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Resumo 

As técnicas de confiabilidade, tradicionalmente utilizadas em sistemas aeroespaciais, podem 

também beneficiar sistemas Antárticos, melhorando-os do ponto de vista de fiabilidade, 

disponibilidade, manutenibilidade, e segurança. A presente tese demonstra a aplicação da 

análise do modo de falha, efeitos e criticidade (FMECA) em missões na Antártica. Como caso 

de estudo e de forma a comprovar a sua utilidade, foram aplicados ao EDEN ISS, projecto 

análogo a missões espaciais, os princípios gerais de FMECA sob a norma ECSS-Q-ST-30-

02C. O projecto EDEN ISS tem como objectivo demonstrar tecnologias de cultivação de 

plantas para a produção em segurança de alimentos em futuras missões espaciais, através 

da implantação de um módulo de estufa anexo à Estação Antártica Alemã Neumayer III. A 

análise de falhas do EDEN ISS recai sobre os seguintes módulos: sistema de gestão de ar, 

sistema de comando e manipulação de dados, sistema de iluminação, sistema de distribuição 

de nutrientes, sistema de controlo e distribuição e controlo de energia, sistema de 

monitorização de saúde das plantas e sistema de controlo térmico. O objectivo da presente 

tese é analisar os modos de falhas críticos, identificar os componentes críticos, e avaliar e 

melhorar as suas fiabilidades. Os resultados da análise beneficiaram o projecto EDEN ISS 

através da identificação de modos de falha críticos, do melhoramento de diagramas de bloco 

para montagem futura, tirando partido das funções, tanto dos componentes como dos blocos 

para novas medidas de segurança e de identificação de possíveis falhasse e diminuindo a 

quantidade componentes suplentes. 
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Abstract  

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. This thesis presents the utilisation of the failure mode, effects and 

criticality analysis to Antarctic missions. 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 analysis will be 

applied to the following subsystems; 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 aim of this thesis is 

to identify the critical failure modes of the EDEN ISS project and their critical components, and 

assess and enhance their reliability. 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 and decreasing the number 

of spare parts. 
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1. Introduction 

1.1. Motivation 

Throughout history, safety in the workplace was not always a main concern to companies, 

institutions or governments. However, when heavy, complex and polluting machinery was 

introduced to the work environment, safety turned into a basic issue. With globalization and 

the growth of international projects, safety regulations gained momentum, leading to the 

standardisation of project requirements. 

Regarding the space industry, the Apollo program was the promoter of these risk and safety 

assessments as applied to space missions. Such techniques were later adapted and used by 

different countries and space agencies such as the European standardization promoted by the 

European Space Agency (ESA). Space hardware is not only tested in microgravity, vacuum or 

the radiative environment of space. There are in fact, several projects that are verified in harsh 

Earth environments such as in deep water, hot deserts and polar deserts. For instance, 

Antarctica is the most well know cold desert for scientific studies and a very useful space 

analogue site. Around the 1900s the first expeditioners started to transport their own plants 

and plant growth infrastructure [1]. Such a demand led to a no-war agreements and treaties to 

ensure both peaceful scientific research while standing in conformity with the safe requirement 

to interact as little as possible with Antarctica’s fauna and flora [2] [3]. 

The EDEN ISS project is developing a bioregenerative life support system facility to test and 

verify new technologies in Antarctica for use on future crewed long duration space missions 

[4]. For this reason, EDEN ISS is identified as a space analogue mission and its safety aspects 

need to be assessed to ensure compliance with the treaties and requirements. This milestone 

can be assessed by many different RAMS (Reliability, Availability, Maintainability and Safety) 

techniques. Depending on the time and budget and the intended outcome, different techniques 

are more suitable than others. There are several ways to assess risk, but as proposed by the 

EDEN ISS team, the FMECA (Failure Modes, Effects and Criticality Analysis) was performed. 
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1.2. Objectives and structure of the thesis 

The main objective of this thesis is to analyse and classify the critical failure modes of the 

EDEN ISS project, identify their critical components, and assess and enhance their reliability. 

The thesis has the following structure: 

 Chapter 2 provides a brief history and explanation about FMECA and different available 

standards, followed by the process of how it was conducted in order to obtain the data; 

 Chapter 3 proceeds to reliability theory, series systems, parallel systems and k-out-of-

n systems, all the reliability theory used in the thesis is concisely explained; 

 Chapter 4 is a brief introduction to the EDEN ISS project explaining its purpose, mission 

and subsystems; 

 Chapter 5 presents the results of the analysis; 

 Chapter 6 discusses the previously obtained results; 

 Chapter 7 summarises the main results of the work and suggests further improvements 

as future work. 
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2. FMECA 

Failure Modes, Effects and Criticality Analysis (FMECA) is a tool that aids engineers and 

designers in better identifying failure modes, reporting their effects and evaluating how critical 

failure modes (CFMs) are for a project, system, subsystem or component mission to succeed. 

It is a bottom-up approach that addresses all the possible failure modes, usually, from a 

component up to the system level. This analysis can provide good input into analysis 

associated with the reliability availability and maintenance of the system [5]. 

2.1. General overview 

FMECA was originally developed by NASA to improve and verify the reliability of space 

program hardware, in the Apollo space program to mitigate risk. The Military Procedures 

document MIL-STD-1629A, “Procedures for Performing a Failure Mode Effect and Criticality 

Analysis”, published in 1980, is a military standard that establishes requirements and 

procedures for performing a FMECA, to evaluate and document the potential impact of each 

functional or hardware failure on mission success, personnel and system safety, 

maintainability and system performance [6]. 

Alongside MIL-STD-1629A there are other standards that either appeared after due to its 

cancelation or due to different industry branches’ needs and requirements. For instance, the 

IEC 61226 and IEC 61838 for the nuclear, the EN 50129 derived from the IEC 61508 for the 

railway, the ISO 26262 for the automotive, the ARP-4754/ED 79 for aeronautics, and the 

European Cooperation for Space Standardization (ECSS) for European space programs [7]. 

Prior to 1993 the safety standards in Europe were administrated at the National level and in 

some cases on a project by project basis. ESA used to interact with different national space 

agencies and with industry promoting projects by “Invitations to Tender”. Back then, ESA 

Procedures, Specifications and Standards documents were the first attempt of a 

standardization over space projects. Many of these are presently obsolete or have been 

replaced by more up-to-date standards such as ECSS.  

2.2. ECSS series 

Among the standards set list referred on the last chapter none were or are actually focused on 

space missions. The ECCS initiative developed standards for use in all European space 

activities, leading to the improvement of the quality and safety of space projects and products, 

reducing risk ensuring that space systems do not cause a hazard to human life, the 

environment, public and private property, major space and ground investments during their 

complete life cycle. By ECSS definition, “the purpose of a space project is to deliver to a 

customer a system which includes one or more elements intended for operation in outer 
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space”. This way the activities carried out by the system supplier are categorised into five 

domains: project management, engineering, production, operations, product assurance. For 

this thesis we are focused on reliability, availability, maintainability and safety activities that are 

included in the product assurance section. The ECSS is structured on three main branches, 

Space Project Management, Space Product Assurance, and Space Engineering regulated by 

the ECSS-S-ST-00 document. The safety standards under the product assurance branch, are 

then separated into product assurance (Q-10), quality assurance (Q-20), dependability (Q-30) 

and safety (Q-40). Under the Q-40 safety discipline three other categories can be listed, 

Dependability (Q-ST-30), Failure modes, effects (and criticality) analysis (Q-ST-30-02), 

Availability analysis (Q-ST-30-09) and Derating - EEE components (Q-ST-30-11) [8]. 

The ECSS-Q-ST-30c is the standard related to the FMECA. In this document a very simple 

and precise description of each step and the procedure of the FMECA is described on the 

following chapters. 

2.3. ECSS FMECA 

The ECSS FMECA described in the Q-ST-30-02c states the procedures to perform such 

analysis. Depending on the complexity or the design stage of the project, a functional approach 

can be more adequate than a hardware approach. The former is suitable when the design is 

still premature or have just started, commonly when the components have not be chosen yet. 

The latter is doable when a list of components exist and the design freeze has been 

accomplished. Moreover the literature suggest to start with a functional approach and used it 

as a pointer to a hardware one [9]. No matter which one, FMECA does only support a failure 

at time and depending on the available time and budget it can be drawn-out to higher levels till 

the lower item levels. The level of analysis is applied to the level at which the failure effects 

are assessed. Therefore it need not to be performed below the necessary level to identify 

critical items, requirements for design improvements and maintenance of components (either 

repairing or replacing them), i.e. in case of a breakdown pump, if the maintenance policy is to 

replace it and not to repair it, than the FMECA shall be performed until the component level, 

this case the pump, and not its internal components [9]. After performing the required lower 

level FMECAs, their integration leads to the updating and refinement of the analysis in an 

iterative manner, Figure 2-1. Meanwhile whenever a design change exists, FMECA should be 

updated and the effects of new failures should be added and carefully assessed. Although the 

FMECA is primarily a reliability task, it provides information and support to safety, 

maintainability, logistics, test and maintenance planning, and failure detection, isolation and 

recovery design [8] [10]. 
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Figure 2-1 Illustrative FMECA level of analysis from ESA webinar [11] 

2.4. FMECA procedure 

The starting point is with the block diagrams and possible design documents. These help the 

engineers to better identify the functions of the components, the interfaces or the lower and 

upper boundaries for mission success, defining the system, setting ground rules and 

assumptions. Once the function of the components are listed these are filled in a table as 

showed in Table 2.4.1-1. Then the possible failure modes are identified, their local and end 

effects assessed (local effects when different from the failure itself), classifying the failure’s 

effect with a severity level, assessing a possible failure rate or probability level ranking, 

obtaining the criticality of each failure mode (FM) and finally, defining failure detection methods 

(FDM) and compensating provisions (CPRO) [10].  
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The following descriptions were taken from [10]. 

2.4.1. Identification number 

 A unique number given to each entry on the FMECA worksheet used for traceability purposes. 

This column was left empty for the team to fill in as soon as all the components are chosen 

and the design freeze has been accomplished. 

2.4.2. Item/Block 

The name of the item or function being analysed, and the block of the block diagram that is 

applicable to the analysis entry. 

2.4.3. Function 

A narrative description of the product functions, and of each lower level function considered in 

the analysis, to a depth sufficient to provide understanding of the product and of the analysis. 

2.4.4. Failure mode 

The identification and description of the most probable causes associated with the assumed 

failure mode. From the oxford dictionary “failure” is the act of ceasing to function or the state 

of not functioning. “Mode” is defined as “a way in which something occurs”. Combining these 

two words emphasizes that the item does not meet the intended function or requirements. A 

failure mode should be a brief and concise description of how a product may potentially fail to 

perform or execute a required function. A better way to define a functional failure mode is to 

describe it as a “malfunction” or a “bad” function. This could include the cessation of a function, 

an interruption of a function, or some other disruption. The better the description of the function, 

the more precise and easy will be to assess the failure modes. Therefore the failure modes 

from the Functional FMECA and the Hardware FMECA will be different because the functions 

descriptive will be different as well [12]. I.e. the likely functional failure modes of a water pump 

are, pump does not transport water; pump transports water at a rate exceeding requirements; 

pump transports water at a rate below requirements, etc. Whereas the potential hardware 

Table 2.4.1-1 FMECA table example from [10] 
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failure modes for a water pump could be, pump will not run; pump will not start and/or the pump 

is degraded [13]. 

 

Figure 2-2 Graphical representation of integration requirements [10] 

2.4.5. Local effect 

Local effects concentrate specifically on the impact of the failure mode on the operation, 

function, or status of the item identified in the third column of the worksheet. The local effects 

are recorded when different from the failure modes. The purpose of defining local effects is to 

provide a basis for evaluating compensating provisions and for recommending corrective 

actions. 

2.4.6. End effect 

End effect is the consequence of an assumed item failure mode on the operation, function or 

status of the product under investigation and its interfaces. End effects define the effect that 

the analysed failure mode has on the operation, function, or status of the product under 

investigation and its interfaces, such that it allows integration into the next higher level FMECA. 

End effects identified by FMECA of each level shall become failure modes of their associated 

FMECA performed at one level higher as showed in Figure 2-2. 

2.4.7. Severity classification 

The severity category classification, based on failure consequences, shall be assigned to each 

identified failure mode. Severity categories shall be assigned without consideration of existing 

compensating provisions. The existence of redundancy does not affect the severity 

classification and there-fore relevant severity number. In Table 2.4.7-1 the highest numbers 

indicates the most severe categories. 
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Table 2.4.7-1 Severity consequences 

Severity 

level 

Severity 

category SN 

Description of consequences (failure effects) 

Dependability 

effects 

(as specified in  

ECSS-Q-ST-30) 

Safety effects 

(as specified in ECSS-Q-ST-40) 

1 Catastrophic 4 Failure propagation Loss of life, life‐threatening or 

permanently disabling injury or 

occupational illness 

Loss of an interfacing manned flight 

system. 

Severe detrimental environmental 

effects. 

Loss of launch site facilities. 

Loss of system. 

2 Critical 3 Loss of mission Temporarily disabling but not life‐

threatening injury, or temporary 

occupational illness 

Major detrimental environmental 

effects. 

Major damage to public or private 

properties. 

Major damage to interfacing flight 

systems. 

Major damage to ground facilities. 

3 Major 2 Major mission 

degradation  

4 Minor or 

Negligible 

1 Minor mission 

degradation 

or any other effect  

 

2.4.8. Failure detection method 

An explanation of the means by which a failure can be identified. The FMECA worksheet shall 

identify the failure detection method and the observable symptoms. The failure detection 

means include telemetry (exact label), visual or audible warning devices, sensing 

instrumentation, other unique indications (e.g. the failure effect itself), or none. 
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2.4.9. Compensating provision 

The compensating provisions, such as design provisions or operator actions, which circumvent 

or mitigate the effect of the failure. Compensating provisions (CPRO) are considered design 

provisions when they feature a design that nullifies the effects of a malfunction or failure, 

control, or deactivate product items to halt generation or propagation of failure effects, or 

activate backup or standby items. Design compensating provisions include: redundant items 

or alternative modes of operation that allow continued and safe operation, and safety or relief 

devices which allow effective operation or limit the failure effects. Operator actions 

compensating provisions are considered operator actions when the operator circumvents or 

mitigates the effect of the postulated failure mode. 

2.4.10. Severity number 

The severity number (SN) is a number based on a table from [10] assigned to each assumed 

failure mode, third column in Table 2.4.7-1. 

2.4.11. Probability number 

An assessment of the probability of occurrence of the assumed failure mode and the relevant 

probability number (PN) as in Table 2.4.11-1. 

Table 2.4.11-1 Probability levels, limits and numbers 

Level Probability limits Probability number (PN) 

Probable P > 1E-1 4 

Occasional 1E-3 < P ≤ 1E-1 3 

Remote 1E-5 < P ≤ 1E-3 2 

Extremely remote P ≤ 1E-5 1 

2.4.12. Criticality number 

The FMECA worksheet shall contain a criticality number (CN) assigned to each assumed 

failure mode. The CN for a specific failure mode shall be derived from the severity of the failure 

effects and the probability of the failure mode occurrence as in (1). 

