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Current resupply carriers to the ISS, such as the Dragon or Cygnus capsules, do not yet 

support replenishment or control of atmosphere constituent altered by respiration of living 

cargo. In order to transport animals for scientific experiments to the ISS, an Environmental 

Control and Life Support System is therefore needed. The newly developed Animal 

Enclosure Module–Environmental Control (AEM-E) payload supplements the AEM-T 

animal carrier and was designed to compensate the respiration-induced changes by 

replenishing the consumed oxygen to the cabin atmosphere and by removing metabolically 

produced carbon dioxide and moisture. AEM-E takes a desiccant-based approach to remove 

moisture with silicon dioxide and carbon dioxide with lithium hydroxide. For the oxygen 

supply, a novel gaseous oxygen replenishment system was designed. The functionality of the 

AEM-E was verified under worst-case load conditions in subsystem and integrated tests with 

simulated and actual mice in an isolated environment for up to 10 days and up to 20 mice. 

This paper discusses quantitative and qualitative test results of the subsystem and integrated 

tests. Activity- and time-dependent air composition and respiration data from the isolated 

environment during the integrated flight-simulation tests are presented. The system has 

undergone flight certification and safety assessment and is planned to be flight-ready in late 

2014. 
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Nomenclature 

ADAM = Atmospheric Data Acquisition Module 

AEM-E = Animal Enclosure Module–Environmental Control (CO2, O2 and moisture control) 

AEM-T = Animal Enclosure Module–Transporter (animal habitat with food, water and waste handling) 

AEM-X = Animal Enclosure Module– provides on-orbit housing for rodents in an EXPRESS rack 

ATV = Automated Transfer Vehicle (European resupply carrier to ISS) 

DAQ = Data Acquisition  

DC = Direct Current 

ECLSS = Environmental Control and Life Support System 

EMI = Electromagnetic Interference 

ETC = Environmental Test Chamber, (isolated to ambient atmosphere, pressure equalizing) 

HTV = H-II Transfer Vehicle, (Japanese resupply carrier to ISS) 

ISS = International Space Station 

NASA = National Aeronautics and Space Administration 

PSRP = Payload Safety Review Panel at NASA JSC 

STP = Standard temperature and pressure (273.15 K, 100,000 Pa) 

 

I. Introduction 

ITH the end of the Space Shuttle era, missions to transport living rodents to the International Space Station 

(ISS) are theoretically limited to the Soyuz spacecraft due to a lack of environmental control and life support 

system (ECLSS) in the currently available unmanned cargo carriers such as ATV, Cygnus, Dragon, HTV and 

Progress. In order to restore the capability to transport metabolically active cargo such as living rodents from the US 

to the ISS, a modular ECLSS is needed to upgrade the existing cargo carriers Cygnus and Dragon. Even small 

numbers of animals, for example 20 mice or 6 rats, are sufficient to change the limited sealed atmosphere of the 

cargo carriers (4 to 9 m3 free air volume) beyond acceptable levels for safe operation and human occupation at time 

of docking. An active atmosphere control system therefore is required when live cargo is transported. 

The existing Animal Enclosure Module (AEM), originally designed for the Space Shuttle, was upgraded by 

NASA Ames to an AEM-T (Figure 1), capable of providing food, water, ventilation, lighting, waste and odor 

management for up to 10 mice1,2. The AEM-E (Figure 1) was designed by BioServe Space Technologies under 

NASA Ames contract to provide oxygen (O2), carbon dioxide (CO2) and humidity (rH) control during the transport 

of rodents in a common sealed cabin environment. For the purpose of providing modularity, the two lockers (AEM-

T and AEM-E) are independent from each other and not connected. AEM-T houses the animals and provides food, 

water, waste and odor management, while the AEM-E controls the gas composition of the entire shared capsule 

volume. Temperature and pressure control are provided by the Dragon or Cygnus capsules themselves, and 

supplement the AEM lockers in providing an integrated ECLSS. 

 

 
Figure 1. AEM-T (left, transporter, housing the animals) and AEM-E (right, gas-composition environmental 

control) both implemented in single middeck lockers. 

 

W 



3 

International Conference on Environmental Systems 

II. AEM-E Design 

A. Requirements 

The AEM-E is required to actively maintain oxygen, humidity and carbon dioxide at habitable levels as defined 

by NASA for spacecraft visiting the ISS and for a mission duration of up to 10 days including launch and docking 

delays. The desired atmosphere conditions to be maintained are listed in Table 1 as volumetric concentrations. 

Pressure and temperature are required to be maintained in a relative narrow range of 97,905 Pa to 102,731 Pa (14.2 

to 14.9 psia), and typically 18 to 29 °C by the capsule itself. Due to the relatively small deviations from standard 

temperature and pressure, it is therefore possible to use volumetric concentrations rather than the physiologically 

more meaningful partial pressure limits. The chosen design and control parameters for AEM-E as listed in Table 1 

provide margins against the requirements as set forth by NASA in the Common Interface Requirements Document, 

SSP508353. 

 

Table 1. Atmosphere conditions to be maintained by AEM-E. 

Requirement 
Comfortable zone Essential for survival AEM-E Design Requirement 

minimum maximum minimum maximum Minimum maximum 

Oxygen 19.0 % 24.1 % 16.0 % 24.1 % 19.6 % 20.9 % 

Carbon 

Dioxide 
- 0.7 % - 1.0 % 0.04 % 0.6 % 

Relative 

Humidity 
29 % 70 % - - 40 % 60 % 

 

Furthermore, the AEM-E ECLSS is programmatically required to fit in and operate in a single middeck locker 

which limits the allowable mass and volume. Available electric power is very limited on cargo flights, and since 

AEM-E and AEM-T share a single power outlet, AEM-E must be able to operate with a peak power demand of ≤ 75 

Watt. The quantitative details are summarized in Table 2. Note that the AEM-E is powered through the 28 VDC 

payload power system of the capsule during ascent and on-orbit operations. A further requirement is to not exceed 

noise levels as defined in the SSP508353. Since AEM-E will be turned off as soon as crew access to the cargo carrier 

is possible, AEM-E can be designed to the intermittent sound pressure limits. For an intermittent 8 hour operational 

time during docked operation, this would limit the allowable A–weighted sound pressure level to less than 49 dBA. 

