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Breakeven plots are commonly used to conduct trade studies examining different levels 

of loop closure in environmental control and life support systems for human spaceflight. By 

showing the mass that must be launched for a given system as a function of mission 

endurance (time between resupply) for various cases, these charts can help guide technology 

investment and system architecture decisions. These plots usually capture the emplaced 

system mass as well as the mass of required consumables such as water, oxygen, and 

nitrogen. However, the logistics associated with maintenance and repair are not always 

captured. When maintenance logistics are considered, spare parts mass is often represented 

as a simplified linear approximation or a certain level of redundancy is applied to cover the 

risk of failure. These representations do not account for the discrete nature of additional 

redundancy and/or spare parts, nor do they easily allow for trades with regard to reliability 

or level of accepted risk. In addition, they do not capture the impact of technology that can 

reduce maintenance logistics mass requirements such as 3D printing. Maintenance logistics 

are a very significant challenge for long-duration human spaceflight beyond low earth orbit, 

and therefore should receive careful consideration during system architecting and 

development. This paper presents a more detailed implementation of breakeven plots, 

focusing on increasing the fidelity of maintenance logistics considerations. A case study is 

presented based on International Space Station-derived data, showing a baseline case and 

examining the impact of different supportability strategies and levels of risk acceptance. In 

addition, contour plots showing the impact of variation in both mission endurance and 

probability requirements are generated. The implications of these results are discussed. 

Overall, maintenance mass requirements can make up more than half of the total mass 

required for a mission, and can strongly impact technology selection. 

Nomenclature 

ni = number of spares provided for element i 

λi = failure rate of element i 

τ = mission endurance 

 

ALSSAT  Advanced Life Support Sizing Analysis Tool 

CCAA  Common Cabin Air Assembly 

CDF  Cumulative Distribution Function 

CDRA  Carbon Dioxide Removal Assembly 

CO2  Carbon Dioxide 

CRA  Carbon Dioxide Reduction Assembly 

DSH  Deep Space Habitat 

ECLS  Environmental Control and Life Support 

EMAT  Exploration Maintainability Analysis Tool 

ESM  Equivalent System Mass 

ISM  In-Space Manufacturing 
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ISRU  In-Situ Resource Utilization 

ISS  International Space Station 

MTBF  Mean Time Between Failures 

N2  Nitrogen 

NEO  Near Earth Object 

O2  Oxygen 

OGA  Oxygen Generation Assembly 

ORU  Orbital Replacement Unit 

P(LoC)  Probability of Loss of Crew 

POS  Probability of Sufficiency 

SEAM  Systems Engineering Analysis Modeler 

UPA  Urine Processor Assembly 

WPA  Water Processor Assembly 

I. Introduction 

HE development and selection of appropriate Environmental Control and Life Support (ECLS) systems for long 

duration missions must consider both the mass of the system itself as well as the logistics mass required to 

support it over the duration of the mission. Breakeven plots are a commonly-used tool that allow system designers to 

examine the impact of both fixed and time-dependent mass requirements for ECLS systems. However, these plots 

often focus on the emplaced system mass and the mass of any consumables required to make up for consumables 

that cannot be recycled and do not account for the mass required to support and maintain the complex ECLS 

processors that are implemented to achieve loop closure. This maintenance logistics mass can be very significant, to 

the point that it influences technology selection since the mass of spares required to sustain a system may outweigh 

the mass saved in terms of loop closure. As a result, the optimal system architecture for a particular may depend 

strongly on maintenance-related considerations, including the supportability strategy used and the level of risk 

accepted by the mission. 

This paper presents an alternate approach to breakeven plots that directly includes maintenance logistics mass. 

The plots output by this technique follow the same approach as traditional breakeven plots, and can be read in the 

same way. The difference is that the additional mass of spares or redundant systems required as a function of 

mission endurance – defined as the time between resupply – and desired Probability of Sufficiency (POS) is 

included in addition to emplaced and consumable mass. To illustrate this approach, a case study is presented using a 

set of International Space Station (ISS)-based ECLS architectures, examining mission endurances between 10 and 

1,500 days. A sensitivity analysis for POS requirements between 0.99 and 0.999999 is also presented. 