 𝐶𝑁 = 𝑆𝑁 ∗ 𝑃𝑁 (1) 

An item shall be considered a critical item if: 

 A failure mode has failure consequences classified as catastrophic, or 

 A failure mode is classified as CN greater or equal to 6 in conformance with Table 

2.4.12-1 
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Table 2.4.12-1 Criticality matrix 

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 

 

2.4.13. Recommendations 

Recommendations for corrective actions shall be noted. Each recommendation shall have a 

non-ambiguous identifier for tracking purposes. 

2.4.14. Remarks 

The FMECA worksheet shall contain any pertinent remarks relevant to and clarifying 

any other column in the worksheet line. 
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3. Elements of component reliability  

Assessment of the reliability of a system from its basic elements is one of the most important 

aspects of reliability analysis. In reliability analysis, it is therefore important to model the 

relationship between various items as well as the reliability of the individual items to determine 

the reliability of the system as a whole. “Reliability” can be described as the probability of an 

item to operate its planned function under a certain amount of time without failing [5]. The 

concept of reliability as a probability means that any attempt to quantify it must be involve the 

use of statistical methods such as probability distribution functions. 

3.1. Reliability distribution functions 

Hazard rate is an important function in reliability analysis since it shows changes in the 

probability of failure over the lifetime of a component. In most of the cases the hazard function 

has a bathtub shape referred as bathtub curve as in Figure 3-1. This is a parametric rate 

function that identifies failure patterns of components and it is characterized by three distinct 

regions. The first region is called the infant mortality or early failure phase. In this region the 

failure rate 𝜆1, decreases over time mainly due to early failures in design. The second region 

is called design life or useful life characterized by a constant failure rate resulting from normal 

usage of a component. The last region, the wear out phase, is where failure modes follow an 

increasing failure rate. This is when the component is running up to a non-repairable state and 

simply deteriorates. For each region there are more suitable statistical distributions than 

others. The Weibull distribution is a two-parameter distribution that can shape all three regions. 

As this thesis will address components in their service life only that region will be of interest.  

                                                
1 The failure rate of an item is the ratio between the numbers of failures per unit of time and is typically expressed 
in or failures/hours. 

 

Figure 3-1 Bathtub curve 
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For each region there are more suitable statistical distributions than others. The Weibull 

distribution is a two-parameter distribution that can shape all three regions. As this thesis will 

address components in their service life only that region will be of interest [5] [14] [15] [16] [17]. 

3.1.1. Exponential distribution 

The exponential distribution is the most frequently used distribution in reliability analysis, due 

to the fact that it gives the simplest constant hazard rate model, which corresponds to the most 

real scenarios. In general, it is considered as a good model for representing systems and 

complex, non-redundant components consisting of many interacting parts [18]. In chapter 3.2 

the redundant cases will be discussed. The exponential distribution survival function 𝑅(𝑡), 

density 𝑓(𝑡) in, and hazard rate ℎ(𝑥) are given by (2), (3) and (4) respectively. 

 𝑅(𝑡) = 1 − 𝐹(𝑡) = 1 − ∫ 𝑓(𝑡)𝑑𝑡
𝑡

0

= exp (−𝜆𝑡) (2) 

 𝑓(𝑡) = 𝜆 ∗ exp (−𝜆𝑡) (3) 

 ℎ(𝑥) = 𝜆 (4) 

In Figure 3-2, the survival behaviour or reliability is described starting with a low failure 

frequency and from there, decreases continuously to a high failure frequency, on the other 

hand the failure probability is exactly the opposite. The exponential distribution describes all 

the situations wherein the failure rate is constant [15].  

 

Figure 3-2 Reliability function versus unreliability function 

 

The failure rate at time 𝑡 may be interpreted as a measurement for the risk that a component 

will fail, with the prerequisite that the component has already survived up to that point. The 

failure rate 𝜆(𝑡), may be calculated as the quotient of these two functions as showed in (5), 

where in (6), the mean time between failure (MTBF) is the inverse of the failure rate function, 

expressed in hours. 
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𝜆(𝑡) =

𝑓(𝑡)

𝑅(𝑡)
  (5) 

 
𝑀𝑇𝐵𝐹 =

1

𝜆
  (6) 

One good estimation for the failure rate is given by equation (7). 𝑁𝑓(𝑡)/𝑁𝑠(𝑡) is the estimation 

of the probability that the components will fail in the interval 𝑡, since 𝑁𝑓(𝑡) represents the 

number of faulty components observed in the interval and 𝑁𝑠(𝑡) represents the total number. 

Dividing this quantity by ∆𝑡, the estimation of failure rate is obtained [18] [19],  

 
𝜆(𝑡) =

𝑁𝑓(𝑡)

𝑁𝑠(𝑡)∆𝑡
  (7) 

Similarly, one may estimate the number of expected faulty components during 𝑇 period, based 

on some given failure rate as in (8). 

 𝑓𝑎𝑢𝑙𝑡𝑦 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠 =  𝜆(𝑡) ∗ 𝑇  (8) 

Sometimes due to the lack of reliability data, the assessment of a component`s reliability may 

require use of generic failure data adjusted by different factors that influence the failure rate. 

These factors may be, environmental factors, design factors or operating factors [5]. In other 

cases like in the cancelled MIL-HDBK-217, a mathematical method may be used to predict 

component failure rates based on quality, design and environmental factors. For this thesis the 

first source of reliability information was taken from component datasheets, the second option 

was employed and used a software package called RELEX that comes with a vast database 

of failure rates. If both previous options have no failure rate data, then other reliability 

handbooks were used. Such related uncertainties are address on chapter 6. 

3.1.2. Poisson process 

When the distribution function is exponential, the process is said to be a homogeneous Poisson 

process (HPP). In a Poisson process the following statements are verified [20]: 

 The process is memoryless. In other word the number of occurrence is 

independent of the history of the phenomena; 

 The probability of 𝑥 events in a certain time interval depends on the length of 

the time interval. 

The Poisson distribution is a discrete function that may be used to find the probability of having 

x events occurring in a certain period of time. Events may be failures that happen at a constant 

failure rate and the waiting time to the first such event has an exponential distribution with 

parameter 𝜆 [15]. 
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The probability Poisson distribution is given by (9). 

 
𝑓(𝑥) =

(𝜆𝑡)𝑥

𝑥!
exp(−𝜆𝑡) (𝑥 = 0,1,2, … )  (9) 

Where 𝑥 is the number of failures during time 𝑡, 𝜆 the failure rate and 𝑓(𝑥) the probability of 𝑥 

successes [21].  

3.2. Reliability of block diagrams  

In some cases, the manner in which an item fails is important for system failure and should be 

considered in the system reliability analysis components, which allow us to determine overall 

system reliability. RBD’s are block diagrams of a system showing all essential functions 

required for a systems operation. They do not necessarily show how the components are 

physically connected. RBD are frequently used to model the effect of item failures on system 

performance. This way RBD may aid on the assessment of reliability of a system or a systems 

of systems [5] [18] [22]. Complex systems are a mixed of parallel and series of systems and 

depending on the costs and reliability requirements there are different design configuration 

scenarios. Usually the more the complex or critical a system is the more redundancy designs 

will be. From a reliability point of view, a system has no redundancy if all elements must work 

in order to fulfil the required function. High reliability, availability and or safety at equipment or 

system level might often only be reached with the help of redundancy. There are three types 

of redundancy, 

 Active Redundancy (parallel, hot): Redundant elements are subjected from the 

beginning to the same load as operating elements. When one component fails all the others 

shall withstand with the loads to fulfil the operation requirements. 

 Warm Redundancy (lightly loaded): Redundant elements are subjected to a 

lower load until one of the operating elements fails. More common in IT networks, for instances 

two servers are required at same time but only one is used. 

 Standby Redundancy (cold, unloaded): Redundant elements are subjected to 

no load until one of the operating elements fails. Usually a switching device will trigger a 

secondary component when the first fails [23] 

3.2.1. Series system 

The series system consists of 𝑛 inline elements that have assigned different functions. In this 

case if one component fails then the entire system fails. In Figure 3-3 is presented the series 

diagram example whereas equations (10) and (11) represent the reliability and failure rate 

equations for a 𝑛 series system. 
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Figure 3-3 Series block diagram [14] 

 

𝑅𝑠(𝑡) = ∏ 𝑅1(𝑡)𝑅2(𝑡) … 𝑅𝑖(𝑡)

𝑛

𝑖=1

  (10) 

 
𝜆𝑠(𝑡) = ∑ 𝜆𝑖(𝑡)

𝑛

𝑖=1

 

 (11) 

3.2.2. Parallel system 

A parallel system consists of 𝑛 side-by-side components that either shares the same function 

or the function of one element it is not crucial for the system to be operable. If one component 

fails the system will still be functional. In Figure 3-4 is presented the parallel diagram example 

whereas equations (12) and (13) represent the reliability and failure rate equation for a 𝑛 

parallel system.  

 

Figure 3-4 Parallel diagram reliability function and failure rate function [14] 

 

𝑅𝑠(𝑡) = 1 − ∏(1 − 𝑅1(𝑡))(1 − 𝑅2(𝑡)) … (1 − 𝑅𝑖(𝑡)

𝑛

𝑖=1

)  (12) 

 
𝜆𝑠(𝑡) =

𝑓𝑠(𝑡)

𝑅𝑠(𝑡)
=

∑ (𝑓𝑖(𝑡) ∏ [1 − 𝑅𝑖(𝑡)])𝑗≠𝑖
𝑛
𝑖=1

1 − ∏ (1 − 𝑒∫ 𝜆𝑖(𝑥)𝑑𝑥
𝑡

0 )𝑛
𝑖=1

 
 (13) 

A special case In the parallel system, when all the components have constant and same failure 

rate 𝜆, the system failure rate simplifies as in (14). 

 
 

𝜆𝑠(𝑡) =
𝑛𝜆𝑒−𝜆𝑡(1 − 𝑒−𝜆𝑡)

𝑛−1

1 − (1 − 𝑒−𝜆𝑡)𝑛
  (14) 

3.2.3. K-out-of-n system 

A k-out-of-n system is a system where at least k components need to be working out a total of 

n for the system to work with success. Since the n is usually larger than k, redundancy is 

generally built into a system like this. Both parallel and series system are special cases of the 
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k-out-of-n system. In a cold standby system, standby components do not fail. Thus, only the 

active components, sensing and switching mechanisms are matter of concerned. If a cold 

redundant system with independently and identically distributed components is presented then 

redundant components are considered as idle ones or spares with zero failure rate. The 

reliability for such system with k active components and n-k components in standby is obtained 

by (15).  

 

𝑅𝑠(𝑡) = 𝑒−𝑘𝜆𝑡 ∑
(𝑘𝜆𝑡)𝑗

𝑗!

𝑛−𝑘

𝑗=0

  (15) 

In this type of systems, whenever one of the active components fails, a standby component is 

switched into operations. In most cases the switching is considered to be perfect with reliability 

equal to 100% 
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4. EDEN ISS 

The EDEN ISS project, foresees the investigation and validation of essential higher plant 

cultivation technologies and operational strategies, suitable for future deployment on-board 

ISS, transient facilities and Moon or Mars habitats. The EDEN ISS project aims to validate 

selected subsystems and key technologies up to a TRL of 6 according to the standards 

described in the Technology Readiness Levels Handbook for Space Applications of the ESA. 

Therefore, the project will demonstrate operational capability of key technologies in an 

environment, similar in certain relevant characteristics to space. A dedicated test campaign at 

the Neumayer Station III in Antarctica is planned, where a deployed mobile test facility will be 

operated by an isolated overwintering crew of nine members. This deployment will also be a 

preparatory research activity for a future plant production system for the ISS [24]. 

The following key technologies and procedures will be advanced beyond the state-of-the-art:  

 Nutrient delivery system (NDS) with a nutrient film technique with aeroponic system; 

 A closed air management system (AMS) including CO2 enrichment; 

 A water cooled illumination system (ILS). 

The EDEN ISS consortium defined six objectives due to the level of key technologies in use 

for space greenhouses. 

Objective 1 Manufacturing a space analogue mobile test facility to provide representative 

mass flows and proper test environments for plant cultivation technologies as 

an essential on ground preparatory activity for future space exploration. 

Objective 2 Integration and test of key elements for plant cultivation in 1) an ISPR-like 

system (International Standard Payload Rack) for future tests on-board ISS 

and 2) a Future Exploration Greenhouse (FEG) to prepare for closed-loop 

bio-regenerative life support systems. 

Objective 3 Adaptation, integration, fine-tuning and demonstration of key technologies 

and their functionality in respective laboratory environments and (under highly 

isolated conditions) in an Antarctic environment. 

Objective 4 Development and demonstration of operation techniques and processes for 

higher plant cultivation to achieve reliable and safe production of high-quality 

food. 

Objective 5 Study of microbial behaviour and countermeasures in plant-based closed 

ecosystems and their impacts on isolated crews. 
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Objective 6 Actively advancing knowledge related to human spaceflight and 

transformation of research results into terrestrial applications, by actively 

leveraging synergies between space and non-space consortium partners. 

 

The Mobile Test Facility (MTF) is composed of two adjoined 20 ft containers (Figure 4-1). In 

one of the containers there is the Future Exploration Greenhouse (FEG) and in the other is the 

Service Section (SS) in addition to a small entry Cold Porch (CP) (Figure 4-2). 

 

Figure 4-1 CAD rendering of the EDEN ISS Mobile Test Facility 
 

 

Figure 4-2 EDEN ISS top view showing the FEG section on the left, and the main service 
section and cold porch on the right 

 

The FEG is where the crops will be grown and can be easily compared as a greenhouse. The 

SS is where the crew member will monitor all the MTF systems, perform cleaning procedures 
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and crop analyses. The cold porch (CP) is an entry room where the crew can change from 

their winter clothes to more adequate working clothes 

There are four subsystems that should be highlighted; illumination system, nutrient delivery 

system, air management system and the plant heath monitoring system (PHMS). These are 

newly designed systems, developed specifically for the ‘unique’ application of an Antarctic 

greenhouse. Also these are the ones most related to the crops in the FEG rather than the rest 

of the systems that are related to the integrity of the entire MTF. The remaining subsystems 

are the command and data handling system (CDHS), the thermal system (TS) and the power 

control and distribution system (PCDS). 
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5. Case study  

As a result of this case study, the author has published a refereed paper on IEEE International 

Symposium of Systems Engineering conference proceedings [25].  

This chapter presents and describes the results from FMECA tables presented in Annex – A. 

The following assumptions and considerations were taken into consideration when performing 

the analyses: 

 Only one component at time; 

 One failure and only one at time; 

 Functional approach; 

 All the failure modes are at component level with exception of the ILS system which 

goes down to item level (see Figure 2-1 and Figure 2-2 for reference); 

 The probability level or the failure rate of the components were taken from component 

data sheets, RELEX software, others such as [26] [27]; 

 The compensating provisions taken in consideration were redundancy, safety 

components (i.e. relief valves, vents) and operator actions related to the mandatory 

daily tasks (i.e. when refiling the fresh water tank in the SS the operator is able to see 

if there are leaks, filter is clogged, the pump is not working or connections and 

interfaces between components are loose or disconnected). 

5.1. Illumination system [28] 

5.1.1. Ground assumptions and system requirements 

The illumination system consists of a set of 40 dimmable water cooled LED lamps, intended 

to illuminate all crops in all chambers with good spectral quality light. This is defined as both 

good, light quantity and light quality. Light quantity is stated as the amount of Photosynthetically 

Active Radiation (PAR) provided, where the quality is in fact the wavelength ratio. Since there 

is no detailed data about the exact wavelength ratio for growing crops, the EDEN ISS will 

primarily use the ratio presented in Table 5.1.1-1. During the mission this values might change 

depending on the crop growth stage and species. 