The main acoustic emissions of AEM-E arise from the internal rear-breathing axial avionics air cooling fans and 

small centrifugal blowers of the atmosphere treatment system. 

 

Table 2. Requirements and constraints for the AEM-E design. 

Requirement Essential Requirement Design Requirement 

Duration < 7 days (Dragon) < 10 days (Cygnus) 

Size 

0.253 x 0.440 x 0.516 m 

(9.969” x 17.337” x 20.320” ) 

Inside locker dimensions 

As listed on the left, but including a 

12.7 mm (0.5”) thick vibration isolation 

foam on all sides 

Mass 
< 24.5 kg (< 54 lbm) 

C.G. constrained 

< 24.5 kg (< 54 lbm) 

Power < 75 W < 54 W 

 

Taking the requirements from Table 2, the total volume of the three consumables produced / consumed can be 

estimated for mice and rats from published rodent data4. Worst case metabolic data and water consumption data is 

used (male, female, various strains), which is summarized in Table 3. The analyzed rodent data4 are based on peak 

loads, not average loads, and to be used for life support sizing. Actual average rates can often be less than 50% of 

the listed rates in Table 2, based on gender, strain and age. Rates depend on activity and change with diurnal cycle 

(night-active). See also Figure 8. 

Water to be removed from the cabin atmosphere includes respiratory water, urine, water spillage, water from the 

food as well as water produced by the chemical reactions in the carbin dioxide scrubber. The amount of water to be 

scrubbed depends mainly on the activity (respiratory rate) of the rodents, and, to a lesser extent, on the type of food 

and its moisture content, which may lead to increased evaporation from the food directly to the air stream, or to a 

change in drinking behavior of the rodents. Additional water absorption within the air filters of the AEM-T were not 

considered for the AEM-E design, as it would only reduce the amount of water to be removed by AEM-E. Ideally, 
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for a conservative design, AEM-E would therefore absorb all drinking / food water contained in AEM-T, all 

potentially producible water from metabolic activity, and all potentially chemically produced water from carbon 

dioxide scrubbing, which would result in more than 4 Liters of water to scrub, as AEM-T carries excess water for 

redundancy. This was not possible within the constraints of AEM-E, nor is this a credible design scenario. Instead, a 

20% safety design margin was added to the physiological or chemical-based worst case freed water values in order 

to assure AEM-E functionality, even in case of unpredicted behavior of the rodents or the hardware. 

All current near-term flights are planned for mice. The requirements also include an option to support rats as 

potential research animals in the future for AEM-E. Given the maximum possible number of rats that can be 

accommodated inside an AEM-T, one can see from Table 3 that the resulting life support quantities are very similar 

for 6 rats or 20 mice, and AEM-E is therefore to be designed to accommodate the worst case load of either mice or 

rats. The worst case design quantities for carbon dioxide and humidity scrubbing represent of what the AEM-E must 

be capable of removing from the common shared cabin atmosphere. 

For the oxygen provision however the requirement is different since the capsule’s initial oxygen concentration of 

20.9% can be used as an additional safety buffer. By allowing a reduction of cabin oxygen concentration from the 

nominal ambient 20.9% down to the still permissible 19% oxygen concentration, an additional 171 L of oxygen can 

be provided from the cabin atmosphere of Cygnus (9 m3 air volume initially at 20.9% O2). Therefore the 

requirement for stored oxygen in AEM-E can be reduced to just 703 L (874 L – 171 L =703 L, Table 3) when 

relying on the existing cabin oxygen content of Cygnus, which requires the longer mission duration of 10 days vs. 7 

days for Dragon due to different launch scenarios. 

 

Table 3. Cumulative life support volumes for 20 mice or 6 rats for a 10 day mission scenario used as a worst 

case design guide for AEM-E (See also Figure 8). 

Life Support Function  

(10 days, mice or rats as listed) 

20 Mice 

(30 g each) 

6 Rats 

(350 g each) 

Worst Case Design 
(including 20% margin) 

Units 

Oxygen Consumed  729 726 874 L (gas) 

Carbon Dioxide produced 667 675 810 L (gas) 

Water Produced Metabolically 

(for average respiratory 

coefficient RQ) 

1,020 1,200 1,440 mL (liquid) 

Water Produced by Carbon 

Dioxide Scrubbing Water 

Produced 

+ 490 + 500 600 mL (liquid) 

Total Water to Scrub from 

Cabin Humidity 

= 1,510 = 1,700 
= 2,040 mL (liquid) 

Reported cumulative design volumes are based on the following requirements rates per gram body mass5:  
Mice:  O2 = 5.06 mL / (hr g),  CO2 = 4.63 mL / (hr g),  H2O =   5.1 mL / (day each),  RQ = 0.92,  ≤   30 g / mouse. 

Rats:  O2 = 1.44 mL / (hr g),  CO2 = 1.34 mL / (hr g),  H2O = 20.0 mL / (day each),  RQ = 0.92,  ≤ 350 g / rat. 

B. Operational Concept 

AEM-E is part of an operational chain within the Rodent Habitat. AEM-E is exposed to different environments 

between payload preparation for launch, carrier integration, launch and on-orbit operation. The AEM-E mission 

starts with the preparation of the system including tasks such as the calibration of the sensors, a functional check of 

the electronic and mechanical systems, and the transport of the flight and flight backup unit to the launch facility. 

Consumables will only be loaded at the launch facility due to their hazardous nature and transportation limitations. 

This includes aviator-grade high pressure oxygen in four gas cylinders, lithium hydroxide (LiOH) in solid “reactive 

plastic” sheets, and silicon dioxide (SiO2) in small solid spheres. Aviator-grade high pressure oxygen as required by 

NASA is only available at dedicated facilities. Loading of the scrubber chemicals is a time critical step since the 

silicon dioxide as well as the lithium hydroxide start reacting when exposed to humidity and carbon dioxide in 

ambient air. A sealed bag storage or dry nitrogen purge can reduce the reaction with ambient air and limit the loss of 

capacity of the consumables during launch integration handling.  

