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Abstract— This paper presents the utilisation of the FMECA technique to Antarctic equipment development. Dependability 
techniques, which are traditionally applied to aerospace systems, can also benefit Antarctic systems, improving them from the perspective 
of reliability, availability, maintainability and safety. As a case study to demonstrate their utility, general failure analysis principles and 
the standard ECSS-Q-ST-30-02C are applied to the Antarctic space analogue project EDEN ISS. The EDEN ISS project intends to 
demonstrate plant cultivation technologies for safe food production in future space missions, by deploying a greenhouse module to the 
German Neumayer Station III Antarctic station. The long-term operation of the EDEN ISS Mobile Test Facility will improve operational 
procedures and the technology readiness of numerous plant production system technologies for space flight. The Mobile Test Facility is 
broken down into the following subsystems for failure analysis; air management system, command and data handling system, illumination 
system, nutrient and delivery system, power control and distribution system, plant health monitoring system and thermal control system. 
The Mobile Test Facility systems can be further decomposed into several subsystems and blocks up to component level for a better 
Functional FMECA as referred to in the literature. The aim of this paper is to demonstrate the advantages of applying reliability 
techniques such, as FMECA, to Antarctica missions/systems, in order to minimize mission failure probability, to reduce logistics 
requirements and to better comply with the Antarctic Treaty requirements. The results of the FMECA have benefited the EDEN ISS 
Mobile Test Facility by identifying the critical failure modes, optimising block diagrams, improving the quality of the diagrams for further 
assembly, exploiting components and system block functions for extra safety provisions across different systems, decreasing the number 
of spare parts and optimizing the maintenance tasks and procedures decreasing crew workload. 
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I. INTRODUCTION 

Expeditioners and Antarctic crews have been transporting 
plants and infrastructure associated with their growth to 
Antarctica since the early 1900s [1]. The European Union 
supported EDEN ISS project will design and deploy an 
advanced plant production system to the German Antarctic 
station, Neumayer Station III. The EDEN ISS Mobile Test 
Facility (Fig. 1) will provide Neumayer III crewmembers with 
year-round food production via a shipping container-based 
greenhouse located ca. 400 m from the station. In addition to 
benefiting overwintering crews, the facility has the primary 
goal to advance bioregenerative life support system 
technologies via testing in the space analogue environment of 
Antarctica [2] [3].  

As the EDEN ISS project incorporates a number of 
technologies being developed for use on board the International 
Space Station and on future long-duration spaceflight missions, 
a number of space systems engineering practices have been 
implemented in its development. In particular, a failure analysis 
was conducted on the EDEN ISS Mobile Test Facility to assess 
possible failures, define spares and to implement possible 
modifications to the design and planned operations. The authors 
suggest that such failure analysis could be a useful development 
tool for designers of Antarctic stations and facilities in general. 

More permanent year-round presence in Antarctica 
commenced primarily around the International Geophysical 
Year in 1957. Antarctic stations operate in a harsh environment 
and are faced with challenging logistics chains, or in some 
instances during the Austral winter, a complete lack of access. 
These challenges place added burden on developed hardware 
and maintenance procedures and imply that failures can often 
directly endanger crew safety. Environmental regulations 
associated with the Antarctic Treaty Protocol on Environmental 
Protection place further requirements on equipment and 

 
Fig. 1. Illustrative impression of the EDEN ISS Mobile Test Facility 
(Image credit: LIQUIFER Systems Group). 
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operations in that their impact on the local environment must be 
minimized. This includes aspects such as limiting waste 
discharges, limiting hardware that remains in Antarctica and 
ensuring that non-native species are not introduced into the 
Antarctic Treaty area. These aspects can normally be 
sufficiently addressed by projects when considering nominal 
facility operations, but can in some instances be overlooked or 
be more challenging to avoid in off-nominal cases such as 
following the failure of a facility subsystem.  