Table 5.1.1-1 LED plate light requirements 

Light quantity Light quality 

tall plants up to 600 μmol m-2 s-1 15% blue (400-500 nm) 

short plants up to 300 μmol m-2 s-1 10% green (500-600 nm) 

germination chamber 200 μmol m-2 s-1 75% red (600-700 nm) 
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The illumination system is composed by two types of water cooled LED plates. For each tray 

there is one LED plate and depending on the crop beneath it, the LED is either a “small LED 

plate” or a “tall LED plate”. The only difference is the power supply unit. 

5.1.2. FMECA outlines 

Despite the argument that FMECA shall be performed until the level in chapter 2 at the time of 

this analysis, the spares of the supply units and LED lens were being discussed. For this 

reason FMECA goes one level deeper into the items inside both LED plates. As showed in 

Table 5.1.2-1, there were 11 failure modes identified, where nine failure modes had a SN of 

one and a PN of one and two failure modes with a SN of two and PN of one. 

Table 5.1.2-1 ILS number of identified failure modes per SN and PN 

Number of failure modes (FMs) Severity number (SN) Probability number (PN) 

9 1 1 

2 2 1 

 

Despite the fact of possible water leakages due to the water cooling loop, the system could 

still properly work and perform its intended main function, illuminate the crops. This way, most 

of the failure modes were justified as severity of one where the leakages were ranked with a 

severity number of two. Table 5.1.2-2 compares the total FMs against failure detection methods 

(FDM), compensating provisions (CPRO), FDM and CPRO or none of them. Six FMs have 

only FDM whereas five have both FDM and CPRO. 

Table 5.1.2-2 ILS listed FMs and their FDM and/or CPRO 

FMs Only FDM Only CPRO FDM and 

CPRO 

None 

11 6 0 5 0 

 

5.1.3. Criticality 

Table 5.1.3-1 lists the amount of the obtained FM per criticality number (CN). Nine FMs 

classified with a CN of one and two FMs with a CN of two. Even though the crops need light 

to grow the analysis shows that the illumination system has no critical components. The reason 

why is because for each growing tray there is one LED plate, only representing 2.5% 2of the 

total growth area, therefore the severity of one faulty LED plate, taking into consideration data 

                                                
2 Each tray has 0.3036 m2 and total growth area is 12.144 m2 
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from Table 5.1.4-3, is one . As FMECA cannot assess the success probability for the 40 LED 

plates a reliability assessment was conducted. 

Table 5.1.3-1 ILS total FM per CN 

Criticality number (CN) Number of failure modes (FMs) 

1 9 

2 2 

 

Table 5.1.3-2 ILS listed CFMs and their FDM and/or CPRO 

CFMs FDM CPRO FDM and 

CPRO 

None 

0 0 0 0 0 

 

There were no critical failure modes identified for this system (Table 5.1.3-2). 

5.1.4. Reliability assessment 

The EDEN ISS team states the success level in terms of growth percentage on the first, second 

and fourth columns of Table 5.1.4-3. In order to achieve the success probability of no more 

than two faulty LED plates, a Poisson distribution was chosen as justified in chapter 3.1.  

To get the reliability of the LED plate a computation of its different items was conducted. The 

LED plate is made of four items. A CPU unit, a PSU, a LED plate and a cold plate. The cold 

plate is only fully operable in the case when all the first three items are working. For this reason, 

the system is said to be a k-out-of-n type, precisely a 3-out-of-4 where the cold plate is the 

forth element that, may fail not compromising with the success of the LED plate. In fact the 

reliability of the cold plate has not taken into consideration, because there is simply no data 

available. Therefore the system is a series of the reaming three items (a less reliable LED 

plate, the cold plate will extend the lifetime of the rest of the items by keeping them at a low 

and constant temperature). The reliability value may be computed as in equation (10). 

Table 5.1.4-1 Reliability data for both small and tall LED panel for a 12 month period 

Item 
Small LED panel Tall LED panel 

MTBF [h] R(t) MTBF [h] R(t) 

PSU 192200 97.01% 207900 97.23% 

CPU 157000 96.35% 157000 96.35% 

LED 50000 88.97% 50000 88.97% 
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The MTBF of the items listed in Table 5.1.4-1 were taken from the component’s datasheets, 

using equation (2) the reliability of each item was obtained. Multiplying all the reliability values 

for both small LED and tall LED panel, the results in Table 5.1.4-2 were obtained. 

Table 5.1.4-2 Reliability for each LED plate for 12 month period 

Small LED plate reliability Tall LED plate reliability 

83.15% 83.34% 

 

Now that there is a R(t) for each type of LED it is possible to compute the probability of mission 

success based on the crop growth percentage. To simplify the calculations it was assumed 

that all the 40 units are all small growing LED plates (because the reliability between the small 

and tall LED plate only drifts apart by about 0.23%, in the end this can be seen as the worst 

scenario). 

Table 5.1.4-3 Crop growth success level related to the growing area and the number of 

operating LED plates 

Percentage of 

growing area 
Growing area [m2] 

Number of 

inoperable LED 

plates 

Crop growth 

success level 

100% - 95% 12.14 – 11.53 0 – 1 Full success 

95% - 85% 11.53 – 10.32 2 – 5 Minor loss 

85% - 60% 10.32 – 7.28 6 – 15 Moderate loss  

60% - 0% 7.28 - 0 16 - 40 Major loss 

 

Applying the Poisson distribution equation (9), it was possible to compute the probability of the 

listed number of inoperable LED plates in the third column of Table 5.1.4-3. This way the 

results in Table 5.1.4-4 were obtained. 

Table 5.1.4-4 Probability of mission success function of faultless LED plates 

Crops growth success level Probability for 12 months 

Full success 98.49% 

Minor loss 1.51% 

Moderate loss 0.00% 

Major loss 0.00% 
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In conclusion, the results from the Poisson distribution illustrate how likely the crop grow 

success is in terms of number of inoperable LED plates In addition to this result, it was possible 

to estimate the number of spare parts for each LED plate, both tall and small. By simply solving 

equation (2) in order to isolate 𝜆 and thus using the reliability values from Table 5.1.4-2 the 

failure rates may be obtained. Using equation (8) for a 12 month period, the expected faulty 

components on that period can be obtained as in Table 5.1.4-5. 

Table 5.1.4-5 Number of LED plate spares 

 Small LED plates Tall LED plates 

Failure rate 3.157E-05 3.118E-05 

Total units 22 18 

Total spares ordered 6 4 

Number of expected failures during a 12 

month mission 

4 3 

5.1.5. Design changes 

This system had no design changes due to FMECA. 

5.1.6. Remarks 

The FMECA analysis led to a few questions regarding the system interfaces, design and 

detectability measures.  

 The LED plates have a built-in temperature sensor that switches it off if it goes over 

50ºC. In general, temperatures above 25ºC are undesirable because both the thermal 

system and the air management system will over work to reduce the produced heat 

and the growing trays just above the LED plates can absorb part of that heat which is 

harmful for the plant roots. This sensor should therefore be an important indicator, as 

a failure detection method, for the crew to monitor on a daily basis. 

 The most undesirable effect, which will be tested during the test phase, is the 

condensation on top of the LED plate. Given the expected conditions, the gap till the 

dew point is to narrow, about 5 ºC which a small change on the environment in the FEG 

can lead to this effect. The only way to detect it, is giving to the crew the task to check 

the top part of the LEDs and adjust the FEG environment parameters, neglecting the 

condensation. 
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5.2. Nutrient delivery system [29] 

5.2.1. Ground assumptions and system requirements 

The nutrient delivery system is composed of four different blocks. It can be divided into a fresh 

water supply block, the nutrient solution block, the irrigation system and a waste water system. 

In the fresh water system there is a fresh water tank to store both fresh water, manually carried 

by the crew from the Neumayer III Station and condensed water, from the air management 

system. The fresh water is then pumped to two separated nutrient solution bulk tanks where 

the nutrients and acid/base will be added autonomously. The two tanks will allow the system 

to irrigate the crops with different solution compositions depending on the crop growth stage 

and species, on the other hand, this can be interpreted as a redundant block, one tank can 

also supply all the crop needs but with the drawback of being the same nutrient solution for all. 

For each bulk tank there is a fully redundant sensor loop, composed of an electrical 

conductivity sensor, a temperature sensor, a dissolved ozone sensor and a pH sensor that will 

ensure the right composition and temperature of the nutrient solution. Ozone will be added as 

needed to prevent microbial growth in the bulk nutrient solution tanks. The nutrient solution is 

then pumped by a set of high pressure pumps (HPP). These will work in an unsynchronised 

way delivering the right nutrient solution pressure to each tray. Each HPP will have one rack 

and on each rack there will be four growth trays (on average) with a certain amount of 

aeroponic misters (from four to eight). Every time a HPP is triggered, the nutrient solution is 

sprayed inside the growth tray, providing a mist of the solution to the roots. The excess water 

is then gravity assisted trough the piping, going to a sump returning pump. These components 

will pump the rest of the nutrient solution back into the nutrient solution tank. Finally, the waste 

water block is composed of two flood pumps, one on each subfloor section both in the Future 

Exploration Greenhouse (FEG) and in the Service Section (SS). This will prevent possible 

condensed water or leaks to flood the subfloor. Also the waste water from the basin located in 

the SS will be gravity assisted into the waste water tank. The waste water is manually removed 

trough a pump as required. The crew will be responsible to ensure that the waste water is 

safely transported to the NW-III station for future treatment. 

5.2.2. FMECA outlines 

The NDS has a total of 55 FMs. Table 5.5.2-1 summarises the amount of FM per severity 

number and probability number. In this system there were identified 21 failure modes with a 

SN of one and a PN of one, 13 failure modes with a SN of one and a PN of two, 21 failure 

modes with a SN of two and a PN of one and three failure modes with a SN of three and a PN 

of one. 
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Table 5.2.2-1 NDS listed FMs and its SN and PN 

Number of failure modes 

(FMs) 

Severity number (SN) Probability number (PN) 

21 1 1 

13 1 2 

21 2 1 

3 3 1 

 

Table 5.2.2-2 shows out of the total FMs how many had FDM, CPRO, FDM and CPRO or none 

of them. 25 FMs have only FDM, 21 FMs have both FDM and CPRO where 12 FMs are either 

undetectable or circumvented. 

Table 5.2.2-2 NDS listed FM and their FDM and/or CPRO 

FMs Only FDM Only CPRO FDM and 

CPRO 

None 

58 25 0 21 12 

 

5.2.3. Criticality 

Table 5.2.3-1 lists the amount of the obtained FM per CN. 21 FMs classified with a CN of one, 

34 FMs with a CN of two and three FMs with a CN of three. 

Table 5.2.3-1 NDS total FM per CN 

Criticality number (CN) Number of failure modes (FMs) 

1 21 

2 34 

3 3 

 

Table 5.2.3-2 NDS listed CFMs and their FDM and/or CPRO 

CFMs FDM CPRO FDM and 

CPRO 

None 

0 0 0 0 0 

 

There were no identified critical failure modes (Table 5.2.3-2). 
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5.2.4. Reliability assessment 

The function of the high pressure pumps is to pressurize the nutrient solution and spray it 

through the misters to feed the crops. These have demonstrated a low mean time between 

failures in the laboratory test phase, 15343 hours of MTBF. The EDEN ISS team states for the 

next phase an updated operating time of 306.6 hours per year. Given the MTBF, the operating 

time and equations (2) and (6), the reliability value of 81.87% for each HPP was obtained. In 

fact this represents a low reliability value, however they do not represent a critical component 

by FMECA. The analysis done in 5.1.3 is the same used but now, regarding the high pressure 

pumps. From the last EDEN ISS NDS design [29], there was one high pressure pump per rack, 

where a rack is composed by four trays. One tray has a maximum expected growing area of 

0.3036 m2. In total there are eight high pressure pumps and therefore it is possible to calculate 

how much area each HPP will water (Table 5.2.4-1). 

Table 5.2.4-1 Growth area for each tray and HPP 

 Area [m2] 

Tray 0.304 

Growth area 12.144 

HPP 1.518 

 

Table 5.2.4-2 Crop growth success level related to the growing area and the number of 
operating HPPs 

Percentage of 

growing area 

Growing area [m2] Number of 

inoperable HPP 

Crop growth 

success level 

100% - 95% 12.14 – 11.54 0 Full success 

95% - 85% 11.54 – 10.32 1 Minor loss 

85% - 60% 10.32 – 7.29 2 – 3 Moderate loss  

60% - 0% 7.29 - 0 4 – 8 Major loss 

 

Applying the Poisson distribution equation (9), it was possible to compute the probability of the 

listed number of inoperable HPPs in the third column of Table 5.2.4-2.It indicates that for full 

success no failures can occur, for minor success only one faulty HPP is permitted, for a 

moderate loss two to three and a major loss from four up to eight failures on the HPPs. 

                                                
3 With a period of 1.5 years at 5% duty cycle and a total of seven HPPs where three have failled, using 
equation (7) the value of 1534.02 was obtained. Data from EDEN team. 
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Table 5.2.4-3 Probability of mission success function of faultless high pressure pumps (HPPs) 

Crops growth success level Probability for 12M 

Full success 81.87% 

Minor loss 16.37% 

Moderate loss  1.75% 

Major loss 0.01% 

 

Table 5.2.4-3 illustrates how likely the crop growth success is in terms of faulty HPPs. 

Additionally, it was possible to estimate two spare parts for the HPPs. By simply solving 

equation (2) in order to isolate 𝜆  and using equation (8) for a 12 month period the expected 

faulty components on that period can be obtained Table 5.2.4-4. 

Table 5.2.4-4 Number of high pressure pump (HPP) spares 

 HPP 

Failure rate [h-1] 6.519E-04 

Total units 8 

Total spares ordered 2 

Number of expected failures during a 12 month mission 2 

 

5.2.5. Design changes 

Due to the low reliability of the HPPs, it was proposed a new design. Considering a cold 

redundancy layout with perfect switching as in Figure 5-1. Using the failure rate of one HPP 

from Table 5.2.4-4 and using equation (15), where k is equal to 1 and n is equal to 2, it was 

obtained a final reliability of 98.25%, much more than the previous 81.87%. 

 

Figure 5-1 New design proposal for the HPP in the NDS including a stand-by HPP 

The questionable drawback of this layout, is related to the spray effect from the misters on the 

upper trays whereas the pressure might not be adequate. Also this design would only require 
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one HPP spare. The reason why is because with this layout only four HPP are working (and 

not eight as the previous design layout), thus with equation (8), for four HPPs and a failure rate 

of 6.519E-04 hours-1 (from Table 5.2.4-4), for the 12 months period only one faulty HPP is 

expected. 

5.2.6. Remarks 

The FMECA analysis led to a few questions regarding the system interfaces, design and 

detectability measures. 