II. Background 

A. Breakeven Plots 

Breakeven plots are a commonly-used design tool to examine trades between different ECLS system 

architectures. These plots show the amount of mass required to sustain a system as a function of mission endurance, 

taking into account both the initial (e.g. emplaced system mass) and time-dependent (e.g. ECLS consumables) mass 

requirements. Breakeven plots usually model time-dependent mass requirements as a linear function of time, based 

on the rate of resource consumption that must be accounted for, which may be the sum of several different rates 

associated with various logistics requirements.1  

Breakeven plots provide decision-makers with a clear visualization of the logistics cost associated with a 

particular system architecture and how that cost changes as the architecture is applied for longer and longer 

missions. Perhaps the greatest value of breakeven plots, however, comes when they are used to compare the logistics 

profiles of several different potential architectures. The architecture with the lowest mass at a given mission 

endurance is, from a purely mass-based perspective, optimal for that endurance, under the assumptions and caveats 

of the model. The points at which logistics profiles cross, known as breakeven points, indicate mission endurances at 

which the optimal architecture changes.1,2 

By identifying breakeven points, and the architectures that lie on either side of them, system designers can 

develop technologies and system architectures with an understanding not only of which specific option may be best 

for the mission at hand, but also which option may be more effective for the missions of the future. Using this 

information, system designers may, for example, select a system architecture that has a higher overall mass for 

shorter missions, with the understanding that it may be more effective for longer-duration missions that would come 
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later in the program. In addition, sensitivity analysis can investigate how these breakeven points move in response to 

variations in underlying parameters in order to understand the robustness of architectural decisions to changing 

conditions as systems and missions evolve. 

It is important to note that breakeven plots can be constructed using a variety of metrics, and are not restricted to 

plots of mass vs. endurance. For example, Equivalent System Mass (ESM) could be used in the place of raw mass in 

order to allow the consideration of volume, power, and thermal impacts of different technology choices.1,3,4 In 

addition, Probability of Loss of Crew (P(LoC)) or some other metric indicating the probability of success or failure 

could be could be used as a dependent variable in the place of mass, and measured as a function of endurance for a 

particular architecture.5 Alternatively, P(LoC) could be used as the independent variable, and mass could be 

calculated as a function of the achieved system reliability, which is the complement of P(LoC).6 In cases where a 

probability is used for one of the metrics, the corresponding axis is usually plotted using a logarithmic scale so that 

the typically exponential relationships between probabilities and mass can be represented linearly. Finally, 

uncertainty in the analysis can be represented on a breakeven plot with lines of varying thickness. Lines representing 

system architectures for which parameters are less certain may be thicker in order to represent the “fuzziness” in the 

prediction,7,8 and the thickness of the line may vary as a function of endurance if there is uncertainty in resource 

requirement rates.9 Line thickness may be analytically determined to represent a known uncertainty, or it may be a 

notional representation of general uncertainty in the prediction. 

B. Selected Examples 

Curley et al.4 utilized breakeven plots to examine ECLS architectures for a Deep Space Habitat (DSH) that 

would support a crew of four for a 388 day mission to a Near-Earth Object (NEO). The objective of the study was to 

perform parametric analysis of ECLS architectures with various levels of loop closure, using the Advanced Life 

Support Sizing Analysis Tool (ALSSAT)10,11 to determine the ESM of several options as a function of mission 

endurances, including varying levels of water recovery efficiency and carbon dioxide (CO2) reduction. Endurances 

between 100 and 900 days were examined in order to "assess the sensitivity of the results.”4 To address contingency 

considerations, Curley et al. examined specific contingency scenarios separately from the overall breakeven plot 

analysis, noting that "contingency scenarios are not usually considered in parametric break even studies, but can be 

important drivers of system design.”4 These contingency scenarios included fire recovery and response to loss of 

hull integrity due to micrometeoroid impact. This study handled potential failures and maintenance activity by 

specifying a required level of fault tolerance for particular functions for this iteration of DSH development and noted 

that follow-on studies would perform a more detailed Probabilistic Risk Assessment (PRA). As a result, the ESM 

metric used in the breakeven study considered volume, power, thermal, and crew time implications on mass, but did 

not directly examine and trade logistics related to maintenance or spare parts alongside technology selection.4 

Johnson et al.12 used breakeven plots to examine ECLS architectures for the Constellation Program, considering 

five Exploration Spirals representing missions of various endurances. ORBITEC's Systems Engineering Analysis 