With all consumables loaded, safety and interface verifications can be finalized, and a limited functional test is 

performed to ensure that AEM-E is still operational. AEM-E would get turned over for installation into Cygnus 

about 3 days prior to launch, later for Dragon. Subsequently, an AEM-T with the flight rodents is installed into the 

capsule. Before the hatch is closed, both payloads are powered on and the AEM-E already starts controlling the 
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atmosphere inside the capsule. Only the carbon dioxide scrubbers are expected to react with the ambient, 

conditioned air, as they run continuously without feedback control. Oxygen and silica gel are not expected to be 

depleted during powered integration activities, as their control thresholds will not be triggered at ambient conditions. 

From the point of hatch closure, the AEM-E is the only control system for humidity, oxygen and carbon dioxide 

levels. The AEM-E is designed to be a low-noise ‘rear breather’, whereas the AEM-T is currently still a ‘front 

breather’. The rear-breathing low noise fans of the AEM-E directly vent with a capacity of more than 396 slpm 

(14 cfm) into the rear exhaust ducts to the capsule’s temperature control system, where the air mixes with the 

remainder of the air in the capsule. AEM-T ingests the cooled cabin air and ventilates the rodent habitat at the same 

approximate rate of 396 slpm (14 cfm). AEM-E also records the atmospheric composition that it treats via two data 

loggers on a small micro-SD card. Measured values are temperature, pressure, humidity, carbon dioxide and oxygen, 

which are available for download once docked to the ISS for mission-paralleling, but time-offset ground controls. 

 
Figure 2. Storyboard: Concept of operations of the various payload elements of the rodent habitat program. 

 

Since the AEM-T is only designed as a transporter, not as a mice habitat for extended duration aboard the ISS, 

an additional ISS-compatible rodent habitat, the AEM-X6, will be launched to the ISS as unpowered cargo as well 

(Figure 2). After arriving at the ISS, the AEM-T and AEM-E payloads are powered down and removed from the 

powered mounting location inside Dragon or Cygnus. A crewmember has to remove the micro-SD cards from the 

AEM-E, transfer them to a computer and downlink the data to the ground. The rodents get transferred from the 

AEM-T to the AEM-X. Both the AEM-T and the AEM-E are soft-stowed in the ISS. They can return at a later time 

if and when a re-entry capsule such as the Dragon is available. Both the AEM-T as well the AEM-E are multi-use 

payloads, and can be recovered and prepared for another mission. Theoretically, should the rodent research program 

require return of live animals for post-flight research on Earth, additional AEM-T and AEM-E lockers can be 

prepositioned and be used on a return flight (currently only available with SpaceX Dragon). 

Within the AEM-E the operational concept is as follows: AEM-E constantly ingests air from the rear-breathing 

air ducts (Figure 3) using its low noise axial avionics fans (single fault redundant, 2 fans). These fans also ensure 

good mixing of the treated air within AEM-E between the oxygen addition, carbon dioxide und humidity scrubbing. 

The sensors of the data loggers record the properties of that air stream as a proxy for the condition of the capsule 

environment. Without a low limit for carbon dioxide, the lithium hydroxide scrubber is running continuously 

without feedback control, and the resulting cabin carbon dioxide level solely depends on the carbon dioxide 

production rate of the rodents and the flow rate through the AEM-E scrubber. At a treatment rate of 60-90 slpm 

airflow through the scrubbers, carbon dioxide can be controlled to well below 0.1% (i.e., 1,000 pm) at the nominal 

design flow rates. Higher carbon dioxide production rates from the rodents when active, or slower blower flow rates 

or reduced scrubber efficiency will result in proportionally higher cabin carbon dioxide concentrations. Therefore, 
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resulting day-time (rodents less active) and night-time (rodents more active) carbon dioxide cabin concentrations 

will fluctuate with activity and resulting rodent activity, and carbon dioxide\ concentrations will increase over the 10 

day mission duration, but remain below the required limit of 7,000 ppm carbon dioxide. 

Humidity control uses a band-gap control method and only activates the centrifugal blowers of the silicon 

dioxide scrubber bed if the humidity rises above 60% relative humidity. Once and only if the humidity drops again 

below 40%, the blowers of the humidity scrubber system are turned off again. On-off humidity control had to be 

implemented as otherwise the humidity could drop below the minimum cabin humidity of 29% as mandated by 

NASA. The silicon dioxide is on purpose not pre-conditioned to a minimum humidity level, since active humidity 

control with sensor feedback was implemented for AEM-E. For highest water adsorption capacity, anhydrous silicon 

dioxide, regenerated at 150C for more than 50 hours is used. 

During the early mission phases, the lithium hydroxide used for carbon dioxide removal also absorbs some 

moisture. Once hydrated, the lithium hydroxide will give of water as part of the lithium hydroxide reaction with 

carbon dioxide. 

 
Figure 3. Functional principle of the AEM-E and AEM-T inside a shared sealed volume (shown with Cygnus 

at 18.9 m3 total volume and a free air volume of ~9 m3). 

 

Both humidity and carbon dioxide scrubbers feature cold-redundant centrifugal blowers, with only one of the 

two blowers per subsystem turned on at any one time. Stall protection circuitry would automatically toggle to the 

redundant fan if no rotational signals are received from the currently randomly enabled blowers. 

Only one of the four independent oxygen release systems within AEM-E is enabled at any one time for risk 

reduction of inadvertent oxygen release7, 8. Oxygen control also uses a band gap control scheme, where the enabled 

oxygen system releases oxygen only once the measured partial pressure oxygen drops below 19,860 Pa (equivalent 

to 19.6% at 101,325 Pa absolute pressure). The oxygen release only stops once the cabin partial pressure rises again 

above 21,177 Pa (equivalent to 20.9% at 101,325 Pa absolute pressure). The valves release oxygen very slowly with 

passively restricted flow orifices (for details, see Tozer et al., 2013 and 2014) through thermally activated high 

pressure oxygen valves, with minimal overshoot of oxygen due to the slow flow rates. The oxygen control sensors 

measure oxygen partial pressure. As temperature, oxygen, carbon dioxide and humidity fluctuate under the 

implemented control scheme, the absolute cabin pressure as the sum of all partial pressures also fluctuates slightly 

during the mission in the sealed pressure vessel. 