 Due to high amount of data sent from sensors and components to the control and data 

handling system (CDHS), in the water flow piping, it is possible to add new detectability 

methods. I.e. between the fresh water pump and the nutrient solution tank it is possible 

to detect possible failures, but not precise ones. In this process, the pump is triggered 

by the CDHS and until the water arrives at the nutrient solution tank it goes by an 

accumulator, piping and a check valve. Inside the nutrient solution tank is a level switch 

to inform the CDHS how the water level raises until reaching the maximum level. Both 

the pump and the level switch are connected and send data to the CDHS. Assuming 

the pump is working and the CDHS does not get a change on the level switch, than it 

is wise to assume that wither there is a leakage or failure on of the enumerated 

components. This can work across different sensors and components as failure 

detectability methods; 

 Other example is how the amount of clogged misters might increase the nutrient 

solution from the HPP till the misters. Once there is a pressure sensor in the HPP and 

if the last argument is valid there is a new failure detectability that can be added to the 

control system. I.e. whenever the pressure of the nutrient solution goes above a certain 

level, either a set of misters are clogged or there is a problem with the HPP, it can alert 

the crew by the CDHS; 

 The increase of sound level from different pumps might suggest that either the pump 

is about to burn out or that the filters attached to them can be clogged. 

5.3. Air management system [30] 

5.3.1. Ground assumptions and system requirements 

The air management system (AMS), is composed of two different blocks, an air intake in the 

CP and a closed loop in the FEG. The AMS closed loop has the majority of the components in 

the SS. This part can be seen as a general HVAC system. Whereas the air intake in the CP, 

is simply a fan with a filter and shall only be triggered when the indoor temperature rises above 

nominal levels. As the crew is intended to enter the MTF on a daily basis, this block was not 

assessed (sufficient air exchange exists via the open door). The closed loop starts with the air 
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sucked from the FEG through a fan. Then it flows by a “cold wall” to provoke water 

condensation. The condensed water drops into a small tank, where a UV-C lamp will sterilise 

the water. After that, the water is pumped to the fresh water tank in the NDS. After most of the 

water is removed from the air, it is heated back again via a set of heaters, then it flows by a 

filtration block. The filtration block is composed by a UV-C lamp, a pre-filter, a HEPA filter and 

a VOC filter all in series. A set of sensors namely temperature, flow and RH will ensure that 

the CDHS provide the enough power to the heaters and the fans to ensure the desired air 

conditions. A second fan at the end of the filtration system, intended to compensate the filters 

pressure loss, can be seen as a redundant one with the first fan. Then the air flows through 

the ducts to the FEG. In the FEG ducts will be subdivided into smaller ones along the walls of 

the FEG. A set of manual control valves will ensure that the air flow is the same to each sub 

duct and at the end of the ducts there are louvers to allow the air to flow out directly to the 

crops. On top of the ceiling a set of tangential fans will be responsible to homogenise the air 

inside the FEG. Finally the air is sucked back into the SS ducts and the cycle is repeated. 

5.3.2. FMECA outlines 

The AMS has a total of 40 FM. Table 5.3.2-1 summarises the amount of FM per severity 

number and probability number. 17 failure modes with a SN of one and a PN of one, two failure 

modes with a SN of one and a PN of two, 17 failure modes with a SN of two and a PN of one, 

three failure modes with a SN of two and a PN of two and one failure mode with a SN of three 

and a PN of one. 

Table 5.3.2-1 AMS listed FMs and its SN and PN 

Number of failure modes 

(FMs) 

Severity number (SN) Probability number (PN) 

17 1 1 

2 1 2 

17 2 1 

3 2 2 

1 3 1 

 

Table 5.3.2-2 shows out of the total FMs how many had FDM, CPRO, FDM and CPRO or none 

of them. Ten failure modes have only FDM whereas three have only CPRO, 17 FMs have both 

FDM and CPRO where ten FMs are either undetectable or circumvented. 
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Table 5.3.2-2 AMS listed FM and their FDM and/or CPRO 

FMs Only FDM Only CPRO FDM and 

CPRO 

None 

40 10 3 17 10 

 

5.3.3. Criticality 

Table 5.3.3-1lists the amount of the obtained FM per CN. 17 FMs classified with a CN of one, 

19 FMs with a CN of two, one FM with a CN of three and three FMs with a CN of four. 

Table 5.3.3-1 AMS total FMs per CN 

Criticality number (CN) Number of failure modes (FMs) 

1 17 

2 19 

3 1 

4 3 

 

Table 5.3.3-2 AMS listed CFMs and their FDM and/or CPRO 

CFMs FDM CPRO FDM and 

CPRO 

None 

0 0 0 0 0 

 

There were no critical failure modes identified (Table 5.3.3-2). 

5.3.4. Reliability assessment 

FMECA did not alert for possible critical failure modes. For that reason a reliability assessment 

of the entire system was made. Besides that, the simplicity of the AMS from the point of view 

of the block diagrams and its importance related to the plants and the FEG makes such 

analysis important and manageable to perform. Due to the fact that it is a loop and it is only 

fully working if all components are working, then all the components are considered to be 

connected in series. In Table 5.3.4-1 are listed all the components and blocks part of the air 

management system. For each one, the failure rate was obtained from RELEX software, with 

exception for the HEPA filter and UV-C lamp (these were taken from component’s datasheet). 

The duty cycle was taken from [30]. Using equation (2) the reliability of each component was 

obtained.  



32 
 

Table 5.3.4-1 AMS reliability estimation 

Component 
Failure rate 

[h-1] 
MTTF [h] Duty cycle R(t) 

Air flow rate sensor 8.80E-06 113636 100% 92.58% 

CO2 system 7.98E-06 125321 100% 93.24% 

Ducts 2.88E-07 3472222 100% 99.75% 

Fan 1 8.18E-06 122181 100% 93.08% 

Fan 2 8.18E-06 122181 100% 93.08% 

Heat exchanger 9.60E-06 104208 100% 91.93% 

Heaters 1.50E-06 667468 80% 98.95% 

HEPA filter 7.61E-05 13149 100% 51.34% 

Pre-filter 3.00E-06 333333 100% 97.40% 

Pressure differential sensor 1.53E-07 6540222 100% 99.87% 

T and RH Sensor 2.88E-06 347439 100% 97.51% 

UV-C lamp 1.11E-04 9000 100% 37.76% 

VOC filter 3.00E-06 333333 100% 97.40% 

 

For a system made of a series of subsystems the system’s reliability can be computed by 

equation (10). Thus the obtained reliability of the system was 30.67%. Although the commonly 

thumb rule for reliability of the “five nines”, or 99.999%, the obtained reliability of the AMS is 

far from that value. The reason why is because in a series system, the system’s reliability will 

never be higher than the lowest component’s reliability (this is justified by the nature of equation 

(10)). 

For a better reliability judgment one must take into consideration existing redundancy and 

spares. Table 5.3.4-2 shows the reliability values considering redundancy and spares, 

obtained using equation (15). On the contrary, now the system has few components of concern 

from the reliability point of view. Only four have reliability values close to 90%, namely the air 

flow rate sensor, the CO2 system, the heat exchanger and the UV-C lamp.  
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Table 5.3.4-2 AMS reliability estimation takin into consideration redundancy and spares 

Components 
R(t) based on spares 

and redundancy 

Number of active 

components ( more 

than one is 

redundancy) 

Spares4 

Air flow rate sensor 92.58% 1 0 

CO2 system 93.24% 1 0 

Ducts 99.75% n.a. n.a. 

Fans with spares 99.96% 2 2 

Heat exchanger 91.93% 1 0 

Heaters 98.95% 1 0 

HEPA filter 99.51% 1 3 

Pre filter 99.99%5 1 4 

Pressure differential 

sensor 

99.87% 1 0 

T and RH Sensor 99.94% 2 0 

UV-C lamp 74.53% 1 1 

VOC filter 97.40% 1 1 

 

Due to cost and design constraints, the heat exchanger and the CO2 system became 

unchangeable, whereas the UV-C lamp and the air flow rate sensor can be changed. 

Increasing the number of spares of the last two components, and using equation (15) the 

reliability of the AMS changes as seen in Figure 5-2. 

                                                
4 Redundancy and spare values from both EDEN ISS AMS design document and procurement plan. 
5 In fac it is not 99% but 99.99999990%. 
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Figure 5-2 Scatter plot showing the influence of UV-C lamp and air flow spares on the AMS 
reliability 

 

The 60.81% represent the AMS reliability (without the CO2 system) with one UV-C lamp spare 

and one air flow sensor spare, as described in [30]. Increasing the number of UV-C lamp 

spares will influence more the AMS reliability rather than the amount of air flow sensor spares. 

Nevertheless, a reliability value of 80.16% for a closed loop system is a serious concern and 

it can be fairly increased by maintenance actions. 

5.3.5. Design changes 

Despite there were not identified any critical failure modes, while doing the analysis some 

questions aroused and led to some minor design changes. 

At the time of this analysis the engineers were concerned about the possible water 

condensation on the FEG smaller ducts due to its proximity to the MTF wall. In order to avoid 

possible water stagnation, vent holes were added. Another issue was related to the 

dehumidification process in the SS. It was discussed the possibility leakage from the 

condensed water tank, due to malfunction of either the pump or the level switch, to the filter 

section that can heavily damage them. To avoid such a failure a drain tube was added. 
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5.3.6. Remarks 

The FMECA analysis led to a few questions regarding the system interfaces, design and 

detectability measures. 

 The pressure sensors on the filter block section can inform the pressure variation for 

normal operating mode. In case this sensor read pressure values above the nominal 

ones then, either the filters are clogged or there is a problem with the fans of the AMS 

loop. But regarding the duration of the missions as well as the facility itself, in a 

relatively clean environment, filters may be used for several years before replacement 

is required. A replace of these might be unlikely. 

5.4. Plant health monitoring system [31] 

5.4.1. Ground assumptions and system requirements 

One of the key points of the MTF performance monitoring is plant health monitoring (PHM), 

and most of all the early detection of plant disease and the subsequent activation of corrective 

actions. For that reason, a plant monitoring system is foreseen with the objective of collecting 

information suitable for analysis by a knowledge system (either local or remote) to assess and 

advise corrective measures to the local operator. As only one operator will handle the system, 

there is a need for objective assessment of plant welfare and performance, through automatic 

detection and expert assessment of remote information. 

5.4.2. FMECA outlines 

The PHMS has a total of six FMs. Table 5.4.2-1 summarises the amount of FMs per severity 

number and probability number. Five failure modes with a SN of one and a PN of two and one 

failure mode with both SN and PN of two. 

Table 5.4.2-1 PHMS listed FMs and its SN and PN 

Number of failure modes 

(FMs) 

Severity number (SN) Probability number (PN) 

5 1 2 

1 2 2 

 

Table 5.4.2-2 shows out of the total FMs how many had FDM, CPRO, FDM and CPRO or none 

of them. Four FMs have both FDM and CPRO and only two have none compensating and 

detectability measures. 
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Table 5.4.2-2 PS listed FMs and their FDM and/or CPRO 

FMs Only FDM Only CPRO FDM and 

CPRO 

None 

6 0 0 4 2 

 

5.4.3. Criticality 

Table 5.4.3-1 lists the amount of the obtained FMs per CN. Five FMs classified with a CN of two 

and one FM with a CN of four. 

Table 5.4.3-1 PHMS total FM per CN 

Criticality number (CN) Number of failure modes (FMs) 

2 5 

4 1 

 

Table 5.4.3-2 PHMSS listed CFMs and their FDM and/or CPRO 

CFMs FDM CPRO FDM and 

CPRO 

None 

0 0 0 0 0 

 

There were no critical failure modes identified (Table 5.4.3-2). 

5.5. Command and data handling system [32] 

5.5.1. Ground assumptions and system requirements 

The CDHS is the main brain of the MTF. This system is responsible for controlling all sensors, 

components and sub-systems. It has computers, server PCs, relays and I/O boards in order 

to be programmed and to obtain and send information to and from the sensors and actuators. 

The whole system is called the Argus System and is a product of Argus Company. The 

telemetry block is also part of this system, where a satellite connection will allow uplink and 

downlink from labs, institutes and the main control centre to access the MTF live data. Besides 

this block, the CDHS also has the safety block system, which includes safety sensors, alarms 

and horns that will alert the crew in case of severe hazards that could put crew’s life in danger. 

5.5.2. FMECA outlines 

The CDHS has a total of 35 FM. Table 5.5.2-1 summarises the amount of FM per severity 

number and probability number. Two FMs with a SN of one and PN of one, six FMs with a SN 

of one and a PN of two, one FM with a SN of one and a PN of four, four FMs with a SN of two 
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and a PN of one, five FMs with a SN of two and a PN of two, nine FMs with a SN of three and 

a PN of one, five FMs with a SN of three and a PN of two and three FMs with a SN of four and 

a PN of one. 

Table 5.5.2-1 CDHS listed FMs and its SN and PN 

Number of failure modes 

(FMs) 

Severity number (SN) Probability number (PN) 

2 1 1 

6 1 2 

1 1 4 

4 2 1 

5 2 2 

9 3 1 

5 3 2 

3 4 1 

 

Table 5.5.2-2 shows out of the total FMs how many had FDM, CPRO, FDM and CPRO or none 

of them. Ten FMs have only FDM whereas four have only CPRO. Three FMs, have both FDM 

and CPRO where most of them, 18, are either undetectable or circumvented. 

Table 5.5.2-2 CDHS listed FM and their FDM and/or CPRO 

FMs Only FDM Only CPRO FDM and 

CPRO 

None 

35 10 4 3 18 

 

5.5.3. Criticality 

Table 5.5.3-1 lists the amount of the obtained FM per CN. Two FMs classified with a CN of 

one, ten FMs with a CN of two, nine FMS with a CN of three, nine FMs with a CN of four and 

five FMs with a CN of six. Out of the nine FMs classified with a CN of four, three are critical 

due to the ECCS classification in Table 2.4.12-1. 

Table 5.5.3-1 CDHS total FMs per CN 

Criticality number (CN) Number of failure modes (FMs) 

1 2 

2 10 

3 9 



38 
 

4 9 

6 5 

 

Table 5.5.3-2 CDHS listed CFMs and their FDM and/or CPRO 

CFMs FDM CPRO FDM and 

CPRO 

None 

8 3 2 0 3 

 

In total there were eight CFMs identified (Table 5.5.3-2). 

These are: 

 Argus Server PC not processing/monitoring all the systems inside and outside the MTF; 

 TCX main access point controller not providing Ethernet connection to the Argus 

control components; 

 Switcher 24 ports not connecting devices to the MTF network; 

 Not warning in case of harmful level of CO2 concentration in the SS; 

 Not warning in case of harmful level of CO2 concentration in the FEG; 

 Safety System Alarm box general failure; 

 Safety horn in the SS not producing sound; 

 Safety horn in the NM-III not producing sound. 

5.5.4. Design changes 

There were no design changes suggest after the FMECA. 

5.5.5. Remarks 

Despite the single point failures related to the Argus system, the author contacted the company 

and it was said that the system was one the most reliable in the market (more than seven years 

without failures) and that more precise information could not be published. The majority of the 

FMs are not detectable mostly because the components are in closed structures. For the CFM 

related to safety, redundancy would decrease the probability level and therefore the criticality 

would decrease. The remaining critical failure modes can only be decreased in criticality in 

case the severity decreases. 
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5.6. Thermal system [33] 

5.6.1. Ground assumptions and system requirement 

The TS is considered as a standard system. The TS can be subdivided into three cooling loops. 

The first loop, is responsible for heat exchanges between the external cold environment of the 

MTF with the inner cooling loops. Inside the MTF, there are two cooling loops, one for the ILS 

and another one for the AMS. 