Modeler (SEAM) software was used to size ECLS equipment, determining the system mass, power, volume, thermal 

load, and crew time requirements. Eight ECLS architectures with varying levels of loop closure were modeled for 

endurances between 0 and 1,500 days in terms of both raw mass and ESM. In addition, plots of cumulative mass for 

scenarios that evolved the ECLS architecture over a series of missions of various lengths were examined in order to 

inform technology selection from a campaign perspective.  This study notes that it did not quantitatively consider 

reliability and robustness, though the study notes that later phases in the study would examine these and other 

related issues. However, mass related to spare parts and maintenance logistics were not part of this analysis.12 

Jones13 used ESM to perform a breakeven plot analysis of ECLS architectures for long-duration missions, noting 

the importance of considering reliability. While an open-loop system requires a large amount of consumables per 

unit time, it does tend to have a higher intrinsic reliability due to its simplicity. Closed-loop systems, on the other 

hand, tend to have a lower overall reliability since they require more complex processes and therefore more (and 

more complex) components. As a result, a breakeven plot comparison between open- and closed-loop systems that 

only considers the mass of the primary system and the time-dependent mass of consumables will unfairly favor 

closed-loop systems, since it does not include the additional maintenance logistics mass that would be required for 

the closed-loop system to achieve the same P(LoC) as the open-loop system. To address this issue, Jones includes 

spare parts into the breakeven analysis as an additional 10% on top of system mass for open-loop systems. For 

closed-loop systems, a 50% increase in system ESM is assumed to provide an order of magnitude reduction in 

failure rate. Various levels of subsystem redundancy are also considered as a separate option. Overall, the analysis 

technique implemented by Jones considers the impact of reliability considerations on breakeven analysis by first 

developing breakeven plots of ESM vs. endurance to determine breakeven points in terms of mass, then separately 

developing breakeven plots of P(LoC) vs. endurance to examine the reliability attained by these systems.13 
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Lange and Anderson6 used a combined reliability and ESM analysis to examine the lifecycle costs of a variety of 

ECLS architectures. In this analysis, the reliability of a given system was improved by either adding subsystem 

redundancy or adding component-level spares, with some systems starting with dual redundancy due to criticality. 

An algorithm increased the number of spares or oxygen (O2) or nitrogen (N2) tanks in the system according to 

whichever new addition would provide the greatest increase in reliability per unit increase in ESM, thus producing a 

discrete set of points showing ESM as a function of achieved reliability for a particular architecture, assuming a 

given mission endurance. These points were then approximated using an exponential function whose parameters are 

fit using a linear function on a semi-logarithmic plot. The resulting functions are then used to determine the ESM 

required for the mission. Effectively, this approach produces breakeven plots of ESM vs. reliability, enabling a 

comparison between different ECLS architectures in terms of the ESM cost of increased reliability requirements at 

one specific mission endurance.6 

C. Maintenance Logistics in Breakeven Plots 

In general, the mass of spare parts and other maintenance logistics items do not seem to often be considered in 

breakeven plots. While the analysis approaches used by Jones13 and Lange and Anderson6 do account for the impact 

supportability considerations in lifecycle analysis, they do not fully extend breakeven plot techniques to show the 

effects of maintenance logistics in a familiar format. Instead, they separate the consideration of reliability and mass 

by either examining various supportability strategies in a traditional breakeven plot then determining which ones 

achieve a desired system reliability, or determining the relationship between system mass and system reliability at a 

specific mission endurance and then using that relationship to compare system architectures at a fixed point in time. 

Neither case considers endurance and mass – including mass required to achieve system reliability goals – 

concurrently in the same format as traditional breakeven plot.  

III. Methodology 

A. Overview 

To extend traditional breakeven plots to include a more detailed and time-dependent representation of 

maintenance logistics mass, this paper suggests a two-step model. First, the distribution of the number of spares 

required for each repairable item is calculated. Each distribution is a function of the reliability of that particular item 

and the endurance for which the analysis is being conducted, as well as other factors such as scheduled replacements 

and interdependencies between components. These distributions could be calculated by a variety of probabilistic 

analysis techniques, including Poisson processes,14,15 semi-Markov processes,16 or Monte Carlo models such as the 

Exploration Maintainability Analysis Tool (EMAT).17 The choice of model depends upon the level of fidelity 

desired in the analysis and the amount of computational complexity that is allowable for a given application.18 Once 

the distribution of the number of spares required is calculated for each repairable item, the second step is to 

determine the optimal spares manifest for the mission based on those distributions. This optimal manifest provides a 

spares mix that achieves the desired Probability of Sufficiency (POS) levels while minimizing spares mass. This 

approach can be extended to model the addition of offline redundant subsystems by considering subsystems as the 

“repairable components” and interpreting the number given by the optimal manifest to be the required level of 

redundancy for that subsystem. 