While implemented as primarily independent functional controls (Figure 4), the systems are, as described above, 

linked. For example, the lithium hydroxide system initially absorbs water during hydration, and later on releases 

water in chemical reactions. In the pressure-sealed flight system, the partial-pressure sensor based oxygen control 

system maintains partial pressure, not concentrations. As humidity and carbon dioxide rise at constant oxygen partial 
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pressure, the cabin pressure also rises, but oxygen concentration in percent actually drops as other atmosphere 

constituents increase, or vice versa. These changes are typically small (± 1 %) and do not affect the overall function 

or safety regulations. 

 
Figure 4. Functional principle of the 3 independent control functions within the AEM-E. 

C. Mechanical Design 

The AEM-E is a middeck locker sized aluminum box (see Figure 5) with an air inlet (1) and an air outlet (7) on 

the back (‘rear-breather’). Air is circulated through the locker by the two hot-redundant (running simultaneous) axial 

fans (4 and 6), moving air between air inlet and outlet in a U-shaped channel (red) surrounding the scrubber bed at a 

nominal 396 slpm (14 cfm). The 4 individual oxygen bottles (green), rated to 20 MPa ( 3,000 psig), are located 

within the channel for rapid mixing and oxygen dilution within the flow path. The 4 bottles can release up to 182 

liters of oxygen each at STP, for a total of 728 liters of oxygen (703 liters required, Table 3). The valve is a new in-

house development, capable of releasing a passively restricted maximum flow rate of 1.1 slpm (at 20 MPa, lower as 

pressure depletes) per bottle, where only one valve can be electronically activated at any one time due to its own low 

partial pressure oxygen sensor reading. The outlets of these valves bleed directly into the high flow rate avionics air 

flow, increasing the oxygen concentration of the stream by less than 0.1% due to the chosen flow rates of avionics 

air and oxygen7, 8. 

The two individual scrubbers (lithium hydroxide, silicon dioxide) take air from this main avionics air flow. The 

carbon dioxide scrubber uses solid sheets of lithium hydroxide (reactive plastics, blue), while the humidity scrubber 

uses solid spheres of silicon dioxide (silica gel, yellow). Flow must be forced through the scrubbers by centrifugal 

blowers due to the higher pressure drop and small flapper valves in the flow path. Each scrubber has a primary and 

backup blower (2 and 3) which can be turned on individually. The air flow through the scrubbers is set to a flow rate 

of 60 – 90 slpm.  

The reactive plastics lithium hydroxide sheets feature built-in air flow channels for optimal contact and low 

backpressure. The silicon dioxide chamber (yellow) was fitted with dividers, leading to increased contact time and 

high efficiency scrubbing. Both chambers have filters on the inlet and outlet to prevent any lithium hydroxide or 

silicon oxide (dust) particles escaping with the air flow to the cabin air. The scrubber volumes act as levels of 

containment for safety and are fully sealed. 

Inside the channel between the two fans, stand-alone battery powered data loggers record the environmental 

conditions of the air flow. The faceplate of the locker has minimal user interfaces (8), allowing to power on and off 

the locker, indicating the powered status via LED lights, and providing access to the power switch and circuit 

breaker and the access port to remove the micro-SD cards from the data loggers. The AEM-E has a dry mass of 

17 kg and a total mass of 30 kg with oxygen, lithium hydroxide and silicon dioxide loaded. During the mission, the 

mass of the locker increases due to scrubbed carbon dioxide and water, even with the depletion of oxygen. 

The axial fans and the centrifugal blowers for the scrubbers were selected and integrated with low acoustic 

emissions in mind, both for the animal welfare and the human-tended operations at ISS. All devices run below their 

design speeds, and are soft-mounted in foam without hard contact points or screws to structure to reduce acoustic 
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transmissions into the metal structure and to reduce vibrational loads introduced during launch. The rear-breathing 

design with the solid payload faceplate and acoustic dampening from the foam-clad AEM-E within the program-

provided modified locker targets noise emissions below 49 dB(A) at 1 meter from the payload front. This leads to 

even lower emissions on the sides of the payload where additional foam padding further reduces acoustic emissions. 

The arrangement of components is driven by operational considerations (accessibility), acoustics, mass and 

center of gravity constraints, but also thermal aspects. The implemented flow path assures optimal performance 

based on heat dissipation within the locker from electric energy (fans and blowers) as well as chemical reactions. 

The thermal sensitivity of the silicon dioxide humidity scrubber requires the coldest air available before any energy 

is added to the air stream for highest moisture capacity. The lithium hydroxide and oxygen systems are less thermal 

sensitive and can be located downstream of the electric users. Chemical released energy is added last, before the 

avionics air leaves the locker, where compliance with maximum allowable exhaust temperatures of less than 49 C 

are assured. 

 

 
Figure 5. Flow path of air to be treated through the “rear-breathing” AEM-E locker. Oxygen can be added 

from one of the 4 independent bottle systems. Humidity can be reduced by selecting feedback controlled air 

flow through the silicon dioxide desiccant bed (yellow). Carbon dioxide is always scrubbed (blue). 

 

D. Electrical Design 

Despite its essential life support functionality, the AEM-E had to be implemented as a middeck locker type 

payload without external resource redundancies, and thus only a single power supply from the carrier. The AEM-E 

uses isolated DCDC converters and robust EMI filters to protect the payload from potential noisy power supplies. 