Although there have been numerous examples of technical 
failures at Antarctic stations, recent, more noteworthy examples 
include the 2012 fire that destroyed the Brazilian Comandante 
Ferraz Antarctic Station and the 2014 UK Halley VI station 
power-down [4]. In the case of the Comandante Ferraz station, 
the likely cause of the fire was a short circuit in the machine 
room housing the generators. In addition to resulting in the loss 
of life of two station crew members and destroying the greater 
part of the station, the fire directly impacted the local Antarctic 
environment [5]. The Halley Research Station long-term power 
loss resulted from a major leak in the main arterial coolant pipe 
running over the service link bridge connecting the two module 
sections. The leak led to the generators overheating and shutting 
down. While the Halley VI station power-down may have 
resulted in the station losing its electrical and heating supply for 

only approximately 19 hours, this occurred with some of the 
coldest recorded temperatures at the station and resulted in a 
longer term loss of science and research due to station 
operations being reduced post failure [4]. 

There have also been several examples of past Antarctic 
plant production systems running into hardware issues 
following Antarctic deployment as well as facilities which have 
likely introduced non-native species into the Antarctic Treaty 
area, implying that their hygiene systems or general operations 
were not sufficient to comply with the Protocol on 
Environmental Protection [6]. 

Although such types of failures can never be entirely 
avoided, detailed project-wide failure analysis conducted over 
the course of facility development would better elucidate the 
possible probability of system failures and also allow better 
knowledge of the likelihood and extent of possible 
environmental impacts to be assessed. A survey of the literature 
has demonstrated that at least two Antarctic projects have 
conducted detailed failure assessments [7] [8]. This paper 
shows the benefits and results of using the ECSS FMECA to 
Antarctica projects. 

 

 
Fig. 2. Longitudinal cut-away view of the interior of the Future Exploration Greenhouse section (primarily plant growth section) of the Mobile Test Facility, 
illustrating several elements of the analysed hardware. In red are the HPPs, in dark grey are the plant growth trays, in light grey and above each growth tray 
are the LEDs (Image credit: Vincent Vrakking, DLR). 
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II. PROBLEM FORMULATION 

The EDEN ISS project and the Mobile Test Facility have 
been described in detailed previously [6]. The Mobile Test 
Facility is made up of two adjoined 20 ft shipping containers. 
Container 1 (Service Section) houses the bulk of the Mobile 
Test Facility subsystem racks, work and laboratory space and a 
cold porch.  Container 2 (Future Exploration Greenhouse, Fig. 
2) houses the primary plant growth area, including multilevel 
plant growth racks in a precisely controlled environment. The 
Mobile Test Facility is composed of several subsystems. The 
Air Management System (AMS) keeps the closed air loop of 
the Future Exploration Greenhouse within the design levels of 
T, RH, CO2 and O2. The Nutrient Delivery System (NDS) is 
responsible to irrigate and maintain the crops with the optimal 
nutrient solution. The Illumination System (ILS) provides both 
good quality and quantity light to the crops. These three systems 
are envisioned as novel and complex due to their nature and 
main objective of the EDEN ISS project. The remaining 
systems are comprised of the Plant and Health Monitoring 
System (PHMS), Command and Data Handling System 
(CDHS), the Thermal System (TS) and the Power System (PS). 
The last three could be considered similar to other systems used 
in other missions and projects in Antarctica. 

The Failure Mode, Effects and Criticality Analysis 
(FMECA) is a powerful reliability analysis tool. It aims to 
analyse system functions down to component level, 
highlighting the possible failure modes, critical functions, 
single point failures, supporting reliability and safety, 
maintainability analysis, test and maintenance planning and the 
Failure Detection, Isolation and Recovery policy [9]. FMECA 
was developed by NASA to verify the reliability of space 
program hardware [10]. Since then, other industries have 
adopted this method to understand within a product, process or 
a complex system how these could possibly fail [11].  

ESA encouraged the space industry to achieve the first set 
of standards for all European space activities. The European 
Cooperation for Space Standardization (ECSS) commenced in 
1993, with the adoption of its terms of reference. All ESA 
Member States support the ECSS initiative [12]. The standard 
is subdivided in three branches, management, product 
assurance and engineering. In the space product assurance 
branch is the chapter for Quality, Dependability, and Safety 
where in the, “ECSS-Q-ST-30-02C” are stated rules, 
requirements and procedures for FMECA [13]. 