B. Modeling Spares Requirements 

This paper models the number of failures experienced by a given repairable element (and therefore the number 

of spares required) as a Poisson process, which examines the number of times a random event will occur in a given 

time period where the time between events has an exponential distribution with a constant rate.19 The exponential 

distribution is a commonly-used model for component failures, and represents the time to failure for an element with 

a constant failure rate λ.20 The inverse of this failure rate is the Mean Time Between Failures (MTBF). This model 

effectively assumes that every repair is executed successfully and that the time required for repair (i.e. system 

downtime) is sufficiently negligible that it does not impact the number of spares required. The impacts of these 

assumptions are discussed further in Section VI. Under this model, the POS for each individual repairable element is 

given as the Cumulative Distribution Function (CDF) of the Poisson distribution: 
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where ni is the number of spares provided for element i, τ is the endurance of the mission, and λi is the failure rate 

for element i (equal to 1/MTBFi). “Element” in this case refers to whatever level at which redundancy or sparing is 

implemented. For the purposes of this paper, when a redundancy-based approach is used, “element” refers to a 

subsystem, such as the Carbon Dioxide Removal Assembly (CDRA). For a spares-based approach, “element” refers 

to the specific component that is replaced, often an Orbital Replacement Unit (ORU). 

C. Manifest Optimization 

Given a number of spares ni for each repairable element, the POS for the entire system (POSs) is the product of 

each individual POSi: 
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where n is the vector giving the number of spares for each repairable component, with entries ni. In order to 

determine how many spares for each repairable item (or what level of redundancy to implement for each 

subsystem), the manifest optimization algorithm must select a number of spares for each element such that POSs is 

above a given threshold and mass is minimized. 

This paper implements a manifest optimization algorithm based on marginal analysis to accomplish this, 

applying a greedy heuristic to add the spare that provides the greatest increase in POSs per unit mass, then applying 

a branch and bound search strategy with fathoming.14,21 This approach is similar to that used by Lange and 

Anderson6 and Stromgren et al.,17 but adapted with two changes to increase processing speed and find exact 

solutions rather than approximations. 

First, in order to account for scheduled repairs on life-limited items such as filters, and to speed the analysis 

results, the number of spares for each element are not initialized at 0. Instead, they are initialized at the maximum of 

either a) the number of spares required to cover all scheduled replacements or b) the number of spares required to 

raise POSi to the given threshold. Since POSs is a product of the constituent POS values of each component, and all 

POS values will be between 0 and 1, if any constituent POS is below the threshold value then it is guaranteed that 

POSs is as well, hence the second condition for a lower bound on the number of spares provided. 

 

 
Figure 1: Notional POS-mass curve showing the potential for the existence of nondominated solutions that 

are not found by marginal analysis. The first Pareto-optimal point above the POS threshold provides an 

upper bound on the possible mass of the solution, while the point where the piecewise-linear Pareto frontier 

crosses the threshold value provides a lower bound. 

 

The second change is implemented because marginal analysis, while valuable for finding the Pareto frontier for a 

given multiobjective problem (in this case, minimizing mass while maximizing POSs), finds only Pareto-optimal 

points and does not find nondominated points. As a result, it may not find the minimum mass option above a given 
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threshold, since that option may be nondominated rather than Pareto-optimal. This effect is illustrated in Figure 1. In 

practice, the first Pareto-optimal point above the threshold is often not the minimum-mass solution, and therefore the 

estimated mass will be too high. As a result, when the mass requirements for a range of missions are investigated 

and the mass of the first Pareto-optimal solution is used, nonsensical results may appear where, for example, the 

spares mass required for a given mission may appear to decrease when mission endurance is increased as a result of 

a shift in the POS-mass curve that pushes another Pareto-optimal point above the threshold. 