Internally, the AEM-E operates on isolated 5 V (sensors, all analog decision making) and isolated 24 V (switched 

actuators, air movers). To ensure robust and reliable operations, the control system was implemented with analog 

circuitry only, without the use of microprocessors or dedicated software. All control setpoints are configured in 

analog circuit hardware. Only oxygen and humidity use feedback control, while carbon dioxide is scrubbed 

continuously. Mechanical components with a potentially higher failure rate are provided redundantly, such as the 

axial air moving fans and the centrifugal blowers moving air through the scrubbers. The oxygen system is split into 

four independent systems to both minimize risks from accidental oxygen release, as well as to provide functional 

redundancy should a single component or subsystem fail. The axial air moving fans are hot-redundant (both run at 

the same time, one is sufficient to ensure functionality). The centrifugal blowers, due to their higher power demand, 

are operated cold-redundantly (only one is turned on at any one time), and are fitted with a stall protection circuit. 
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The electronic system will detect a failed blower through missing pulse signals from the rotor, and automatically 

switch to the cold-redundant blower, in an attempt to restore functionality. 

For post-flight performance analysis and to enable time-offset mission-parallel ground control experiments, the 

atmospheric conditions will be recorded by small data loggers. Those are completely independent from the AEM-E, 

provide their own power through small alkaline batteries for ease of battery use approval, and use their own sensors 

for measuring temperature, humidity, pressure, partial pressure oxygen, and partial pressure carbon dioxide. 

The electric block diagram (Figure 6) of AEM-E shows the independent humidity, carbon dioxide and oxygen 

supply circuitry and their associated sensors and actuators. 

  
Figure 6. Electric block diagram of AEM-E. 

 

E. Safety and Reliability 

The AEM-E life support system is designed and implemented as a “payload” inside the unmanned carrier 

capsule, and not as an integral part of the carrier. The AEM-E is therefore subject to the same integration and safety 

processes as any other payload. However, this also means that AEM-E can only be operated with a single, non-

redundant power supply, and cannot provide redundant operations. Similarly, within AEM-E, there is only a single 

power supply and control electronics system, and no functional redundancy for these components could be provided. 

Only those components with higher failure rates, as described above, such as the cooling fans and air treatment 

blowers are provided redundantly. Functionally, for the survival of the rodents, AEM-E is therefore zero-fault 

tolerant to external or internal power failures. For the safety of the crew and the hosting vehicle, however, the AEM-

E system provides single fault tolerance, as well as being designed for minimum risk (DFMR), both in its 

mechanical and electrical systems. 

The failure of one of the four independent oxygen systems to deliver oxygen can be tolerated due to built-in 

reserves, as well as the fact that cabin oxygen concentration can be drawn down to below the 19.6% setpoint without 

risk of suffocation, allowing to reach the ISS or Earth with sufficient life-sustaining oxygen reserves. When operated 

in a large cabin, such as Cygnus (9 m3 free air volume), the crew cabin atmosphere contains sufficient oxygen to 

maintain safe operations. In smaller cabins, such as the Dragon with only 4 m3 free air volume, oxygen 
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concentrations could reach critical life-threatening levels in only a few days (Dragon missions are nominally shorter 

than Cygnus missions, thus providing sufficient reserves despite smaller cabin volumes). 

When operated in a sealed pressure vessel such as Dragon and Cygnus, the cabin pressure without active control 

will vary depending on temperature, humidity and the oxygen and carbon dioxide concentration. For example, the 

envisioned toggling between 40% and 60% rH humidity alone results in a pressure change of 0.6%. A temperature 

increase from an air-conditioned 20C at hatch closure to 30C during flight would increase the cabin pressure by 

3.4% and would therefore open the pressure relief valves of the carrier cabin. With AEM-E, during the draw-down 

of oxygen concentration from a nominal high concentration of 20.9% down to the low setpoint of 19.6% (-1.3% 

change), the cabin absolute pressure will drop by 1.3%, as long as carbon dioxide essentially remains the same with 

the carbon dioxide scrubbers running continuously. Once the oxygen concentration is replenished to 20.9%, the 

cabin pressure increases back to its nominal pressure. A failure of the oxygen supply system to open would reduce 

the cabin pressure, while a failure of the humidity or carbon dioxide scrubber system would increase the cabin 

pressure over time. With nominal operation of AEM-E, the cabin pressure at time of docking is expected to be 

approximately the same as at time of hatch closure.  

As mentioned above, 4 small independent oxygen systems were chosen to create a system design for minimum 

risk, not only to ensure the survival of the rodents, but also to assure the safety and integrity of the sealed cabin. 

Assuming the rapid unintentional venting of a single oxygen bottle right at hatch closure (worst case, full bottle), a 

maximum of only 182 Liters of oxygen would be added to the 4,000 Liter Dragon or 9,000 Liter Cygnus cabin. 

For the small Dragon, the cabin pressure would only increase by 4.5%, while the Cygnus would only see a 2.0% 

pressure increase. This hypothetical pressure increase due to an entire oxygen bottle failure is well below the 

maximum design pressure of the cabin (118.6 kPa / 17.2 psia), but may result in a brief venting of the redundant 

cabin pressure relief valves, just like a 10C increase in cabin temperature would do (the carriers are all designed for 

compatibility to a rapid venting of 400 Liters of gas from other pressure vessels often transported to ISS as part of 

the cargo). 

Safety assessment of AEM-E followed the standard NASA payload safety review process. In addition to 

standard hazards, several unique hazard causes and controls have been identified. Failure of the high pressure 

oxygen system can result in cabin over-pressurization as discussed above or flammable oxygen concentrations 

above the mandated limit of 24.1% oxygen. Both of these are considered catastrophic hazards with potential loss of 

life or vehicle. In addition, the atmosphere treatment chemicals are considered toxic and require two levels of 

containment including filters and screens in the flow direction to achieve acceptable low particle counts. More 

challenging, especially from a programmatic level, are the integrated hazards that require combined efforts and 

hazard controls from the cabin operator (SpaceX or Orbital), the ISS crew, as well as the AEM-E payload itself. 

Combined integrated hazard controls are required for ensuring safe habitable cabin atmosphere conditions at time of 

docking, as well as over- and underpressurization of the capsule prior to docking with ISS. In case of an AEM-E 

failure, the ISS crew may be required to restore habitable atmosphere conditions through Inter-Module Ventilation 

(IMV) at the time of docking. 