5.6.2. FMECA outlines 

The CDHS has a total of 46 FMs. Table 5.6.2-1 summarises the amount of FM per severity 

number and probability number. Nine FMs have a SN of one and a PN of one, five FMs have 

a SN of one and a PN of two, ten FMs have a SN of two and a PN of one, 12 FMs have a SN 

of two and a PN of two, seven FMs have a SN of three and a PN of one and three FMs have 

a SN of three and a PN of two. 

Table 5.6.2-1 TS listed FMs and its SN and PN 

Number of failure modes 

(FMs) 

Severity number (SN) Probability number (PN) 

9 1 1 

5 1 2 

10 2 1 

12 2 2 

7 3 1 

3 3 2 

 

Table 5.6.2-2 shows out of the total FMs how many had FDM, CPRO, FDM and CPRO or none 

of them. 23 FMs have only FDM whereas five have only CPRO. Eight FMs have both FDM 

and CPRO where ten have none. 

Table 5.6.2-2 TS listed FM and their FDM and/or CPRO 

FMs Only FDM Only CPRO FDM and 

CPRO 

None 

46 23 5 8 10 
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5.6.3. Criticality 

Table 5.6.3-1 lists the amount of the obtained FM per CN. Nine FMs classified with a CN of one, 

15 FMs with a CN of two, seven FMs with a CN of three, 12 FMs with a CN of four and three 

FMs with a CN of six.  

Table 5.6.3-1 TS total FM per CN 

Criticality number (CN) Number of failure modes (FMs) 

1 9 

2 15 

3 7 

4 12 

6 3 

 

Table 5.6.3-2 TS listed CFMs and their FDM and/or CPRO 

CFMs FDM CPRO FDM and 

CPRO 

None 

3 2 0 0 1 

 

In total there were three CFMs identified (Table 5.6.3-2). 

These are: 

 Leak in the free cooler; 

 Malfunction of a fan of the free cooler; 

 Unable to control the temperature of the inlet coolant from the outside of the MTF. 

5.7. Power control and distribution system [34] 

5.7.1. Ground assumptions and system requirements 

The power control and distribution system consists of the main power box, cable channels for 

power and data cables, the power cables, and the internal and external lighting (excluding the 

plant illumination system). The main power box is located on the north side of the service 

section adjacent to the wall to the FEG. The box holds all fuses, relays, wattmeter and DC 

converter and splits the powerline incoming from Neumayer III into lines for each subsystem, 

which are then split into lines to the different components. Most of the power cables are for 

230 VAC. For the distribution of the electricity, three-wire installation cable certified for wet 

rooms will be used. There are also a number of components running on 24 VDC, which will be 

supplied by two-wire cables also certified for wet environments. 
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5.7.2. FMECA outlines 

The CDHS has a total of 13 FMs. Table 5.7.2-1 summarises the amount of FMs per severity 

number and probability number. One FM with a SN of one and a PN of one, two FMs with a 

SN of one and a PN of two, three FMs with a SN of two and a PN of one, five FMs with a SN 

of three and a PN of one and two FM with a SN of four and a PN of one. 

Table 5.7.2-1 PS listed FMs and its SN and PN 

Number of failure modes 

(FMs) 

Severity number (SN) Probability number (PN) 

1 1 1 

2 1 2 

3 2 1 

5 3 1 

2 4 1 

 

Table 5.7.2-2 shows out of the total FMs how many had FDM, CPRO, FDM and CPRO or none 

of them. Nine FMs have only FDM whereas two have only CPRO. No FMs have both FDM and 

CPRO and only two have none compensating and detectability measures. 

Table 5.7.2-2 PS listed FMs and their FDM and/or CPRO 

FMs Only FDM Only CPRO FDM and 

CPRO 

None 

13 9 2 0 2 

 

5.7.3. Criticality 

Table 5.7.3-1 lists the amount of the obtained FM per CN. One FM classified with a CN of one, 

five FMs with a CN of two, five FMs with a CN of three and two FMs with a CN of four. 

Table 5.7.3-1 PS total FM per CN 

Criticality number (CN) Number of failure modes (FMs) 

1 1 

2 5 

3 5 

4 2 
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Table 5.7.3-2 PS listed CFMs and their FDM and/or CPRO 

CFMs FDM CPRO FDM and 

CPRO 

None 

2 2 0 0 0 

 

In total there were two CFMs identified (Table 5.7.3-2). 

These are: 

 Failure of the Uninterrupted Power Supply (UPS); 

 Failure of Fuses/Switches. 
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6. Discussion 

To every risk assessment on a certain matter, there is an associated uncertainty level, as well 

as subjectivity or skewed judgement that need to be taken into consideration. In order to lower 

the impact of skewed judgement on each subsystem risk analysis, multiple meetings were 

arranged. These three meetings main focus consisted of assessing severity numbers. The first 

meeting was held with the subsystem's responsible engineer, the second with all of the 

remaining team, and the final meeting with all of the elements. The last meeting's purpose was 

to discuss possible skewed judgements. Although these inputs were based on the knowledge 

of the project’s engineers, it was still a quantitative assessment. For this reason, values might 

differ from reality, in particular given that the participants were conservative in their estimates 

(i.e. the actual severity may be lower than that reported, meaning that, when the EDEN ISS 

team was faced with a close choice between two severity levels, the team chose the more 

severe case). Estimating severity or risk is itself a risky task [5] [14] [35] [36].  

In order to classify the probability level (failure rate) of each function, data was obtained by the 

following priority list: 

1. Component datasheets (in some systems there was a list of possible components to 

choose from); 

2. RELEX software database. This database presents a vast list of components based on 

real data and reliability handbooks such as MIL-217 and NPRD 2011); 

3. Other reliability handbooks and technical manuals; 

4. CFDA - Catalogue of Failure Data for Safety and Dependability Analysis by ESA. 

Nearly all of the reliability data was taken from RELEX. This database presents many similar 

components, which causes failure rates to vary in four orders of magnitude and, for this reason, 

failure rate data for the future equipment might not be adequate. The solution to reduce such 

concern was to choose the ground testing information from the summary data of the 

component (there are several other modes such as marine, airborne etc.). Nevertheless, this 

data is a rough estimation and should be updated to the chosen component failure rate as 

soon as available. It should be noted that the ESA concluded that the current available 

reliability data overestimates the safety and design margins [37]. 

FMECA and reliability assessment obtained interesting results that the EDEN ISS team was 

not aware off. The reliability assessment of the LED plates has shown that these elements are 

not exactly reliable (83.15% for small ones and 83.34% for the tall ones), to the point that the 

crew is highly advised to perform maintenance actions. In fact, the failure combination of the 

LED plates with the crop growth success percentage revealed that the designed system tends 

to a mission success rate of 98.49%. This result, alongside with the impossibility of adding 
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redundancy due to volume and space constraints, justifies the non-existence of design 

improvements. Regarding the spare parts, it is possible for the EDEN ISS to reduce the amount 

of LED plates by three, one of the tall LED plates and two of the small LED plates (Table 

5.1.4-5). The major issues of the new technological aspect of this component are the possible 

leakages and condensation from or around the cold plate, which will oddly interact with the 

electronic items due to the plate’s design, construction and assembly. This results in a lower 

severity number of the possible condensation around the LED plates.  

When it comes to the NDS, there was one block diagram update (Figure 6-1) within the 

nutrients block. The nutrient solution pump was drawn as having one input and two outputs, 

whereas, in the design document, it was described as one input and one output. From the point 

of view of functional FMECA, different components have different functions that create different 

failure effects. Depending on the effects, it is possible to have a bias criticality number due to 

different severities.  

 

Figure 6-1 NDS block diagram improvement as a result of the FMECA. Left hand side the 
initially block diagram. Right hand side the updated block diagram 

 

The HPPs have also shown a not so reliable value (81.87%). The failure combination of the 

HPPs with the crop growth success percentage, revealed that the designed system tends to 

have a mission success rate of 81.87%. By changing the design to a cold-standby one, the 

reliability of the HPPs might increase up to 98.25%, as well as saving on a spare (chapter 

5.2.5). 

The reliability assessment of the air management system revealed a highly unreliable system. 

Taking into consideration the level of redundancy and spares of the existing components, the 

AMS has a reliability of 60.81%. By increasing the number of spares of the two least reliable 

components (UV-C lamp and air flow rate sensor), the AMS reliability may increase to 80.16% 

(Figure 5-2). Even though this value could have significantly been increased with redundancy, 

at the time of the analysis the design was unchangeable. Vent holes were added to the FEG 
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ducts to avoid water stagnation in case condensation ever happens, and a vent hole in the SS 

condensed water tank, in order to prevent water from flowing into the filter’s section. 

The analysis showed that, given the high number of sensors across all the subsystems, there 

is room for improvement when it comes to new failure detection methods. The set of 

components in the control and data handling system are suitable for these possible 

programmable improvements.  

In total, 209 failure modes (FMs) have been identified on the mobile test facility (MTF) of the 

EDEN ISS project, where 54 FMs have no compensating provisions or failure detection 

methods. When it comes to the critical failure modes (CFMs), the illumination system, nutrient 

delivery system, air management system and the plant health monitoring system have no 

CMFs, whereas the power control system, the control and data handling system and thermal 

system have a total of 13 critical failure modes. Out of which, one critical failure mode on the 

thermal system and three on the control and data handling system have no compensating 

provisions or failure detection methods.  

There are two ways of decreasing the criticality number of the critical failure modes. On one 

hand, the PN may be decreased by choosing more reliable components, adding redundancy, 

applying specific tests in simulated operating conditions (to check the reliability of a 

component), interlocking operation of sensitive components with a safety check to avoid 

damage, and increasing the frequency of inspections and preventive maintenance operations. 

In most situations both of them are costly and can represent challenging tasks when adding 

more components to a refined and small space. On the other hand, the SN may be decreased 

by implementing risk-containment provisions to avoid cascading failures, applying specific 

tests to ensure maintainability of components that require a long time to repair, preparing 

specific training and procedures to allow failing back to a safe degraded mode in an 

emergency, and keeping spares on-site to decrease the time to repair. 
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7. Conclusion 

This thesis demonstrates the benefit of applying the ECSS FMECA standard to Antarctica 

space analogue projects, in particular to the EDEN ISS project. This represents a novelty, as 

there were no findings to support such fact. Some have addressed FMECA as a method of 

finding the cause for a possible failure in an Antarctic mission [38], or for future Antarctic 

projects [39], never specifically mentioning, however, the use of ECSS FMECA standard. 

This thesis demanded going through all the design documents of each subsystem and of the 

general project, as well as all the functional block diagrams and equipment lists. 

This thesis has identified 13 critical failure modes, out of 209 failure modes, which are listed 

as follows: 

 CDHS : 

o Argus Server PC not processing/monitoring all the systems inside and outside the 

MTF; 

o TCX main access point controller not providing Ethernet connection to the Argus 

control components; 

o Switcher 24 ports not connecting devices to the MTF network; 

o Not warning in case of harmful level of CO2 concentration in the SS; 

o Not warning in case of harmful level of CO2 concentration in the FEG; 

o Safety System Alarm box general failure; 

o Safety horn in the SS not producing sound; 

o Safety horn in the NM-III not producing sound. 

 TS : 

o Leak in the free cooler; 

o Malfunction of a fan of the free cooler; 

o Unable to control the temperature of the inlet coolant from the outside of the MTF. 

 PS : 

o Failure of the Uninterrupted Power Supply (UPS); 

o Failure of Fuses/Switches. 

Some design suggestions resulting from FMECA were difficult to implement given that they 

were introduced after the MTF design freeze. The remaining suggestions are strongly advised 

to be put into practice and should be further exploited by the team. 
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7.1. Future work 

FMECA is one technique among many others within the RAMS subject. As previously showed, 

FMECA is able to support reliability assessments, and is in position to support future 

maintainability and supportability actions. Availability was not addressed in the scope of this 

thesis for the following reasons.  

When FMECA was conducted, the EDEN ISS team had not yet addressed the availability of 

the crew to work in the MTF. This is a challenging parameter to quantify as most of the 

components can be replaced, and in the worst case they can be repaired, but in both scenarios 

there is no time estimation for it. The mean time to repair should either be estimated on the 

fact that the crew will be in training, or based on EDEN Laboratory work. 

Among these unknown variables, the weather is also crucial given that it will take the crew a 5 

minutes walk on ice from NM-III to the mobile test facility. However, if the weather conditions 

are not good, this walk can take longer or it might not happen at all for several hours. Downtime 

is one of the variables to evaluate when assessing the availability of a project, and, in this case, 

due to time and resource constraints, it is considered as future work. 

In the future a maintenance plan with both preventive and corrective actions should be made.  

Nevertheless, the planned pre-deployment test phase in 2017 will help the EDEN ISS team to 

assess the practicability of all of the work developed throughout the elaboration of the present 

thesis.  
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Annex – A 

Air management system FMECA 

Item/block name Function FM Failure cause 
Potential Effects of Failure mode Severity 

classificatio
n 

FDM CPRO SN PN CN 
Local Effects  End Effects 

Air Management 
System 

 To provide good 
air quality to the 
crops in the FEG 

                    

Air Circulation 
Provide the 
required amount 
of air flow rate 

                    

Fan before filtration 
system 

Compensate 
pressure drop of 
the filtration 
system 

                    

  

Not compensating 
the pressure drop of 
the filtration system 

Fan not working 

Undesired air 
flow rate in 
the filtration 
system 

Air flow rate in the air 
circulation system 
below the design 
requirements 

3 Air flow sensor 

Redunda
nt system 
one fan 
should 
provide 
enough 
air flow 

2 1 2 

  

Fan running 
slower than its 
design 
specification 

                

Over compensating 
the pressure drop of 
the filtration system 

Fan running faster 
than its design 
specification 

Noisy 

Air flow rate in the air 
circulation system 
above the design 
requirements 

4 Air flow sensor 

Control 
system, 
Sound 
attenuato
r 

1 1 1 

Intermittently 
compensate the 
pressure drop of the 
filtration system 

Fan works 
periodically 

  

Air flow rate in the air 
circulation system 
below the design 
requirements 

3 Air flow sensor 

Redunda
nt system 
one fan 
should 
provide 
enough 
air flow 

2 1 2 

Fan after the filters 

Compensate 
pressure drop of 
the entire duct 
distribution 
system 
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Not compensating 
the pressure drop of 
the entire duct 
system 

Fan not working   

Air flow rate in the air 
circulation system 
below the design 
requirements 

3 Air flow sensor 

Redunda
nt system 
one fan 
should 
provide 
enough 
air flow 

2 1 2 

  

Fan running 
slower than its 
design 
specification 

                

Over compensating 
the pressure drop of 
the entire duct 
system 

Fan running faster 
than its design 
specification 

Noisy 

Air flow rate in the air 
circulation system 
above the design 
requirements 

4 Air flow sensor 

Control 
system, 
Sound 
attenuato
r 

1 1 1 

                  

Intermittently 
compensate the 
pressure drop of the 
entire duct system 

Fan works 
periodically 

  

Air flow rate in the air 
circulation system 
below the design 
requirements 

3 Air flow sensor 

Redunda
nt system 
one fan 
should 
provide 
enough 
air flow 

2 1 2 

Dehumidification 
block 

Recovery of the 
water transpired 
by the crops from 
the FEG 

                    

Heat exchanger 

To provide a cold 
wall allowing 
water in the air 
flow to 
condensate 

                    