The exact solution to the manifest optimization problem is found using a branch and bound method with 

fathoming, utilizing the marginal analysis approach described above to quickly generate a “good” feasible solution 

(i.e. a relatively low-mass manifest that sits above the POS threshold) as well as a bound on the minimum mass that 

can be achieved under the given constraints.21 In this case, the constraints that are adjusted by the search algorithm 

are the upper and lower bounds for each spare. At each iteration of the search, the first Pareto-optimal solution 

above the threshold is stored as an incumbent if it is better than the previous incumbent. In addition, the lower bound 

on manifest mass that can be achieved (identified by the point where the piecewise-linear Pareto frontier crosses the 

POS threshold) is used to prune the search tree. If this minimum is greater than the current incumbent, then it is 

known that no solution to this specific problem or any more tightly-bounded version of it that will perform better 

than the solution that has already been found, and there is no need to search farther. If the minimum is less than the 

current incumbent, then there is potential for a better solution to exist. In this case, the problem is split into two 

subproblems: one with the upper bound of the last spare added set to one less than the number of spares for that item 

in the Pareto-optimal solution, and one with the lower bound of the last spare added set equal to the number of 

spares for that item in the Pareto-optimal solution. Each of these descendent problems is then solved and processed 

according to the procedure outlined above. The process is repeated until no additional descendent problems are 

produced, indicating that no better solution exists than the one that has been found.21 

IV. Case Study Description 

In order to illustrate the application of the methodology described above to breakeven analysis of long-duration 

ECLS, this section examines a notional case study. Five system architectures, based on evolutions of ISS ECLS (as 

described in the NASA Baseline Values and Assumptions Document22) are examined for mission endurances 

ranging between 10 and 1,500 days. The ECLS architectures selected are based on those examined by Lange and 

Anderson,6 and were examined previously by Do et al.23 for one specific mission duration repeated over a series of 

missions representing a Mars campaign. These cases are:6 

1) Open-loop water and O2 

2) Water Processor Assembly (WPA) 

3) WPA + Urine Processor Assembly (UPA) 

4) WPA + UPA + Oxygen Generation Assembly (OGA) 

5) WPA + UPA + OGA + Carbon Dioxide Reduction Assembly (CRA) 

In addition to these subsystems – which are the architecturally distinguishing factors for this analysis – each system 

also included other subsystems such as CDRA and Common Cabin Air Assembly (CCAA). A detailed description 

of each of these ECLS architectures and the techniques used to model them from a habitation perspective are 

presented by Do et al.23 Consumable requirements are based upon linear scaling of the results obtained by the habitat 

simulation conducted by Do et al. using HabNet23 to examine a 26 month mission. System reliability (measured in 

terms of POSs) is increased using two separate strategies representing a redundancy-based approach and a spares-

based approach, respectively. In the first, additional redundant subsystems are added until the required POSs is 

achieved; in the second, POSs is increased by adding spares. In each case, the breakeven analysis includes the 

emplaced system mass, consumables mass, tankage, and the mass of spares or redundant systems. For this case 

study, contingency consumables (i.e. redundant storage) is not considered. 

First, a baseline case is examined to determine the mass required as a function of endurance with a POS 

requirement of 0.999. The mass requirements for each ECLS case described above is examined using either a 

redundancy- or spares-based supportability strategy, and breakeven points are identified. In addition, this total mass 

in each case is categorized into emplaced mass, consumables, tankage, and redundancy or spares (depending on the 

supportability strategy utilized). Stacked area plots showing the contributions of each of these categories – both in 

terms of total mass and in terms of percent contribution to the total mass – are generated to illuminate key drivers. 

Then, for the spares-based supportability strategy (since it provides a much lower mass requirement than 

redundancy), contour plots showing the mass required as a function of both mission endurance and POS requirement 

are produced. Regions are labeled with the ECLS architecture that provides the lowest mass option. This allows the 

identification of the impact of POS and mission endurance on technology selection. 
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V. Results 

Figure 2 shows a breakeven plot comparing the mass required for each ECLS case under the two different 

supportability strategies examined here. The mass required for a redundancy-based approach is shown with dotted 

lines, and the mass required for a spares-based approach is shown with solid lines. In all cases and at all mission 

endurances examined here, redundancy requires more mass than spares, sometimes by a very significant amount. 

Figure 3 shows a detailed view of the region in which breakeven points occur for each strategy. When 

redundancy is used, Case 1 (open-loop water and O2) provides the lowest mass option until mission endurance 

reaches 456 days. From 456 to 462 days, the mass required for Case 1 and Case 3 (WPA and UPA) track closely, 

alternating several times, but after 462 days Case 3 provides the lowest mass option. When spares are used, Case 1 

provides the lowest mass until 158 days. Then Case 2 (WPA) provides the lowest mass option from 158 to 185 days. 

For missions with an endurance greater than 185 days, Case 3 provides the lowest mass option. 