The AEM-E system design has undergone safety review to Phase 2 by the NASA Payload Safety Review Panel 

(PSRP) at the NASA Johnson Space Center in 2013, and is currently undergoing flight qualification according to the 

associated hazard and interface verification requirements. Phase 3 safety review and approval is expected for the 

latter half of 2014. 

 

III. Testing 

In order to verify the system functionality of the AEM-E, as well as of the interaction between it and the AEM-

T, several tests were performed. The goal was to simulate a complete mission of about 10 days or longer to evaluate 

the functionality and to determine the capacity of the system experimentally under a variety of environmental 

conditions. This represents only the first of many qualification tests. 

F. Subsystem Test 

To verify the functionality of the subsystems before further development, a subsystem test was performed in 

2013. In this test mockup constructions simulating the subsystems of the actual AEM-E and AEM-T lockers were 

used. The goal of this test was to establish a general understanding of the concentration behavior and the 

dependencies between the subsystems, as well as to develop the necessary analytical tools to process the collected 

data and to analyze the performance of each subsystem. A system overview can be seen in Figure 7. 
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Figure 7. System overview (inside the ETC). Dashed lines indicate leakage, blue arrows indicate known values 

and red boxes indicate known mass balance. 

 

1. Set-up for the first system functional tests in open configuration (not AEM-E integrated) 

The test was performed inside the Environmental Test Chamber (ETC) at the BioServe Space Technologies 

laboratories to simulate a space capsule of about 3m3 (see Figure 9). Tests were conducted in Boulder, Colorado, at 

1,600 meters altitude, where the ambient pressure and thus the absolute pressure in the ETC is typically only 84 kPa 

(12.2 psia). This chamber provides an isolated (not pressure sealed) environment and is capable of regulating the 

temperature as well as circulating and mixing the internal air. Seal verification tests (leak rate through the 

atmospheric isolation) for the chamber show a total leak rate of 0.650 m3/d at the test temperature of 24.5°C. In its 

current configuration, temperature control is performed with a cycling heat pump compressor, switching 

approximately every 2.5 minutes. The compressor-based controller overshoots when cooling down the air to remove 

heat, resulting in high local temperature fluctuations on the air heat exchanger. At high values of relative humidity 

(> ~45 %), air moisture temporarily condenses on the heat exchanger, resulting in a temporary drop of relative 

humidity in the ETC, rather than an expected increase of relative humidity with cooling. For future following tests, 

the compressor-based cooling system was replaced with a proportional controlled thermoelectric temperature 

controller to avoid these oscillations. 

 
Figure 8. Comparison of mouse metabolic rates from Jackson Labs, NASA worst case design requirements 

for AEM-E and own measurements of test subjects for the integrated test. 
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For the integrated test, 25 week old C57BL/6 black male mice from Jackson Labs were used5,9. Their per gram 

body mass metabolic rates were measured at 16 and 18 weeks of age (both male and female mice), and were, for 

both genders, below the worst case design loads for AEM-E (Figure 8)10. The rates were: O2 = 3.63 mL O2 / (hr g) 

measured at 16 weeks vs. 5.06 mL O2 / (hr g) design load, and for CO2 = 2.29 mL CO2 / (hr g) measured at 16 

weeks vs. 4.63 mL CO2 / (hr g) design load. For the functional test of AEM-E, the ETC chamber therefore housed 

32 mice instead of the nominal 20 mice in 16 separate cages with sufficient food11 and water for at least 10 days. 

The 1.6 times higher number of mice was intended to simulate, with real mice, the 1.4 to 2.0 times higher design 

metabolic rates of the 20 hypothetical design load mice. 

The lithium hydroxide and silicon dioxide chambers used for this test were constructed using the estimated 

AEM-E dimensions. Oxygen was released at regulated pressure from an external oxygen tank in the ETC. All 

subsystems were controlled via LabVIEW. Visible checks were performed through a transparent sheet on the 

chamber access door. Sensors inside the chamber, connected to a DAQ System and a laptop running LabVIEW 

outside the chamber, recorded the atmospheric conditions, including absolute pressure, oxygen partial pressure, 

carbon dioxide volumetric concentrations, relative humidity, and air temperatures. The day-night cycle was set using 

artificial lighting with 12 hours on (day) and 12 hours off (night). 

 

2. Test Procedure 

The test began with the preparation of the ETC. The temperature was set to 24.5 °C and allowed to equilibrate 

for 1 hour. The sensors were calibrated, installed in the chamber and connected to the DAQ system. Consumables 

were loaded in their containment cartridges and the oxygen system was installed. The cages were filled with water 

and food in the appropriate supply systems. The mass of all subsystems, including the mice, was measured prior to 

the test. To decrease the stress for the mice, they were loaded last before sealing the chamber. For initial humidity 

levels an external humidifier was used to increase the humidity to 45% relative humidity inside the chamber. As 

soon as this level was reached, the access door to the chamber was sealed with the transparent, pressure-

equilibrating film door, simulating the hatch closing of the capsule. Data was recorded with the DAQ system, and 

lights were controlled to a 12 hour on / 12 hour off day-night cycle. During the test, the mice were inspected every 3 

hours during the day, and every 6 hours at night to verify animal well-being and proper function. Otherwise the test 

would have been aborted. After 13 days the test was stopped and the ETC opened. The total mass of consumables, 

and all subsystem masses were determined to detect and quantify mass flows and changes within the system. This 

also included the bedding for humidity absorption as well as liquid and solid waste.  

 
Figure 9. Test set-up of the mice in the sealed (isolated from ambient atmosphere, but pressure-equilibrating 

through flexible door) ETC. 
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3. Results 

The overall atmosphere conditions during the 13 day test are shown in Figure 10 (oxygen and absolute moisture, 

entire mission) and Figure 11 (3-day close-up of temperature, humidity and moisture). The relative humidity was 

actively controlled between 40 and 60% by the silicon dioxide scrubber as shown in Figure 11 with different duty 

cycles for night-time (active mice) and day-time (less active mice). The 12 hr on / 12 hr. off day-night cycle is 

shown for reference in all plots. Mice are nocturnal and more active during the dark period, as can be seen by an 

increase in higher humidity (Figure 11) and carbon dioxide (Figure 14) output at night. 