    
Not providing a 
condensation wall  

Internal failure   
Water not being 
condensed from the air 
flow as desired 

3 T and RH sensor None 2 1 2 

      
Cooling fluid to 
hot 

                

Condensed 
recovery tank 

To store 
condensed water 
from the 
dehumidification 
process 

                    

  

Not storing 
condensed water 
from the 
dehumidification 
process 

Crack in the 
condensed 
recovery tank 

  
Dehumidification block 
not recovering water 

4 None None 1 1 1 
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No water flowing 
to the condensed 
recovery tank 

                

Storing to much 
condensed water 
from the 
dehumidification 
process 

Tank badly design   
Leakage from the 
condensed recovery 
water tank 

3 
Level switch 
alarm 

Vent 2 1 2 

UV-C submerged 
lamp 

To sanitize the 
condensed water 

                    

  
Not sanitizing the 
condensed water 

UV-C lamp failure   
Dehumidified water 
contaminated 

4 None None 1 2 2 

Filter (carbon filter) 

To filter the water 
before being 
pumped by the 
water pump 

                    

  Not filtering the water Filter clogged   
Dehumidified water 
contaminated 

4 None None 1 1 1 

Water pump 

To pump the 
water from the 
condensed 
recovery tank to 
the water fresh 
tank in the NDS 

                    

  

Not pumping the 
water from the 
condensed recovery 
tank to the water 
fresh tank in the NDS 

Condensed 
recovery tank 
empty 

  
Not pumping water 
from the 
dehumidification block 

4 
Level switch 
alarm 

Vent hole 1 1 1 

      
Water pump 
failure 

                

Heater 
Re-heat the air 
after the 
dehumidification 

                    

Heater elements 
Heat spreading  
to increase the air 
flow temperature 

                    

    Not providing enough 
heat 

Loss of, or 
reduced, heater 
effectiveness 

Coolant 
temperature 
too low 

Air flow temperature 
too low 

2 Temperature 
sensors 

Control 
system 

3 
1 3 

    Providing to much 
heat 

Heater 
unregulated 

Coolant 
temperature 
too high 

Air flow temperature 
too high 

3 Temperature 
sensors 

Control 
system 

2 
1 2 

Heater duct To house the 
heater elements 

                    

    Not housing the 
heater elements 

Cracking due to 
thermal shock, 
shock / stress 

  Air leakage in the 
Heater 

4 None None 1 
1 1 
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Thermostat To control the 
heater element 
temperature 

  
  

              

    Not 
measuring/controlling 
the heater element 
temperature 

Thermostat failure   Heater unregulated 3 Temperature 
sensor 

None 2 

2 4 

Filtration Guarantee the 
quality of the air 
recirculating in 
close circuit in the 
greenhouse 

                    

UV-C Lamp To sanitize the air 
flow before the 
pre-filter 

                    

    Not sanitizing the air 
flow before the pre 
filter 

Lamp Failure   Air flow contaminated 4 None Pre filter 1 
2 2 

Pre-filter To filtrate large 
particulate from 
the air flow (to 
prevent the 
clogged of the 
HEPA filter) 

                    

    Not filtrating large 
particle from the air 
flow 

Clogged   Air flow 
contaminated/decrease
d 

4 Pressure 
differential sensor 

None 1 
1 1 

HEPA 14 absolute 
filter 

To filtrate 
particulate matter 
from the air flow 
(0.3 micron 
efficiency 
99.995%) 

                    

    Not filtrating Clogged   Air flow contaminated 3 Pressure 
differential 
sensor, (pressure 
drop above the 
upper limit (the 
double of the 
starting pressure 
drop)) 

Operator 
actions, 
pre filter 

2 

2 4 

VOC filter To filter volatile 
organic 
compounds from 
the air flow 
(ethyline) 

                    

    Not filtrating Clogged   Air flow contaminated 3 Pressure 
differential sensor 

Operator 
actions, 

2 
1 2 
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Pre-filter, 
HEPA 
filter 

Air Distribution Proper air 
distribution from 
the AMS to each 
FEG section 

                    

SS air distribution 
ducts 

To deliver the air 
to the distribution 
system 

                    

    Unable to properly 
drive the air flow rate 
to the distribution 
system 

SS pressure duct 
air distribution 
leakage 

  Improper air distribution 
from the AMS to the 
FEG 

4 None None 1 

1 1 

Constant flow 
valves FEG (8x2 
per tube, 16 in total) 

To maintain a 
steady flow rate 
by changing the 
cross section 
area 

                    

    Not maintaining a 
steady flow rate as 
design 

Stuck spring    Improper air distribution 
from the AMS to the 
FEG 

4 None None 1 
1 1 

FEG air distribution 
duct 

To drive/guide 
the air flow in the 
Air Distribution 

                    

    Not driving the air 
flow in the FEG 

faulty welds   No air flowing from the 
air distribution block to 
the FEG 

3 None None 2 
1 2 

    Driving partly the air 
flow in the FEG 

 leaky fittings   improper air distribution 
from the air distribution 
block to the FEG 

4 None None 1 
1 1 

    Air flow below the 
required RH level 

Condensation due 
to small gap from 
MTF wall 

  Water condensation in 
the air distribution block 

3 Sensor. Tº and 
RH level in the 
FEG increases 

None 2 
1 2 

Louvers To provide 
manually variable 
air flow rate to the 
crops 

                    

    Unable to set the 
desired  louver area 
exit 

Louver sliding 
section stuck 

  Improper air distribution 
from the AMS to the 
FEG 

4 None None 1 
1 1 

Recirculating 
tangential fans 

To uniform the 
temperature and 
RH gradient of 
the air flow in the 
FEG 
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    Temperature and RH 
gradient not 
homogenised/unifor
m in the FEG 

Fan not working   Improper air distribution 
in the FEG 

4 None Design, 
n-out-of-k 
system 

1 

1 1 

SS suction duct To return the air 
from the FEG 

                    

    Not able to return the 
air from the FEG 

SS pressure duct 
air distribution 
leakage 

  improper distribution of 
the air inside the FEG 

4 None Air flow 
tolerance, 
design 

1 
1 1 

CO2 (uncertain 
system design) 

To maintain the 
proper level of 
CO2 

                    

CO2 Cylinders To provide and to 
store the CO2 

                    

    Not providing CO2 Gas cylinder leak   CO2 block not 
providing CO2 

4 Gauges, Control 
system 

Redunda
nt 

1 
1 1 

      Gas cylinder 
empty 

                

    Not storing CO2 Gas cylinder 
crack 

  CO2 block not 
providing CO2 

4 Gauges, control 
system 

Redunda
nt 

1 
1 1 

Piping To carry the CO2 
from the gas 
cylinder to the 
FEG 

                    

    Unable to carry CO2 
from the gas cylinder 
to the FEG 

Failure of 
connections 

C02 leak, 
possible 
interruption 
of operations 

CO2 block not 
providing CO2 

3 CO2 sensor 
alarm 

None 2 

1 2 

Manual valve To open and 
close the system 
as a safety 
component, to 
safely remove the 
vessel from the 
CO2 block 

                    

    Valve not opening Valve failure   CO2 block not 
providing CO2 

3 Visible Redunda
nt 

2 
1 2 

    Valve not closing Valve failure   Unable to substitute 
CO2 cylinders 

3 Visible Redunda
nt 

2 
1 2 

Pressure gauge To measure the 
pressure inside 
the CO2 cylinder 

                    

    Not measuring the 
pressure inside the 
CO2 cylinder 

Gauge failure   Erroneous pressure 
value from CO2 bottle 

4 None None 1 
1 1 

Pressure regulator To regulate the 
CO2 pressure 
into the FEG 
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distribution 
system 

    Not regulating the 
CO2 pressure into 
the FEG distribution 
system 

Pressure 
regulator failure 

  Undesired CO2 
concentration from the 
CO2 block 

3 Safety CO2 
sensors 

None 

2 

1 2 

Control valve 
(argus) 

To drive the C02 
from each vessel 
to the FEG 
distribution 
system 

                    

    

Not driving the CO2 
from each vessel to 
the FEG distribution 
system 

Valve 
stuck/broken 

  
No CO2 flowing from 
the CO2 block 

3 
CO2 Sensors 
inside the FEG 

None 2 1 2 

      
Electrical power 
loss 

                

    
Control valve 
leakage 

Valve installed 
incorrectly 

  
Leakage in the CO2 
block 

4 
CO2 Sensors 
inside the FEG 

None 1 1 1 

Control system To get data from 
treated air flow 

                    

Relative humidity 
sensor and 
temperature sensor 

 To measure the 
air flow 
temperature 

                    

    Not measuring the air 
flow temperature 

Sensor failure   Undesired air flow 
temperature 

3 Sensor 
Redunda
nt 

2 1 2 

Air flow rate sensor  To measure the 
air flow rate 

                    

    Not measuring the air 
flow rate 

Sensor failure   Undesired air flow rate 
3 Sensor None 2 2 4 

Pressure differential  To measure the 
air flow pressure 
differential 

                    

    
Not measuring the air 
flow pressure drop 

Sensor failure   
Undesired pressure 
drop in the filtering 
block 

3 Sensor None 2 1 2 

 

Command and data handling system FMECA 

Item/block 
name 

Function FM 
Failure 
cause 

Potential Effects of FM Severity 
classification 
  

FDM CPRO SN PN CN Local 
Effects  

End Effects 

Command and 
data handling 
system  

To control all the subsystems 
by sensor data providing 

                   



58 
 

optimal operating conditions 
for crew safety and crops grow 

Camera control 
system 

Visualisation, processing and 
monitoring images from the 
camera system 

                    

Camera control 
PC 

To process images from 
camera system 

                    

    
Not processing images from the 
camera system 

Power loss   
No data available 
from the Camera 
control system 

3 Visible None 2 2 4 

      S/W failure                 

      
Cables not 
plugged in 

                

      
Connection to 
network lost 

                

      
Wrong IP 
addresses 

                

      
Camera 
control PC 
failure 

                

Screen 
Visualisation of the camera  
system 

                    

    Not showing information/data Screen failure   
No imagery available 
from the Camera 
control system 

4 Visible 
Design, 
redundancy 

1 2 2 

      Power loss                 

      
Cables not 
plugged in 

                

Argus Control 
System 

To process/monitor all systems 
inside and outside the MTF, 
the safety system, the camera 
system using Argus Titan 
control software 

                    

Argus Server PC 
Program writing, loading and 
update, data download and 
storage, alarm identification 

                    

    

Argus Server PC not 
processing/monitoring all the 
systems inside and outside the 
MTF 

Power loss   
Argus Control 
system not working 

2 Visible None 3 2 6 

      S/W failure                 

      
Argus server 
PC failure 

                

      
Cables not 
plugged in 

                

      
Wrong IP 
addresses 
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Screen 
Visualization of control 
parameters from Argus Control 
system 

                    

    Not showing information/data Power Loss   
Data from Argus 
Control system not 
visible to operator 

4 Visible Design 1 2 2 

      
Cables not 
plugged in 

                

      
Internal 
failure 

                

TCX Main 
Access point 
controller 

To facilitate Ethernet 
connection to the Argus control 
components 

                    

    

TCX main access point 
controller not providing Ethernet 
connection to the Argus control 
components 

Power Loss   
Argus Control 
system not working 

1 
Visible, 
LEDs. 

None 4 1 4 

      
Cables not 
plugged in 

                

      
Connection to 
network lost 

                

      
Internal 
failure 

                

TCX - IO 
Modules 

To acquire data from 
connected sensors and 
executing all equipment control 
operations 

                    

    
Relay boards not acquiring data 
from connected sensors 

Cables not 
plugged in 

  
Argus Control 
system unable to 
receive data 

2 None None 3 1 3 

      S/W failure                 
      Power loss                 

      
I/O modules 
failure 

                

    
Relay Boards not executing 
equipment control operations 

Relay module 
failure 

  

Argus Control 
system not sending 
commands to 
components 

2 None None 3 1 3 

      
Cables not 
plugged in 

                

      S/W failure                 
      Power loss                 

TCX - IO  
Boards 

To mount TCX IO modules                     

    
Relay boards not acquiring data 
from TCX - IO Modules 

Cables not 
plugged in 

  
Argus Control 
system unable to 
receive data 

2 None None 3 1 3 

      S/W failure                 
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      Power loss                 

      
I/O modules 
failure 

                

    
Relay Boards not executing 
equipment control operations 

Relay module 
failure 

  

Argus Control 
system not sending 
commands to 
components 

2 None None 3 1 3 

      
Cables not 
plugged in 

                

      S/W failure                 
      Power loss                 

Modbus-RTU 
A/D modules 

To control components by 
Modbus - RTU protocol 

                    

    
Modbus-RTU A/D modules not 
acquiring data 

Cables not 
connected 

  
Argus Control 
system unable to 
receive data 

2 None None 3 1 3 

      
Cables not 
plugged in 

                

      
Modbus-RTU 
modules 
failure 

                

    
Modbus-RTU A/D modules not 
executing equipment control 
operations 

Modbus-RTU 
module 
failure 

  

Argus Control 
system not sending 
commands to 
components 

2 None None 3 1 3 

      
Cables not 
plugged in 

                

      S/W failure                 
      Power loss                 

TCX-IOPS 
power supply 

To supply the demand amount 
of power 

                    

    
PSU not supplying the desired 
output power 

PSU total 
failure 

  
Argus Control 
system not working 

2 None None 3 1 3 

      
Electrical 
cables not 
plugged in 

                

      Power loss                 

    
PSU output power above the 
desirable 

Error on the 
control unit 

  
Argus Control 
system internal short 
circuit 

2 None None 3 1 3 

    
Unstable output electrical 
voltage 

PSU partial 
failure 

  
Argus Control 
system not working 
as expected 

2 None None 3 1 3 

LabView Control 
System 

To monitor and control ISPR                     

LabView Control 
Laptop 

Program writing, loading and 
update, data download and 
storage 
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    Not working Power loss   
Unable to program 
or update software 

3 Visible None 2 2 4 

      
Cables not 
plugged in 

                

      Laptop failure                 

Other Network 
Infrastructure 
block 

Create network connections 
and interfaces between 
different components 

                    

Switch/Router 
(24 ports) 

Connect outside and inside 
cameras, PC´s, laptop, 
telephone and the argus 
control system to the MTF 
network 

                    

    
Not connecting devices to the 
MTF network 

Network 
switch failure 

  
No access to the 
MTF network 

1 
Argus 
system 
alarm 

None 4 1 4 

      
Cables not 
plugged in 

                

      Power loss                 

WLAN Access-
Point  

To provide provides WLAN 
access to the network/Internet 
in the whole MTF 

                    

    No WLAN Access provided Power loss   
No access to the 
MTF network 

4 Visible None 1 4 4 

      
Cables not 
plugged in 

                

      
WLAN device 
failure 

                

VOIP Telephone  
To allow voice communication 
from and to MTF 

                    

    No telephone communication Power loss   
No communication 
from and to the MTF 

4 Visible None 1 2 2 

      
Telephone 
failure 

                

      
Cables not 
plugged in 

                

Patched 
Antenna MTF 

Communication between MTF 
and NM-III 

                    

    
Unable to communicate with 
NM-III/MTF 

Antenna 
failure 

  
No communication 
from and to the MTF 

4 None None 1 1 1 

      Power loss                 

      
Cables not 
plugged in 

                

Switch (48 POE 
ports) 

Connect the cameras from the 
PHMS to 24 port switch router 

                    

    
Not connecting the PHM 
cameras to the 24 port switcher 
router 

Switch failure   
No imagery from the 
PHM 

4 
Visible, 
LEDS 

None 1 1 1 
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      Power loss                 

      
Cables not 
plugged in 

                

Fibber optic 
cable 

Communication between MTF 
and NM-III 

                    

    
Unable to communicate with 
NM-III/MTF 

Cable not 
plugged in 

  
No communication 
from and to the MTF 

3 
Operator 
actions, 
effect itself 

Patched 
Antenna 

2 1 2 

      
General 
failure 

                

Camera System 
To provide imagery from 
different sections of the MTF 
either outside or inside. 