Ideally, a FMECA starts early in the system design phase, 
initially with a functional approach followed by an analysis on 
the hardware level [14]. The procedure begins with the system 
design requirements, ground rules and assumptions, system 
block functions, identifying possible failure modes and their 
associated cause and effects, assessing the probability of the 
failure modes, identifying critical functions or components and 
finishes with an assessment of mitigation actions and 
compensating provisions. The FMECA should be updated 
throughout the project time line [13].  

 

 

TABLE I.  CRITICALITY MATRIX [13] 

Severity 
Category 

SNs 

Probability Level 

10-5 10-3 10-1 1 

PNs 

1 2 3 4 

Catastrophic 4 4 8 12 16 

Critical 3 3 6 9 12 

Major 2 2 4 6 8 

Neglible 1 1 2 3 4 

 

The critical number (CN) of the failure modes (FM) is result 
of the severity number (SN) times the probability number (PN) 
[13]: 

 𝐶𝑁 = 𝑆𝑁 ∗ 𝑃𝑁 

This number is then compared to the criticality matrix in 
Table I to identify the most critical ones. The meaning of failure 
mode probability can be the same as the likelihood of a 
component failing or simply the component’s failure rate. In 
(2), the failure rate λ(𝑡) is a measure of the number of faulty 
components 𝑁𝑓(𝑡) divided by the product of the total 

components 𝑁𝑠(𝑡) by a certain time interval ∆𝑡. When the 
failure rate is constant the Mean Time Between Failure 
(MTBF), with hours as units, can be obtained by (3) [15]. 

 𝜆(𝑡) = 𝑁𝑓(𝑡)/(𝑁𝑠(𝑡)∆𝑡) 

 𝑀𝑇𝐵𝐹 =  
1

𝜆
 

When performing reliability assessments, failure rate is an 
important factor. The failure rate can be modelled by a 
parametric function called a bathtub curve. Depending on how 
the failure rate changes with time, a component can be said to 
be in “infant mortality”, when the failure rate decreases with 
time; useful life, when the failure rate is constant; and wear-out 
phase when the failure rate increases rapidly. For components 
with a constant failure rate, they can be either modelled by the 
Weibull distribution or by an exponential distribution. The 
latter, because of its nature, simplifies the analysis. The success 
probability 𝑅(𝑡), of a certain component with some failure rate 
𝜆 to succeed in the time period 𝑡 is given by (4). 

 𝑅(𝑡) = exp (−𝜆𝑡) 

For a complex system with replacements, the probability of 
𝑥 components failing in a certain amount of time 𝑡 can be 
represented by the Poisson distribution (5). For the specific case 
when x=0, (5) is the same as (4) [16] [17]. 

 𝑓(𝑥) =
(𝜆𝑡)𝑥

𝑥!
exp(−𝜆𝑡) (𝑥 = 0,1,2, … ) 

In order to avoid a system or component failure, design 
techniques can be applied to increase the reliability. 
Redundancy is required not only to extend the functioning of 
the system but also to achieve a certain reliability of the system. 
Redundancy can be hot, warm or cold. Hot redundancy is 
commonly called a k-out-of-n, where at least k faultless 



components are needed out of n total working components, for 
system success. The reliability of a k-out-of-n system with 
independently and identically distributed components is given 
by (6). 

 𝑅𝑠(𝑡) = ∑ (
𝑛
𝑖

) 𝑅(𝑡)𝑖(1 − 𝑅(𝑡))
𝑛−𝑖

𝑛

𝑖=𝑘

 

If a system is 1-out-of-n then it is a parallel system (7), 
whereas n-out-of-n is a series system (8). 

 𝑅𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙(𝑡) = (1 − 𝑅1(𝑡)) ∗ … ∗ (1 − 𝑅𝑛(𝑡)) 

 𝑅𝑠𝑒𝑟𝑖𝑒𝑠(𝑡) = 𝑅1(𝑡) ∗ … ∗ 𝑅𝑛(𝑡) 

For cold redundancy, redundant components are idle 
(spares) with zero failure rate. The reliability with 𝑘 active 
components and 𝑛 − 𝑘 components in standby is obtained by 
(9). 