 

  
Figure 10. Oxygen concentration and absolute 

humidity over the whole duration of the test. 

Figure 11. Temperature, relative and absolute 

humidity measurements over a 3 day sample time 

frame. 

 

As seen in Figure 10, the oxygen partial pressure cycles between 19,000 Pa and 20,000 Pa (chosen setpoints for 

this first test). The test starts with an oxygen concentration of about 20,500 Pa due to the initial ambient atmospheric 

conditions before test chamber closing. A close-up view in Figure 12 (night) and Figure 13 (day) show oxygen 

draw-down slopes while the oxygen valves are closed. These draw-down plots were used to determine oxygen 

consumption rates.  

Since the mice are active at night, the draw-down slope is steeper, leading to shorter intervals of valve openings. 

During the day, simulated by artificial lighting in the chamber, the mice are less active and therefore consume less 

oxygen. The measured values shown in Table 4 were corrected for temperature and atmospheric pressure, i.e., were 

converted to STP values.  

 

 
Figure 12. Section of an oxygen cycle during the 

night. 

Figure 13. Section of an oxygen cycle during the 

day. 
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Figure 14. Carbon dioxide concentration and 

absolute humidity as a function of testing time. 

Figure 15. Absolute humidity, carbon dioxide and 

oxygen concentrations at end of test. 

 

 

Table 4. Oxygen consumption (night and day) based on partial pressure measurements (corrected for STP). 

 Day Night 

Slope (STP) -56.7010 Pa / hr -82.8307 Pa / hr 

oxygen consumption (STP) 
1.8938 ml / (hr g) 2.7666 ml / (hr g) 

average: 2.3302 ml / (hr g) @STP 

 

Table 5 shows the average concentration of carbon dioxide (converted to STP) for the entire test. Initially, the 

carbon dioxide scrubbing efficiency was constant (presumed 100%), and the residual carbon dioxide concentration 

is solely determined by the scrubber flow rate (240 slpm) and the production rate by the mice (activity-dependent). 

Therefore, the carbon dioxide concentration fluctuates with diurnal activity. After about 150 hours, the scrubbing 

efficiency is presumably reduced, and the carbon dioxide concentration is slowly increasing over time from that time 

on forward, peaking at 60 Pa or about 600 ppm at the end of the test. 

The linear fit of the carbon dioxide increase in the test chamber over time starting at about 150 hours indicates a 

slowly decreasing scrubbing efficiency (another, but less likely explanation would be an increase in respiration rate 

with growth of the mice). As the average levels of absolute humidity and oxygen were fairly constant during this 

interval, the trend line for carbon dioxide increase does not have to be corrected for changes in humidity. Again, the 

day / night cycle of the mice is clearly visible from the plot of carbon dioxide concentration. At night, the average 

carbon dioxide level is significantly higher than during the day. As long as the carbon dioxide concentration is 

approximately constant, there is an equilibrium of carbon dioxide being scrubbed and produced. At the flow rate of 

240 slpm, the amount of carbon dioxide produced per hour and gram mouse body mass can be calculated based on 

average carbon dioxide concentrations for mid-day +/-3 hours (i.e., 11:30am – 17:30pm) and mid-night +/- 3 hours 

(Table 5). 

 

Table 5. Derived amount of carbon dioxide being scrubbed per minute (day/night). 

 Mid-Day +/- 3 hrs Mid-Night +/- 3 hrs 

Flow rate through the scrubber 240 slpm 240 slpm 

Average CO2 concentration (STP) 22.65 Pa 29.12 Pa 

avg: 25.89 Pa = 258.9 ppm 

Average CO2 production (equilibrium) 4.150 ml / (hr g) @ STP 
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As seen in Figure 10 and Figure 11, the humidity subsystem successfully maintained a humidity level within the 

required and controlled range of 40 - 60 % relative humidity. Table 6 shows the derived mass changes of the 

humidity-control related systems as collected during the test. As shown in Figure 10, the humidity control system 

blower remained switched off during the first half of the test, as the anhydrous lithium hydroxide initially was 

presumably continuously absorbing moisture and scrubbing the humidity down to a flow-rate dependent equilibrium 

value close to 30% relative humidity. Between 150 and 280 hours elapsed time, the humidity control system 

switched on-off to maintain the humidity between 40 % and 60 %. 

After about 280 hours elapsed time, as shown in Figure 10, the blower for the silicon dioxide moisture removal 

system remained on continuously at the end of the test, as all of the silicon dioxide in the scrubber flow path had 

started to slowly fill with water. The exhaust air now had a high enough moisture content so that the chamber air 

could no longer reach its low turn-off setpoint of < 40 % relative humidity. In this phase, the scrubber still adsorbs 

additional water at higher humidity. As the silicon dioxide is slowly saturating, it is still capable of adsorbing 

additional moisture and keeping the relative humidity below the required 60 %. The maximum possible water 

concentration in the silicon dioxide is a function of the relative humidity (and temperature, kept constant here), thus 

more and more water is adsorbed as the humidity increases. 

The fluctuations in relative humidity during the first ~150 hours of the test result from the day/night cycles of the 

mice. At night, the metabolic rates of the mice are higher than during the day. As can also be seen in Figure 11 and 

Figure 14, the off-intervals of the blower during the day are longer than at night. This is, again, a result of the lower 

metabolic rates of the mice during the day. 

 

Table 6. Mass measurements for the humidity control system. 

