demand versus air leakage rate in the Mars
habitation module and biomass production chamber for four crew members on a 790-day
mission. Note that the di erence in total water demand between the upper and lower bound

air leakage rate is < 6 kg.
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Figure 5.3: Plot showing the total water demand versus air leakage rate in the Mars habita-
tion module and BPC for four crew members on a 790-day mission

5.1.4 Normalized Derivative

Calculating the normalized partial derivative of water demand with respect to each parame-
ter can provide valuable insight into how a percentage change in water leakage rate, boil-o
rate, and air leakage rate impacts the percentage change in total water demand. The nor-
malized derivative can then be used to determine a rank order of which parameter total
water demand is most sensitive to; the higher the normalized partial derivative, the more
sensitive total water demand is to that parameter. The normalized derivative was calculated

using Equation 5.3.

F=F Xijo+ —5* @F, Xijo+ —5* F(Xiot Xi) F(X;o0)
— X\ )JXO X\ : (5.3)
Xi=X%  F(X0+ 5k, @ F(Xi0 + —5)xo Xi
Where
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F = total water demand [kg]
Xi = parameter (water leakage rate/boil-o rate/air leakage rate)
Xo = baseline parameter values

XwaterLeakRate; 0 = 0%0
XpoiloffRate; 0 = 0.1%/day
XairLeakageRate; 0 — 0.05%/day

- (XwaterLeakRate; 0s XboilOffRate; 0 XairLeakageRate; O) = (O! 0-1, 0-05)

Note that the partial derivative shown in Equation 5.3 is approximated using the forward
di erence formula because subsequent data is available for all three parameters at the baseline
parameter values. The normalized partial derivative is evaluated aty. Table 5.2 shows the

normalized partial derivative of total water demand with respect to each parameter.

Table 5.2: Normalized partial derivative of total water demand with respect to each param-
eter

Parameter Normalized Partial Derivative
Water Leakage Rate 3584 101
Boil-O Rate 2723 101
Air Leakage Rate 1799 104

5.1.5 Sensitivity Analysis Summary

The normalized partial derivative of water demand with respect to each parameter and
the di erence in total water demand between the upper and lower parameter bounds are

summarized in Table 5.3.

Table 5.3: Normalized partial derivative and di erence in total water demand between the
upper and lower parameter bounds

Normalized Di erence in total water demand

Parameter Partial between the upper and lower
Derivative parameter bounds [kg]
Water Leakage Rate [%] 3:584 101 203 10
Boil-o Rate [%/day] 2:723 101 522 10
Air Leakage Rate [%/day] 1:799 10 4 <6

From the results shown in Table 5.3, the total water demand appears to be most sensitive
to water leakage rate, followed by boil-o rate, then air leakage rate. The di erence in total

water demand between the upper and lower bounds of water leakage rate and boil-o rate is
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on the order of magnitude of 10 to 100 metric tons of water while the di erence is less than
6 kg of water for air leakage rate. Air leakage rate likely has a low impact on total water
demand because water vapor takes up a very small percentage of the air content(q.4%)
that is leaked.

Based on the results of the sensitivity analysis, a decision was made to exclude the air
leakage rate from the Monte Carlo simulation and represent only the water leakage rate and

boil-o rate with a probability distribution.

5.2 Monte Carlo Simulation

5.2.1 Monte Carlo Simulation Set-Up on the MIT SuperCloud

A Monte Carlo simulation was performed for each of the cases presented in Table 3.7 with the
simulation set-up documented in Section 3.3. Values for boil-o rate and water leakage rate
were randomly sampled from uniform probability distributions with lower and upper bounds
shown in Table 5.1. The solution space for each case was sampled with 2000 experiments and
utilized parallel computing on the MIT SuperCloud through 8 computing nodes each with

48 cores (total of 384 computing cores) [43]. For reference, Figure 5.4 is a block diagram
that illustrates how the Monte Carlo simulation was executed for a sample case (Case 1 with

four crew members).
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Figure 5.4: Block diagram illustrating how a Monte Carlo simulation is executed on the MIT
SuperCloud

At a high level, the run_main.sh shell script speci es the number of nodes, cores per
node, and threads that will be used and calls runMC.sh, which starts up MATLAB on the
MIT SuperCloud and calls runMC_function.m. The runMC_function.m MATLAB script
takes 2000 random samples of boil-o rate and water leakage rate from uniform distribu-
tions. It then calls main_exec4CM.m, the serial HabNet script with initial parameters and
variables speci ed in Sections 3.3.2 and 3.3.4, 2000 times and distributes the jobs across 384
cores for parallel computation. The output of the Monte Carlo simulation includes 2000
MATLAB structures each containing the total water demand, life support water demand,

MAV propellant generation water demand, and crop water demand. Appendix C includes
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all four scripts that were used to execute the Monte Carlo simulation for Case 1 (4 crew
members) as an example. Note that since the crew model was written such that there is a
one in a million chance of crew dying under nominal circumstances, water demand results

from experiments that end in crew death were omitted.

5.2.2 Histograms and Statistical Results

Histograms of the water demand for the ve cases are shown in Figure 5.5 through Figure 5.9

Figure 5.5. Water demand histogram for 4 crew members on a 790-day mission
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Figure 5.6: Water demand histogram for 8 crew members on a 790-day mission

Figure 5.7: Water demand histogram for 12 crew members on a 790-day mission
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