 

 
Figure 2: Breakeven plot showing the total ECLS mass required as a function of mission endurance for a 

POS requirement of 0.999, considering both redundancy-based (dotted line) and spares-based (solid line) 

supportability strategies. 

 

 
Figure 3: Breakeven plots for redundancy (left) and spares (right) cases with a POS requirement of 0.999. 

The plot for the spares case includes an inset that provides a more detailed view of the region indicated by the 

red rectangle. Each plot is zoomed in on the region in which breakeven points occur, and therefore the x- and 

y-axes have different scales in each plot. 
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Figure 4 breaks down the mass requirements for each redundancy case into emplaced mass, consumables, 

tankage, and redundant systems. Figure 5 shows the percent contribution of each category to the total mass. The 

mass required for redundancy increases with both system complexity and mission endurance, and can be a very 

significant portion of the total mass. 

 
Figure 4: Mass required as a function of endurance for each ECLS architecture, assuming a redundancy-

based supportability approach. Mass is categorized as coming from the emplaced system, consumables, tanks, 

or redundancy. A breakeven plot showing total mass for each architecture is shown (bottom right) for 

context. Note that the x- and y-axes of each plot have identical scales. 
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Figure 5: Percentage of total mass requirement contributed by emplaced systems, consumables, tanks, and 

spares for each ECLS architecture, assuming a redundancy-based supportability approach. A breakeven plot 

showing total mass for each architecture is shown (bottom right) for context. 
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Similarly, Figure 6 breaks down the mass requirements for each spares case into emplaced mass, consumables, 

tankage, and spares, and Figure 7 shows the percent contribution of each category to the total mass. Again, the mass 

required for spares increases with both system complexity and endurance, and can be a significant portion of total 

mass. 

 
Figure 6: Mass required as a function of endurance for each ECLS architecture, assuming a spares-based 

supportability approach. Mass is categorized as coming from the emplaced system, consumables, tanks, or 

spares. A breakeven plot showing total mass for each architecture is shown (bottom right) for context. Note 

that the x- and y-axes of each plot have identical scales. 



 

International Conference on Environmental Systems 
 

 

11 

 

 
Figure 7: Percentage of total mass requirement contributed by emplaced systems, consumables, tanks, and 

spares for each ECLS architecture, assuming a spares-based supportability approach. A breakeven plot 

showing total mass for each architecture is shown (bottom right) for context. 
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Figure 8: Contour plots for each ECLS architecture examined here showing the mass required for a mission 

as a function of endurance and POS requirement. For easier viewing, the y-axis shows the complement of 

POS on a logarithmic scale. Major contour lines are labeled (in kg), and minor lines show 1,000kg intervals. 

The plot in the bottom right shows the minimum mass option across all architectures, with regions colored to 

indicate which ECLS architecture proves the minimum. Note that the x- and y-axes of each plot have 

identical scales. 
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Figure 9: Detail of contour plot showing the minimum mass required for a mission as a function of endurance 

and POS requirement. For easier viewing, the y-axis shows the complement of POS on a logarithmic scale. 

Major contour lines are labeled in kg, and minor lines show 100kg intervals. Background colors indicate 

which ECLS architecture from the cases described here resulted in the lowest mass, and each region is 

labeled with the case number and ECLS architecture. 

 

Figure 8 shows the mass required for a mission as a function of the POS requirement and the endurance for each 

case, assuming a spares-based supportability strategy. Spares were used instead of redundancy since the previous 

analyses showed that spares are a significantly more efficient approach to achieving POS requirements than 

redundancy, as illustrated by Figure 2. Each plot examines the same range of mission endurance covered in the 

previous analyses, but now POS is varied from 0.99 to 0.999999 – that is, from 1 in 100 failures to provide sufficient 

spares to 1 in 1,000,000. For easier viewing of such a large data range, the y-axis of each plot shows the complement 

of POS (i.e. 1-POS) on a logarithmic scale. The bottom right plot in Figure 8 shows the minimum mass option 

across all ECLS architectures examined here, with each region colored according to the architecture that provides 

that minimum mass. Figure 9 shows a detailed view of the region where a change of architecture occurs (125-300 

days). 

VI. Discussion 

The results presented here agree with the findings of Lange and Anderson6 and Do et al.23 that, at current system 

reliabilities and loop closure rates, Case 3 (WPA + UPA) is the minimum-mass option for long-duration missions. 