 Mass 

Humidity control system (empty) 1.385 kg 

Humidity control box (filled, before test) 11.190 kg 

Humidity control box (filled, after test) 12.985 kg 

Dry mass of desiccant (before test) 9.805 kg 

Wet mass of desiccant (after test) 11.600 kg 

Mass gain during test 1.795 kg 

Mass gain during test in percent of dry mass 18.31 % 

 

 

Figure 15 shows the absolute humidity as well as the concentrations of carbon dioxide and oxygen in the ETC at 

the end of the test. As can be seen, the relative humidity was increasing significantly slower than during previous 

day / night cycles, while the gradients in the carbon dioxide and oxygen concentrations appear unchanged. Leakage 

to the outside dry air can therefore be eliminated, and it is also unlikely that the change in gradient is due to the 

water mass balance. It is assumed that chemical reactions in the lithium hydroxide started scrubbing more water 

again at the increasing relative humidity or for yet unknown reasons.  

The RQ, here defined as carbon dioxide absorbed in the lithium hydroxide divided by oxygen consumed, was 

calculated two-fold: (i) from the gradients in partial pressure of carbon dioxide and oxygen measured during the test 

(see Table 4 and Table 5), and (ii) from the time-integrated flow rate and duty cycle of oxygen delivered, and the 

measured dry mass increase of the lithium hydroxide scrubber (global mass balance). An overview of the net 

balance of all consumables is shown in Table 7. When considering the oxygen and carbon dioxide system together, 

the calculated mice respiratory quotients of RQ(i) = 1.781 (partial pressure measurements) and RQ(ii) = 1.154 (global 

mass balance) are of course unreasonably high. Based on the total leak rate of the ETC (0.650 m3/d, determined in a 

previous test), the two calculated respiratory quotients were corrected, resulting in RQ(i) = 1.578, and RQ(ii) = 1.020. 

Both values are still higher than expected and have to be further investigated for the source of discrepancy in the 

mass and volume balances as measured and calculated. Considering the global mass balance, drying of the carbon 

dioxide scrubber was intended to remove any residual moisture content, and relate the change of mass to the 

chemically absorbed carbon dioxide only. This may account for an overestimation of carbon dioxide if the water is 

not removed completely. Residual water may thus explain the unreasonably high calculated carbon dioxide mass 

and thus unreasonable high RQ. It is assumed that the leakage rate of 0.650 m3/d is too low. Throughout most of the 
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test both the partial pressure of carbon dioxide and the one of oxygen inside the ETC were lower than outside. 

Carbon dioxide and oxygen leaking into the chamber result in additional carbon dioxide being scrubbed by the 

lithium hydroxide and less frequent oxygen valve activations. Both effects cause a higher than expected respiratory 

quotient. Therefore, the leakage rate of the ETC requires further investigation before and during future tests. 

The humidity subsystem started showing performance decrease at the end of the test. The overall water balance 

is very accurate as shown in Table 7, but could be further refined by more accurately tracking all water sources and 

water stores (food, bedding). Since the bedding can absorb (or release) water and the water supply for the mice may 

produce spillage as well, the water subsystem should be measured and modeled in more detail for the next test. 

 

Table 7. Mass balance of water, carbon dioxide and oxygen as calculated from the mission simulation test. 

 Value 

Water removed from the bottles 2,014.32 g 

Water scrubbed by silicon dioxide 1,795.00 g 

Water scrubbed by lithium hydroxide 820.00 g 

Water produced by lithium hydroxide 584.63 g 

Water mass balance (not corrected) -16.05 g 

Water mass balance (corrected for leakage) -34.08 g 

  

Carbon dioxide scrubbed by the lithium hydroxide 727.40 L 

Oxygen injected into the ETC 630.23 L 

Respiratory quotient (global, uncorrected) 1.154 

Resp. quotient (global, corrected based on a leak rate of 

0.650 m3/d) 

1.020 

  

Average carbon dioxide production rate 4.150 ml / (hr g) 

Average oxygen consumption rate 2.330 ml / (hr g) 

Respiratory quotient (measured, uncorrected) 1.781 

Resp. quotient (measured, corrected based on a leak rate 

of 0.650 m3/d) 

1.578 

Mass gain of beddings 757.63 g 

Mass loss of food 1253.28 g 

Mass gain of mice 12.29 g 

 

IV. Discussion and Conclusion 

The test results presented here verified proper functionality of the carbon dioxide removal and humidity control 

systems. At the end of this test, both systems were far from reaching their respective end of life capacity. Note that 

this test was performed with a quantity of 32 mice (to simulate the worst case metabolic design rates otherwise not 

possible with ‘real’ mice), whereas the AEM-E will need to support only 20 mice. Depending on the actual animals 

used for flight (gender, age / mass, strain) and their respective needs, AEM-E will provide additional buffer reserves 

beyond those already calculated for the hypothetic worst case rates and worst case animal masses (metabolic rate is 

typically lower for larger animals). 

Tests with rats have not yet been performed. As with mice, published metabolic rates and assumed worst case 

design loads must be verified experimentally in actual animal tests, and repeated ideally prior to each flight with the 
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specific planned species, strain, age, and gender under environmental test conditions resulting in similar animal 

behavior as that expected during flight as much as possible. 

The limiting factor for the operation of AEM-E based on these initial experimental results seems to be the 

humidity control subsystem. The most interesting finding was the higher than expected humidity reduction by the 

anhydrous lithium hydroxide instead of the silica gel desiccant during the first 5 days. Due to presumed water uptake 

in the lithium hydroxide, the silicon dioxide-based humidity control system did not even initiate until after day 5, 

when the lithium hydroxide appeared to have sufficiently saturated with water, and the silicon dioxide system now 

engaged for the first time to remove moisture from the air. At the same time as the lithium hydroxide seems to no 

longer absorb moisture, the carbon dioxide-scrubbing efficiency of the lithium hydroxide also began to decrease. 

This can be seen in the very slow increase in the chamber carbon dioxide levels over time. Such an increase in 

carbon dioxide at constant rate of scrubbing is either indicative of higher respiratory rates (mice more active, mass 

gain = +12.29 g, etc.; less likely) or an expected decrease in carbon dioxide scrubbing efficiency over time as 

lithium hydroxide is used up. 

This data only represents a first system functional and scaling test. Additional integrated tests will be performed 

for hardware certification with the actual flight hardware. Future tests will also allow to further fine-tune the 

setpoints for humidity and oxygen. 
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