                    

Interior Video 
Camera 

Imagery from inside the MTF 
for general observation 

                    

    
Not providing imagery from the 
inside of the MTF 

Camera 
failure, 
Cables 
failure, 

  
Unable to provide 
imagery of the MTF 

4 
Visible, 
telemetry 

None 1 2 2 

Exterior Video 
Camera 

Real time weather conditions 
for situational awareness 

                    

    
Not providing imagery from the 
outside of the MTF 

Camera 
failure, 
Cables 
failure, 

  
Unable to provide 
imagery of the MTF 

4 
Visible, 
telemetry 

None 1 2 2 

Safety System 
Hazard identification for 
mission and crew safety 

                    

Fire/Smoke 
Detectors CP 

To detected fire/smoke in the 
CP 

                    

    Not detecting smoke in the CP 

Sensor 
failure, 
Cables 
failure, 

  
Safety System 
failure in the CP 

3 None None 2 1 2 

Fire/Smoke 
Detectors SS 

To detected fire/smoke in the 
SS 

                    

    Not detecting smoke in the SS 

Sensor 
failure, 
Cables 
failure, 

  
Safety System 
failure in the SS 

3 None None 2 1 2 

Fire/Smoke 
Detectors FEG 

To detected fire/smoke in the 
FEG 

                    

    Not detecting smoke in the FEG 

Sensor 
failure, 
Cables 
failure, 

  
Safety System 
failure in the FEG 

3 None None 2 1 2 

O2 warning 
system SS 

To warn the crew members in 
case the O2 concentration in 
the SS is too high 
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Not warning in case of harmful 
level of O2 concentration in the 
SS 

Sensor 
failure,  
Cables 
failure, 

  
Safety System 
failure in the SS 

4 None None 1 2 2 

O2 warning 
system FEG 

To warn the crew members in 
case the O2 concentration in 
the FEG is too high 

                    

    
Not warning in case of harmful 
level of O2 concentration in the 
FEG 

Sensor 
failure, 
Cables 
failure, 

  
Safety System 
failure in the FEG 

3 None None 2 2 4 

CO2 warning 
system SS 

To warn the crew members in 
case the CO2 concentration in 
the SS is too high 

                    

    
Not warning in case of harmful 
level of CO2 concentration in 
the SS 

Sensor 
failure, 
Cables 
failure, 

  
Safety System 
failure in the SS 

2 None None 3 2 6 

CO2 warning 
system FEG 

To warn the crew members in 
case the CO2 concentration in 
the FEG is too high 

                    

    
Not warning in case of harmful 
level of CO2 concentration in 
the FEG 

Sensor 
failure, 
Cables 
failure, 

  
Safety System 
failure in the FEG 

2 None None 3 2 6 

Safety System 
Alarm box 

Convert data from sensors and 
send it to alarm devices. The 
information can be seen in a 
screen 

                    

    
Safety System Alarm box 
general failure 

General 
failure 

  
Safety System 
failure 

1 None None 4 1 4 

      Cables failure                 

Horn/LED SS 

To produce an audible and 
visual alarm in the SS in case 
one of the safety warning 
devices is triggered 

                    

    Safety LED SS not emitting light Light failure   
Safety System 
failure in the SS 

3 None Redundant 2 2 4 

      Cables failure                 

    
Safety Horn SS not producing 
sound 

Horn failure   
Safety System 
failure in the SS 

2 None Redundant 3 2 6 

      Cables failure                 

Horn/LED NM III 

To produce an audible and 
visual alarm in the SS in case 
one of the safety warning 
devices in the NM III is 
triggered 
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Safety LED NM-III not emitting 
light 

Light failure   
Safety System 
failure in the NM-III 

3 None Redundant 2 2 4 

      
Cables not 
plugged 

                

    
Safety Horn NM-III not 
producing sound 

Horn failure   
Safety System 
failure in the NM-III 

2 None Redundant 3 2 6 

      
Cables not 
plugged 

                

 

Illumination system FMECA 

Item/block 
name 

Function FM Failure cause  

Potential Effects of FM 
Severity 
classification  

FDM/OS  CPRO SN PN CN 

Local  
Effects  

End Effects 

Illumination 
System 

 To illuminate the crops with 
good spectral quality and 
dimmable light 

                   

LED plate 
To illuminate a plant with 
good spectral quality and 
dimmable light 

                    

PSU 

To transform from 240 VAC 
to 48 VDC and deliver the 
design output power 
(45W,90W,100W,300W) for 
each LED Plate 

                    

    

PSU not 
supplying the 
desired 
output power 

PSU total failure   
LED plate 
inoperable 

4 
Effect itself. 
PHMS 

None 1 1 1 

      
Electrical cables not 
plugged in 

                

      Power loss                 

    
PSU output 
power above 
the desirable 

Error on the control unit Too much heat 
High LED plate 
light quantity 
output 

4 

Photometric 
sensor PHMS 
can inform 
operator 

PHMS 
sensor 

1 1 1 
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Unstable 
output 
electrical 
voltage 

PSU partial failure   
LED plate 
partially 
operable 

4 

Visible when 
testing/using 
from main PC 
in SS 

None 1 1 1 

CPU Card 

Receive user commands by 
HTTP to set up different 
LED Plate configurations by 
I2C 

                    

    

CPU Card 
not 
responding to 
user 
commands 
nor retrieving 
data from 
LED plate 

I2C cable 
disconnected/broken 

No 
communication 

LED plate 
uncontrollable  

4 

Visible when 
testing/using 
from main PC 
in SS 

None 1 1 1 

      
Ethernet Cable 
disconnected/broken 

                

      CPU Card failure                 

    

CPU Card 
partially not 
responding to 
user 
commands 
nor retrieving 
full data from 
LED plate 

CPU unit unsuitable for 
user commands (too 
much information being 
processed) 

CPU Card not 
able to 
communicate 
with partial loss 
in transmitted 
data 

LED plate 
partially 
controllable 

4 

LED plate 
responding 
late to 
commands/ 
visible be 
operator 

None 1 1 1 

Cold Plate 
Actively dissipate heat 
produced by both LED plate 
and PSU 

                    

    
Not 
dissipating 
heat 

Absence of coolant fluid Local hot spot  
Low LED plate 
light quantity 
output 

4 Heat sensor 

Temperatur
e sensor will 
turn off the 
LED plate in 
case the 
temperature 
goes over 
50°C 

1 1 1 

      
Coolant temperature 
difference below ΔT< 
0°C 

  
Low LED plate 
light quality 
output 

4     1 1 1 
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Leak on the 
pipe 
connections 

Piping badly connected   
LED plate 
coolant leakage 

4 

Effect itself 
visible by crew 
and by 
telemetry 
services 

None 1 1 1 

    
Not 
dissipating 
enough heat 

Coolant flux rate below 
the desired 

Increased 
temperature  

Low LED plate 
light quantity 
output 

4 Effect itself. 
PHMS 
sensor 

1 1 1 

      
Coolant temperature 
difference   0°C < ΔT < 
4°C 

  
Low LED plate 
light quality 
output 

4   
PHMS 
sensor 

1 1 1 

    

Cold plate 
dissipating 
too much  
heat 

Coolant temperature 
difference ΔT > 4°C 

Possible 
condensation on 
the external area 
of the LED plates  

Water 
condensation 
around the LED 
plate 

4 

Effect itself 
visible by crew 
and by 
telemetry 
services 

None 1 1 1 

LED plate To provide light                     

    
LED plate not 
providing light 

Power cables not 
plugged in 

  
No LED plate 
light output  

4 

Effect itself 
visible by crew 
and by 
telemetry 
services 

PHMS 
sensor 

1 2 2 

      
I2C cable 
disconnected/broken 

                

      Internal failure                 

    
Undesired 
light being 
provided  

Error on the control unit   
Low LED plate 
light quantity 
output 

4 

Visible by 
crew and by 
telemetry 
services 

Design 
provisions 

1 2 2 

      
Expected/normal LED 
decay 

                

      Internal failure                 

      
LED plate's mirror 
dirty/damage 

                

 

Nutrient delivery system FMECA 

Item/block name Function FM Failure cause 
Potential Effects of Failure mode Severity 

classification 
FDM CPRO SN PN CN 

Local Effects  End Effects 
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Nutrient Delivery 
System 

To provide a optimal 
recirculating nutrient 
solution to the crops 
by a hybrid 
aeroponic/nutrient 
film technique 
irrigation system. 

 
                  

Fresh water 
supply 

 Supply the NDS 
with fresh water 

                    

Fresh water tank Storage of fresh 
water from AMS and 
manually added by 
crew member 

                    

    Fresh water 
tank level too 
low 

Crew member not 
refilling fresh water 
tank as schedule 

  No fresh  water 
flowing in the 
fresh water 
system feed 
lines 

2 Level switch, Alarm Operator 
Actions 

3 1 3 

      Sink valve not closed                 

      Excessive demand 
from control system 

                

      Leak in fresh water 
tubing or fittings 

                

      Fresh water tank crack                 

    Fresh water 
tank too high 

Too much water from 
the AMS 

Leakage Leakage in the 
fresh water 
supply system 

3 Level switch, Alarm Design, vent 2 1 2 

Fresh water 
pump 

To generate fresh 
water flow from the 
fresh water tank to 
the sink and main 
component rack 

                    

    No flow of 
fresh water 
from water 
supply pump 

Motor power supply 
loss 

  No fresh water 
flowing in the 
fresh water 
system feeding 
lines 

2 Audible by operator 
if working 

None 3 1 3 

      Motor failure                 
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      Fresh water tank  
empty 

                

      Suction piping blocked                 

      Pump not primed                 

    Insufficient flow 
of fresh water 
from water 
supply pump 

Pump partial failure   Insufficient fresh 
water flow in the 
fresh water 
system feeding 
lines 

3 If there is a level 
sensor in the bulk 
tank NS tank and a 
level sensor in the 
fresh water tank 
and if all of them 
report info to the 
argus system them, 
it is possible to 
know, given a 
certain amount of 
time, if the flow is 
enough or not, if not 
item 1.2.1.2 might 
have a failure or 
piping can be 
blocked/clogged 

Accumulator 
increases the 
pressure of 
the fresh 
water flow 

2 1 2 

      Suction piping blocked                 

      Discharge piping 
blocked 

                

      Air leak on suction 
side of pump at 
fitting(s) 

                

      Motor power supply 
loss 

                

    Intermittent  
flow of fresh 
water from 
water supply 
pump 

Air leak in suction line   Insufficient fresh 
water flow in the 
fresh water 
system feeding 
lines 

3 Control system, 
duration of time that 
the pump is working 
and the water level 
in the NS tank 

None 2 1 2 

    Fresh water 
pump leakage 

Mechanical seal 
passes 

  Leakage in the 
fresh water 
supply system 

3 Control system, 
duration of time that 
the pump is working 
and the water level 
in the NS tank 

None 2 1 2 

      Pump installed 
incorrectly 

                

Accumulator To maintain water 
pressure in the fresh 
water system feed 
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lines in order to 
reduce fresh water 
pump demand and 
to increase  fresh 
water pump lifespan 

    Accumulator 
not increasing 
the pressure in 
the fresh water 
system feeding 
lines 

Gas leakage Excessive fresh 
water pump 
running time 
and potential 
for premature 
failure 

Insufficient fresh 
water flow in the 
fresh water 
system feed 
lines 

3 Audible, Fresh 
water pump 
triggering on more 
than expected 

Design, 
pump will 
overwork 

2 1 2 

      Fresh water leakage                 
      Does not function                 
      Leaks from fittings                 

Manual sink valve To allow fresh water 
to flow to the sink 

                    

    Sink valve fail 
to close 

Valve stuck/broken Constant fresh 
water flow form 
the manual sink 
valve 

Excessive fresh 
water supplied 
to sink  

4 Visible, failure itself None 1 1 1 

    Sink valve fail 
to open 

Valve stuck/broken No fresh water 
flow from the 
manual sink 
valve 

No water 
available at sink 

4 Visible, failure itself None 1 1 1 

    Sink valve 
leakage 

Manual sink valve 
installed incorrectly 

  Leakage in the 
fresh water 
supply system 

4 Visible, failure itself Operator 
Actions 

1 1 1 

      Valve washer worn or 
damaged 

                

Solenoid valve Electromechanical 
valve to allow 
unidirectional flow 
from the fresh water 
tank into the bulk 
tank 

                    

    Solenoid valve 
fail to open 

Valve stuck/broken   No water 
flowing in the 
fresh water 
system feed 
lines 

2 Control system, 
duration of time that 
the pump is working 
and the water level 
in the NS tank 

None 3 1 3 

      Electrical power loss                 

    Solenoid valve 
fail to close 

Valve stuck/broken   Nutrient solution 
reflux into the 
fresh water tank 

3 Control system, 
duration of time that 
the pump is working 
and the water level 
in the NS tank 

None 2 1 2 
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    Solenoid valve 
slow leakage 

Valve installed 
incorrectly 

  Leakage in the 
fresh water 
supply system 

4 Control system, 
duration of time that 
the pump is working 
and the water level 
in the NS tank 

None 1 1 1 

Main component 
rack (SS) 

 To supply the 
nutrient solution to 
the NDS 

                    

Nutrient solution 
bulk tank 

To store and to 
homogenize the 
nutrient solution with 
the fresh water 

                    

    Nutrient 
solution bulk 
tank level too 
low 

Nutrient solution bulk 
tank crack 

Leakage from 
solution bulk 
tank 

No nutrient 
solution flowing 
to the irrigation 
system 

3 Continuous level 
sensor 

None 2 1 2 

      Insufficient fresh water 
supplied 

                

      Insufficient nutrient 
solution returning from 
the sump 

                

    Nutrient 
solution bulk 
tank level too 
high 

Too much fresh water 
being supplied 

  Undesired 
nutrient solution 
composition 

3 Continuous level 
sensor 

Sensor loop,  2 1 2 

                        

Nutrient solution 
filter 

To filter the nutrient 
solution before 
getting into the 
circulation pump 

                    

    Nutrient 
solution filter 
clogged 

Normal filter 
degradation/usage 

  Insufficient 
nutrient solution 
flowing to the 
irrigation system  

4 None None 1 1 1 

Sensor loop 
circulation pump 

To pump the nutrient 
solution from the 
bulk tank to the 
sensor loop 

                    

    No flow of 
nutrient 
solution from 
sensor loop 
circulation 
pump 

Motor power supply 
loss 

  Undesired 
nutrient solution 
composition 

3 Flow sensor None 2 1 2 

      Motor failure                 
      Nutrient solution bulk 

tank empty 
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    Insufficient flow 
of nutrient 
solution from 
sensor loop 
circulation 
pump 