 𝑅𝑠(𝑡) = 𝑒−𝑘𝜆𝑡 ∑
(𝑘𝜆𝑡)𝑗

𝑗!

𝑛−𝑘

𝑗=0

 

Whenever one of the active components fails, one of the 
standby components is switched into operation. In (9), perfect 
switching and components with identical and constant failure 
rate is assumed. Warm redundancy is considered to be a mix of 
both hot and cold redundancy [18]. 

III. RESULTS AND DISCUSSION 

In this study the following assumptions were considered: 

 ECSS-Q-ST-30-02c guidelines and assumptions. 

 All components were assumed to have constant failure 
rates. 

 When not available from component datasheets, failure 
rates were obtained from Relex (Parametric Technology 
Corporation), reliability handbooks, components 
datasheets or technical reports. 

 The FMECA was conducted using a functional approach 
and to a level that the EDEN ISS team assumed to be able 
to repair or replace the components. 

 The duration of the mission is 12 months. 

 The EDEN ISS team stated in terms of crop success level 
the data in Table II. 

 All of the 40 LED panels (Fig. 2) were assumed to be of 
the ‘small’ LED panel type. In fact the system is 
composed of 22 small LED panels (of lower power) and 
18 tall LED panels (of higher power). The only 
difference between them is the power supply unit.  

 Due to the fact that the EDEN ISS team had initially 
planned to repair the LED panels to the part level, the 
FMECA of the ILS was conducted one level deeper than 
the component level. Thus, the failure rate of the LED 
panels was calculated as 3.16E-05 for the small LED 
panel and 3.12E-05 for the tall LED panel. 

 

 Within the NDS, there are on average five plant growth 
trays for each high pressure pump (HPP). In total there 
are eight HPPs. 

 Each growth tray is 0.66 m by 0.46 m with a crop growth 
area of 0.304 m2. 

TABLE II.  SUCCESSFUL CROP GROWTH AREAS RELATED TO MISSION 

SUCCESS 

Crop growth 
success level 

Crop growth area in 
percentage 

Crop growth area in m2 

Full success 100% - 96% 12.14 - 11.54 

Minor loss 95% - 86% 11.53 - 10.33 

Moderate loss 85% - 61% 10.32 - 7.29 

Major loss 60% - 0% 7.28 - 0 

 

TABLE III.  FAILURE MODES (FM) AND CRITICAL FAILURE MODES (CFM) 

COMPARISON 

Subsystem Total FMs CFMs 
Percentage of 
CFM per FM 

AMS 40 0 0% 

CDHS 35 8 22.86% 

ILS 11 0 0% 

NDS 58 0 0% 

PHMS 6 0 0% 

PS 13 2 15.39% 

TS 46 3 6.52% 

Sub-total 209 13 6.22% 

 

Table III lists the identified FMs for each system and the 
CFMs from (1) and compared the results with Table I. In total 
there were 209 FMs and 13 CFMs identified at the component 
level, implying that 6.22% of the FMs were CFMs.  

Table IV lists the FMs that had failure detection methods 
(FDM) and/or compensating provisions (CP). FDMs are related 
to detectability of a failure whether it is through visible or 
audible means, telemetry, warning devices, sensors or the effect 
of the failure itself. CPs are means by which an effect of a 
failure can be compensated. These can be design features such 
as redundancy, safety devices, or operator actions including 
preventive maintenance. In total there were 83 FMs with only 
FDMs, 14 FMs with only CPs, 58 FMs with both FDMs and 
CPs and 54 FMs without either FDMs or CPs. 

Table V lists for each critical failure mode (CFM) the ones 
that had FDMs and/or CPs. In total there were seven CFMs with 
only FDMs. Two CFMs with only CPs and four CFMs without 
either FDMs or CPs. The CFMs that have only FDM or none 
FDM and CP are the ones that should have more attention. The 
CFMs are:  

 On the TS, there are three CFMs, i.e. malfunction of a 
fan in the free cooler, leakage in the free cooler and 
failure of a three-way-valve responsible for controlling 
the inlet coolant temperature. 