While Cases 4 and 5 reduce consumable mass requirements by increasing the loop closure of the overall system, the 

mass savings from consumable reduction are overtaken by the additional mass required for spare parts to maintain 

the systems. For short-duration missions, open-loop water and O2 provides the lowest-mass option. 

A. Comparing Redundancy- and Spares-Based Approaches 

These results also show that redundancy-based approaches to supportability are less mass-efficient than spares-

based approaches. This makes sense, since from a mass and POS perspective additional redundancy is functionally 

equivalent to adding one spare for every component within a subsystem to account for a failure caused by any one of 

the spares in that subsystem. By effectively grouping sparing decisions into fewer and larger modules, the mass 

efficiency of spares allocations is reduced. The net impact of this inefficiency is that breakeven points indicating a 

shift from open- to closed-loop systems happen at longer mission endurances (456-462 days as opposed to 158 and 

185 days) and higher masses (14,480-14,620kg as opposed to 4,995kg and 5,393kg). However, it is important to 
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remember that redundancy provides some benefits that spares do not, such as immediate recovery without crew 

intervention. These impacts are discussed further below. 

B. Implications for Technology Selection 

Interestingly, for the datasets and modeling assumptions used here, there is only one breakeven point, or a very 

small breakeven region, in terms of which architecture provides the lowest mass – regardless of whether redundancy 

or spares are used. In the spares cases, the open-loop water and O2 architecture (Case 1) provides the lowest mass 

option for mission endurances less than 158 days. Then, for a brief, 27-day window from 158 to 185 day 

endurances, the inclusion of a WPA (Case 2) provides the lowest mass. Then, for all endurances longer than 185 

days (at least up to the 1,500 day endurance examined here) the combination of a WPA and UPA (Case 3) is the 

lowest mass option. In the redundancy cases, Case 1 is again the lowest mass option, this time for mission 

endurances up to 456 days. In the six-day window between 456 and 462 day endurances, the mass profiles of Case 1 

and Case 3 cross back and forth over each other several times, and for endurances beyond 462 days Case 3 provides 

the lowest mass option. Case 4 and Case 5, which add an OGA and CRA, respectively, never provide the lowest 

mass option in the mission endurance range examined here. 

If and when the supportability characteristics of these systems change – either through increased component 

reliabilities, simplified ECLS subsystems, reduced parts counts, increased commonality, the addition of an In-Space 

Manufacturing (ISM) capability, or any other strategy – it is expected that these breakeven points and mass profiles 

will change, and analyses such as these should be revisited. However, in terms of near-term decision-making, these 

results indicate that the technologies that support higher levels of loop closure must significantly reduce their 

maintenance mass requirements in order to provide lower-mass solutions than simpler systems with lower levels of 

loop closure. 

C. Contribution Towards Total Mass 

The mass profiles and percentages shown in Figures 4 through 7 provide insight into the major contributors 

towards the mass of these systems for a given mission endurance. As mission endurances increase, the contribution 

of the emplaced system mass is rapidly dominated by consumable and spares/redundancy mass. For cases with 

higher levels of loop closure (Cases 3, 4, and 5), the required mass of spares or redundant elements quickly becomes 

the dominant mass contributor. When spares are used, even in the optimal case for long-duration missions (Case 3), 

spare parts make up nearly half of the total mass required for the mission when the POS requirement is 0.999. 

These results illustrate the importance of considering spare parts and redundant systems in logistics analyses, 

since they are a major – and in some cases dominant – contributor towards the overall mass required. In addition, 

this result motivates the investigation of techniques that could reduce maintenance logistics, since it would have a 

significant impact on the overall mass requirements of future missions. For example, ISM technology that enables 

the production of useful components from undifferentiated feedstock could reduce the mass required to support a 

system, particularly if the feedstock produced by recycling old components or extracted from the local environment 

using In-Situ Resource Utilization (ISRU).25  

D. Combined Impacts of Endurance and POS Requirement 

Figure 8 and Figure 9 illustrate the combined impact of mission endurance and POS requirement, and how it 

changes for different system architectures. In general, mission endurance appears to be a more significant driver of 

system mass than POS requirement in all cases over the ranges examined here; however, POS can still have a 

significant impact. At a given endurance, a higher POS requirement will result in a higher mass requirement as more 

spares are required to meet the requirement, and vice versa. As system complexity increases POS requirement has a 

greater impact on mass. This makes sense, since more subsystems have more components that require maintenance, 

and therefore spares mass will be a larger contributor. In addition, the iso-mass contours in Figure 8 and Figure 9 are 

all generally oriented from bottom-left (short endurance, high POS) to top-right (long endurance, low POS). This 

illustrates the trade between endurance and POS: the POS provided by a given mass of supplies for a given mission 

endurance is lower if the same mass of supplies is allocated for a longer endurance, and vice versa. 

When comparing different system architectures, the POS requirement has a significant impact on the breakeven 

time, as illustrated by Figure 9. When high risk is accepted and the POS requirement is set to 0.99, the minimum 

mass architecture changes from Case 1 to Case 3 at an endurance of 133 days, at which point the mass required is 

4,282kg. As the POS requirement increases, however, this breakeven endurance increases. When the POS 

requirement is 0.999999, the minimum mass architecture changes from Case 1 to Case 2 at an endurance of 272 

days, at which point the mass requirement is 8,098kg; Case 3 becomes the minimum mass architecture a few days 

later, when the mission endurance is 280 days and the mass required is 8,210kg. 
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These breakeven points – 133 days and 280 days – bracket the Earth-Mars transit duration for human habitats of 

approximately 180 days,24 indicating that the POS requirement can drive the technology selection for a Mars transit 

habitat in either direction. Given the system mass, loop closure, and reliability data used here (i.e. ISS baseline 

levels), if the POS requirement is low then a partially closed-loop system using a WPA and UPA would provide the 

lowest mass ECLS architecture. However, if the POS requirement is higher then an open-loop water and O2 system 

would provide a lower mass option. Specifically, under the assumptions used here, if the POS requirement on the 

ECLS system is higher than approximately 0.9984 then the system should only use a WPA (i.e. Case 2 should be 

used). If the POS requirement is higher than approximately 0.9997, then an open-loop water and O2 system would 

require less mass for a 180-day transit than the other ECLS architectures examined here. 

E. Limitations 

As with all analyses, there are several limitations to the analysis presented here. For example, the risk 

considerations examined here are measured in terms of POS, which examines only the probability that sufficient 

spare parts are provided to account for all failures. This metric does not encompass potential additional risk from 

other factors such as failed repairs, changes in component MTBF as a result of environmental factors, or common 

cause failures. Therefore, in trade studies POS should be set with the knowledge that it is not a guarantee on P(LoC), 

but rather a bound – the P(LoC) for a system is greater than 1-POS. The amount by which it exceeds this bound 

depends on the magnitude of all other contributors to P(LoC). 

In addition, this analysis focused only on raw mass requirements for various systems. A more detailed analysis 

would need to examine the impact of system architecture decisions on volume, power, and thermal requirements, as 

well as on the crew time required for operations and maintenance. 

Finally, while both redundancy and sparing are considered in terms of their impact on system mass, this analysis 

does not examine the time required to implement repairs and thus does not capture the risk of experiencing a failure 

(or cluster of failures) that results in loss of crew before a repair can be implemented. Redundant systems have the 

advantage that, if they function correctly, they can recover from a failure quickly without requiring crew action. This 

advantage of redundant systems is not captured in purely mass-based analyses, and more detailed multiobjective 

consideration would be required to inform the decision between adding redundancy and pursuing a spares-based 

supportability strategy. 

VII. Conclusion 

This paper presents an extension of breakeven plots that enables the direct examination of maintenance logistics 

requirements for ECLS systems as a function of mission endurance. A case study was presented to examine the mass 

requirements for an ISS-like ECLS for mission endurances between 10 and 1,500 days, focusing in particular on the 

contribution of maintenance logistics mass to the overall total. This case study compared the use of redundancy and 

the use of spares to achieve POS goals, and found that spares are significantly more mass-efficient. Breakeven 

points were identified in both cases, and the relative contributions of emplaced systems, consumables, tankage, and 

redundancy/spares were identified for all mission endurances at a baseline POS level of 0.999. Then, a two-

parameter analysis varying both POS and mission endurance was executed to characterize the impact of these 

parameters on mass requirements and technology selection. 

The results of this case study illustrate the importance of considering maintenance logistics in breakeven 

analyses, since mass savings from increased loop closure may be offset by increased mass requirements for spare 

parts to maintain systems. In several cases nearly half of the mass required for long-duration missions comes from 

spare parts requirements. In addition, POS requirements can drive technology selection and have a significant 

impact on mass requirements. Overall, maintenance logistics is a key consideration for long-duration missions since 

it can be a major contributor to mass requirements and can influence technology selection. 
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