 On the CDHS, three out of eight CFMs are single point 
failures (SPF), i.e. not providing Ethernet connections to 
control devices, not providing network connection 
between control system and components, safety system 
alarm box failure, four CFMs are related to the safety 
components and one CFM due to the failure of the 
control server PC. 

 On the PS, two SPFs, i.e. the malfunction of the UPS 
and failure of the fuses.   

 

TABLE IV.  FM, FMD, CP COMPARISON 

Subsystem 

FM and their FDM and/or CP 

FMs 
Only 
FDM 

Only CP 
FDM 
and CP 

None 

AMS 40 10 3 17 10 

NDS 58 25 0 21 12 

ILS 11 6 0 5 0 

TS 46 23 5 8 10 

CDHS 35 10 4 3 18 

PHMS 6 0 0 4 2 

PS 13 9 2 0 2 

Subtotal 209 83 14 58 54 

 

 

TABLE V.  CFM, FDM, CP COMPARISON 

Subsystem 

CFM and their FDM and/or CP 

CFMs FDM CP 
FDM 

and CP 
None 

AMS 0 0 0 0 0 

NDS 0 0 0 0 0 

ILS 0 0 0 0 0 

TS 3 2 0 0 1 

CDHS 8 3 2 0 3 

PHMS 0 0 0 0 0 

PS 2 2 0 0 0 

Subtotal 13 7 2 0 4 

 

 

 

 

 

 

TABLE VI.  PREDICTED FAULTY COMPONENTS IN THE LS AND NDS  

Growth 
success level 

LED 
failures 

Probability 
HPP 

failures 
Probability 

Full success 0 - 1 98.49% 0 81.87% 

Minor loss 2 - 5 1.51% 1 16.37% 

Moderate loss 6 - 15 0.00%a 2 - 3 1.75% 

Major loss 16 - 40 0.00%a 4 - 8 0.01% 

a. Success probability close to zero 

 

Although the LS, AMS and NDS showed no CFMs, 
subsequent reliability analysis was conducted due to the fact 
that these are unique systems to plant growth facilities. Hence 
a reliability assessment taking into consideration the data in 
Table II was conducted. For the ILS, every growth tray has its 
own LED panel. Cross multiplication makes it possible to 
estimate the number of LED panels that could fail for the 
different crop growth success levels. For full success, there 
cannot be more than one faulty LED panel. Based on (2) it is 
possible to estimate the amount of LED plates that will fail 
during the mission period. Therefore, three spares units for the 
tall LEDs and four spares for the small LEDs. For these 
components the EDEN ISS team had estimated four and six 
spares respectively. 

Similarly to the ILS, the same method was conducted with 
the HPP in the NDS. In this case, in order to obtain full success, 
there cannot be any faulty HPP. The number of any 𝑥 faulty 
units for a certain time period is evaluated with (5). Taking the 
amount of faulty components into consideration,  

TABLE VII.  AMS RELIABILITY ESTIMATION 

Subsystem λ(t) 
MTBF 

[h] 
Duty 
cycle 

Qty. 
units 

(spares) 

R(t) 

Air flow rate 
sensor 

8.80E-06 113636 100% 1 92.58% 

CO2 block 7.98E-6 125321 100% 1 93.24% 

Ductsa 2.88E-07 3467406 100% n.a. 99.75% 

Fansb 8,18E-06 122181 100% 2 (+2) 99.96% 

Heat exchanger 9.60E-06 104208 100% 1 91.93% 

Heaters 1.50E-06 667468 80% 1 98.95% 

HEPA filterc 7.61E-05 13149 100% 1 (+3) 99.51% 

Pre filter 3.00E-06 333333 100% 1 (+4) 99.99% 

Pressure 
differential 

sensor 
1.53E-07 6540222 100% 1 99.87% 

T and RH 
sensor 

2.88E-06 347439 100% 2 99.94% 

UV-C Lampd 1.11E-04 9000 100% 1 (+1) 74.53% 

VOC filter 3.00E-06 333333 100% 1 97.40% 

a. Ducts are considered as whole part 

b. Fans in active redundancy 

c. Data from design engineer calculations 

d. Data from component datasheet 



the probability values for full success level are 98.49% for the 
ILS and 81.87% for the NDS, as shown in Table VI. 

Table VII presents the failure rates, MTBF, duty cycles and 
the reliability values for each component in the AMS. For this 
subsystem, there is not a number of components per portion of 
cultivation area, but the AMS is used to condition the entire 
crop growth environment in the Future Exploration 
Greenhouse. Thus a reliability assessment of the entire system 
was conducted.  From all the stated components only the UV-C 
lamp and the HEPA filter had failure rate data available from 
datasheets or design team calculations. The remainder of the 
components had similar failure rates to the ones collected from 
Relex or other reliability handbooks. The AMS is considered to 
be fully functional if all the components are working. Through 
applying (7) a final AMS reliability (without the CO2 system) 
of 60.81% over the 12 month mission duration was obtained. In 
order to increase the overall reliability the number of spares of 
the least reliable component should be revised. Therefore as 
shown in Fig. 3 three UV-C spare lamps and one air flow sensor 
spare should be taken into consideration to obtain a 80.16% 
AMS reliability. 

Fig. 4 shows a pump with two outlets where in fact the 
design documents stated a more traditional pump with one 
outlet.  Different block diagrams have different functions and 
therefore different FMs and effects. Thus a clear block diagram 
is important for FMECA assessment. As a result the team 
changed the diagram to that illustrated in the right hand side 
Fig. 4 and the FMECA continued with the corrected 
configuration. 

The HPP tested in the EDEN Lab revealed a failure rate of 
6.52E-04 failures per hour or a MTBF of 1534.02 hours. Fig. 5 
presents a new architecture to increase the reliability of the 
HPP. Instead of having one HPP per rack, two HPPs can serve 
two growth racks with one operating in standby, and triggered 
by a switching device. In this configuration, the reliability 
increases from 81.87% to 98.25% with the same amount of 
components and same working conditions. The standby 
redundant HPPs can be considered as spares and therefore the 
total amount of HPPs to be ordered would be eight plus one 
spare due to expected failures of four operating units. In the end 
this would represent two less HPP to be acquired. 

CONCLUSIONS 

In summary, this paper highlights the results of the 
application of the ECSS FMECA to Antarctica missions as way 
to ensure safety, environmental compliance and reliable 
complex systems. Results show the majority of the CFMs are 
present in what could be considered as the more traditional 
systems like the CDHS, TS and PS whereas novel systems such 
as AMS, NDS and LS show no CFMs. The listed CFMs should 
concern the EDEN ISS team either for preventive maintenance 
or as required inspections to the associated components or 
subsystems. The FM assessment combined with the effects led 
the EDEN ISS team to add new detectability actions. These new 
detectability actions were only possible due to the existence of 
a wide variety of sensors and components connected to the 
CDHS. For example, the number of functioning aeroponic 
misters can be determined based upon the pressure measured 
with the HPP pressure sensor; in case of fire, the AMS should 
not add fresh air to the MTF; the detectability of faulty check 
valves, leakages or other failures in the NDS in the case of the 
water level inside the nutrient solution bulk tank does not 
increase following the activation of the fresh water pump.  

As future work, the EDEN ISS team should revaluate the 
CFMs and discuss new FDMs and CPs as well as preventive 
maintenance tasks. Also a reliability assessment of the entire 
system with suitable reliability tools is desired. During the trial 
phase the spares and early reliability analysis can be tested. For 
the Antarctica mission phase, a build-up of an optimized 
maintenance plan should be made in order to help the crew with 
their daily tasks in the Mobile Test Facility. 

 
Fig. 5. New design proposal for the HPP in the NDS including a stand-
by HPP. 

 
Fig. 3. Scatter plot showing the influence of UV-C lamp and air flow 
sensor spares on the AMS reliability. 
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Fig. 4. NDS block diagram improvement as a result of the FMECA. Left 
hand side the initially block diagram. Right hand side the updated block 
diagram. 
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