Circulation pump 
partial failure 

  Undesired 
nutrient solution 
composition 

3 Flow sensor None 2 1 2 

      Discharge piping 
blocked 

                

      Motor power supply 
loss 

                

    Intermittent 
flow of nutrient 
solution from 
sensor loop 
circulation 
pump 

Pump beginning to fail   Undesired 
nutrient solution 
composition 

3 Flow sensor None 2 1 2 

    Sensor loop 
circulation 
pump leakage 

Mechanical seal 
passes 

  Leakage from 
the Main 
component rack 

3 Effect itself None 2 1 2 

Ozone generator Static system 
sterilization or 
nutrient solution 
oxygenation 

                    

    Ozone 
generator not 
generating 
ozone 

 Ozone generator 
failure 

  Unable to 
perform 
sterilization 
procedures 

4 None None 1 1 1 

      Human error                 

    Ozone 
generator 
generating too 
much ozone 

Ozone generator 
partial failure 

    4 None None 1 1 1 

      Human error                 

EC sensor To measure the 
electrical conductive 
of the nutrient 
solution  

                    

    Not measuring 
the electrical 
conductivity 

Sensor failure 
Cables failure 

  Undesired 
nutrient solution 
composition 

3 Sensors Redundant 
Sensor  

2 1 2 

pH sensor To measure the pH 
level of the nutrient 
solution 

                    

    Not measuring 
the pH level of 
the nutrient 
solution 

Sensor failure 
Cables failure 

  Undesired 
nutrient solution 
composition 

3 Sensors Redundant 
Sensor  

2 1 2 
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Temperature 
sensor 

To measure the 
water temperature 

                    

    Not measuring 
the water 
temperature 

Sensor failure 
Cables failure 

  Undesired 
nutrient solution 
composition 

4 Sensors Redundant 
Sensor  

1 2 2 

Shut off valve To shut off the 
nutrient solution flow 
in the sensor loop 

                    

    Shut off  valve 
fail to open 

Valve stuck/broken 
Cables failure 

  Unable to allow 
the nutrient 
solution flow to 
the sensor loop 

3 Visible Operator 
Action 

2 1 2 

    Shut off valve 
fail to close 

Valve stuck/broken 
Cables failure 

  Unable to 
replace the 
sensors in the 
main 
component rack 
sensor loop 

3 Visible Operator 
Action 

2 1 2 

Flow sensor To determine if the 
nutrient solution is 
flowing through the 
sensor loop and to 
the FEG irrigation 
lines. 

                    

    Not measuring 
the nutrient 
solution flow 

Sensor failure 
Cables failure 

   Inability to 
determine flow 
status 

4 Sensors None 1 2 2 

Manual samples 
valve 

To get nutrient 
solution samples 

                    

    Manual sample 
valve leakage 

 Installed incorrectly   Leakage from 
the main 
component rack 

4 Visible Operator 
Actions 

1 1 1 

    Manual sample 
valve fail to 
open 

Valve stuck/broken   Unable to get 
manual nutrient 
solution 
samples from 
the main rack 

4 Visible Operator 
Actions 

1 1 1 

    Manual sample 
valve fail to 
close 

Valve stuck/broken   Leakage from 
the main 
component rack 

4 Visible Operator 
Actions 

1 1 1 

Peristaltic dosing 
pump (Acid/Base) 

To add Acid/Base to 
the  nutrient solution 
bulk tank 

                    

    Unable to add 
Acid/Base to 
the nutrient 
solution bulk 
tank 

Inner peristaltic dosing 
pump failure 

  Undesired 
nutrient solution 
composition 

3 Sensor loop None 2 1 2 
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    Peristaltic 
acid/basic 
dosing pump 
leakage 

 Installed incorrectly   Acid/basic 
leakage from 
the main 
component rack 

3 Visible effect itself None 2 1 2 

      Internal pipes broken                 

Peristaltic dosing 
pumps (solution 
A/B/C/D) 

To add nutrients to 
the  nutrient solution 
bulk tank 

                    

    Unable to add 
nutrients to the 
nutrient 
solution bulk 
tank 

Inner peristaltic dosing 
pump failure 

  Undesired 
nutrient solution 
composition 

3 Sensor loop None 2 1 2 

    Peristaltic 
(solution 
A/B/C/D) 
dosing pump 
leakage 

 Installed incorrectly   Nutrients 
leakage from 
the main 
component rack 

4 Visible effect itself None 1 1 1 

      Internal pipes broken                 

Irrigation system 
(FEG) 

 To irrigate the crops 
with thenutrient 
solution 

                    

High pressure 
pumps 

To increase the 
nutrient solution 
pressure for the 
misters 

                    

    No nutrient 
solution 
delivered by 
the high 
pressure 
pumps 

Motor power supply 
loss 

  No nutrient 
solution flowing 
from the main 
system rack to 
the irrigation 
system 

4 Pressure Sensor, 
Control system 

None 1 2 2 

      Pump failure                 
      Nutrient solution bulk 

tank level too low 
                

    Insufficient 
nutrient 
solution flow 
from the high 
pressure 
pumps 

High pressure pump 
partial failure 

  Undesired 
nutrient solution 
flow in the 
irrigation system 
feeding lines 

4 Pressure Sensor, 
Control system 

None 1 2 2 

      Suction piping blocked                 
      Discharge piping 

blocked 
                

      Motor power supply 
loss 

                

    Intermittent 
nutrient 

Air leak in suction line   Undesired 
nutrient solution 

4 Pressure sensor None 1 2 2 
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solution flow 
from the high 
pressure pump 

flow in the 
irrigation system 
feeding lines 

    High pressure 
pump leakage 

Mechanical seal fails   Leakage in the 
irrigation system 

4 None None 1 2 2 

      Pump installed 
incorrectly 

                

Misters To spray the nutrient 
solution into crops 
roots 

                    

    Mister not 
spraying the 
nutrient 
solution 

Mister clogged    No nutrient 
solution being 
supplied by the 
irrigation system 
to crops 

4 Sensor, Pressure 
sensor in the 
pressure pump can 
inform how many 
misters are working 
properly 

None 1 2 2 

      No nutrient solution in 
the feeding lines of the 
irrigation system 

                

    Mister not 
spraying the 
nutrient 
solution as 
desired 

Misters clogged    Undesired 
nutrient solution 
flow being 
supplied by the 
irrigation system 
to the crops 

4 Pressure sensor in 
the pressure pump 
can inform how 
many misters are 
working properly 

Set of mister 
as an active 
redundant 
block 

1 2 2 

      Low pressure on the 
irrigation system 
feeding lines 

                

Tray drains To provide support 
to the crops, closed 
environment for the 
aeroponic and to get 
the water back into 
the system 

                    

    Tray drains 
leakage 

Tray cracked   Leakage on the 
irrigation system 

4 Visible None 1 1 1 

      Overflow due to 
clogged exit pipe 

                

       Installed incorrectly                 

    Tray not 
sealed 

Bad design sizing     4 Visible None 1 1 1 

      Human error                 

    Tray unable to 
support 
Rockwool 
holder 

Bad design sizing   Irrigation system 
unable to hold 
crops 

4 Visible Operator 
actions 

1 1 1 

      Supports broken                 
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Return SUMP To return the 
nutrient solution 
from the growing 
trays into the bulk 
tanks 

                    

    Return sump 
not returning 
nutrient 
solution 

No nutrient solution 
from the trays drains 

  No nutrient 
solution flow 
from the 
irrigation system 
back into the 
main rack 

3 Visible None 2 1 2 

      Pump failure                 

    Return sump 
leakage 

 Installed incorrectly   Leakage on the 
irrigation system 

3 None None 2 1 2 

      Cracked reservoir                 
      Overflow due to 

clogged exit pipe 
                

Waste water 
subsystem 

                      

Overflow sump 
(FEG) 

To avoid overflow in 
the FEG in case of 
any leaking 
components 
returning the fluid to 
the waste water 
system 

                    

    FEG waste 
water sump 
failure 

Pump failure Too much 
water 
accumulated in 
the overflow 
sump 

Leakage in the 
waste water 
system 

4 None None 1 1 1 

      Electrical power loss                 
      Trigger sensor burnt                 

Check valve 
(FEG) 

To allow the waste 
water flow on one 
direction only 

                    

    FEG waste 
water system 
check valve fail 
to open 

Internal failure   No flow waste 
water 

4 None None 1 2 2 

    FEG waste 
water system 
check valve fail 
to close 

    Waste water 
reflux 

4 None None 1 2 2 

    FEG waste 
water system 
check valve 

Valve installed 
incorrectly  

  Leakage in the 
waste water 
system 

4 None None 1 2 2 
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external 
leakage 

      Check valve pressure 
exceeded 

                

Overflow sump 
(SS) 

To avoid overflow in 
the SS in case of 
any leaking 
components 
returning the fluid to 
the waste water 
system 

                    

    SS waste 
water sump 
failure 

Pump Failure Too much 
water 
accumulated in 
the overflow 
Sump 

Leakage in the 
waste water 
system 

4 None None 1 1 1 

      Electrical power loss                 
      Trigger sensor burnt                 

Check valve SS To allow the waste 
water flow on one 
direction only 

                    

    SS waste 
water system 
check valve fail 
to open 

Internal failure   Leakage in the 
waste water 
system 

4 None None 1 2 2 

          Waste water 
reflux 

            

    SS waste 
water system 
check valve 
external 
leakage 

Valve installed 
incorrectly 

  Leakage in the 
waste water 
system 

4 None None 1 2 2 

      Exceeded operating 
pressure 

                

Waste water tank To storage waste 
water from sink and 
possible floods both 
in the SS and FEG 

                    

    Waste water 
tank level too 
high 

Too much water from 
the sink 

  Leakage in the 
waste water 
system 

4 Alarm, sensor Operator 
Actions, 
Design vent 

1 1 1 

      Too much water from 
the overflow Sumps 

                

      Human error                 

Waste water tank 
pump 

To pump out the 
storage waste water 
in the waste water 
tank 
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    No flow of 
waste water 
from waste 
water tank 

Motor power supply 
loss 

Possible 
leakage in the 
waste water 
tank 

Crew member 
unable to 
remove the 
waste water 
from the waste 
water tank 

4 Visible Operator 
Actions 

1 1 1 

      Motor failure                 
      Suction piping blocked                 
      Pump not primed                 
      Waste water tank 

empty 
                

    Insufficient 
waste water 
flow from 
waste water 
tank 

Pump partial failure   Too much time 
for crew 
member to take 
out the waste 
water from the 
waste water 
tank 

4 Visible Operator 
Actions 

1 1 1 

      Suction piping blocked                 
      Discharge piping 

blocked 
                

      Pump leaking                 
      Motor power supply 

loss 
                

    Intermittent 
waste water 
flow from 
waste water 
tank 

Air leak in suction line   Too much time 
for crew 
member to take 
out the waste 
water from the 
waste water 
tank 

4 Visible Operator 
Actions 

1 1 1 

    Pump leaking Pump installed 
incorrectly 

  Leakage in the 
waste water 
system 

4 Visible Operator 
Actions 

1 1 1 

      Mechanical seal fails                 

 

Plant health monitoring system FMECA 

Item/block name Function FM 
Failure 
cause 

Potential Effects of Failure 
mode Severity 

classification 
FDM CPRO SN PN CN 

Local 
Effects  

End Effects 

Plant Health 
Monitoring 
System 

Collect information suitable for analysis by a knowledge 
system to assess and advise prophylactic measures to 
the local operator 
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Argus Titan 
Omni Sensor 

To monitor humidity, light, and optional CO2 inside the 
FEG 

                    

    

Not monitoring 
humidity, light, and 
optional CO2 inside 
the FEG 

Sensor 
failure 

  

PHMS unable to 
provide humidity, 
light and CO2 data to 
crew inside the FEG  

3 None None 2 2 4 

      
Cables 
failure 

                

T, RH and CO2 
combination 
sensors 

To monitor humidity, temperature and CO2 inside the 
FEG 

                    

    

Not monitoring 
humidity, temperature 
and CO2 inside the 
FEG 

Sensor 
failure 

  

PHMS unable to 
provide humidity, 
light and CO2 data to 
CDHS inside the 
FEG   

4 None None 1 2 2 

      
Cables 
failure 

                

E-nose To manually detect plant diseases                     

    
Not detecting plant 
diseases 

Sensor 
failure 

  
 PHMS unable to 
detect possible plant 
diseases 

4 Visible Operator 1 2 2 

Plant Visual 
Inspection 

Provide top view image and lateral images, visual HD 
images with a resolution of not less than 2 MP and take 
top view images from a distance of approximately. 400 
mm short plants and nursery, 920 mm for tall plants and 
1960 mm for very tall plants 

                    

Top view 
camera 

Top view imagery from crops                     

    
Not providing top 
view imagery from 
crops 

Camera 
failure 

  
No imagery from the 
PHMS 

4 Visible Design 1 2 2 

      
Cables 
failure 

                

Side view 
camera 

Side view imagery from crops                     

    
Not providing side 
view imagery from 
crops 

Camera 
failure 

  
No imagery from the 
PHMS 

4 Visible Design 1 2 2 

      
Cables 
failure 

                

Mobile multi 
wavelength 
imager 

Multi wavelength imagery from crops                     

    

Not Multi wavelength 
providing imagery 
from the inside of the 
MTF 

Camera 
failure 

  
No imagery from the 
PHMS 

4 Visible Design 1 2 2 
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Cables 
failure 

                

 

Power control and distribution system FMECA 

Item/block name Function FM 
Failure 
cause 

Potential Effects of Failure mode 
Severity 
classification 

FDM CPRO SN PN CN Local 
Effects  

End Effects 

Main Power Box 

Split the power line incoming from 
Neumayer III into lines for each 
subsystem, which are then split 
into lines to the different 
components 

                    

Fuse To provide overcurrent protection                      

    
Fuse not providing 
overcurrent protection  

Fuse failure   
Fire/smoke along the 
cables, connectors or 
components. 

1 Visible None 4 1 4 

      
Cables not 
connected 

                

Relay 
(components) 

To isolate components, detect 
faults on transmission and 
distribution lines 

                    

    
Relay not isolating 
different circuits 

Relay failure   
PCDS unable to split 
power to different 
components 

3 None None 2 1 2 

      
Cables not 
connected 

                

Relay 
(subsystems) 

To isolate subsystems, detect 
faults on transmission and 
distribution lines 

                    

    
Relay not isolating 
different circuits 

Relay failure   
PCDS unable to split 
power to different 
subsystems 

2 None None 3 1 3 

      
Cables not 
connected 

                

Energy metering 
To measure the overall power 
consumption, subsystem and 
selected components 

                    

    

Not measuring the overall 
power consumption, 
subsystem and selected 
components 

Energy 
metering 
failure 

  

Not measuring the power 
consumption of the 
different electrical circuits 
in the main power box 

4 Visible None 1 1 1 

      
Cables not 
connected 
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DC Converter  
To convert the input power  from 
NM-III to relays 

                    

    

DD Converter not 
converting the input 
power from NM-III to 24v 
relays 

DC 
converter 
failure 

  
Relays on the main power 
box not being powered 

2 None UPS 3 1 3 

      
Cables not 
connected 

                

DC Converter  
To convert the input power  from 
NM-III to components 

                    

    

DD Converter not 
converting the input 
power from NM-III to 24v 
components 

DC 
converter 
failure 

  
Components on other 
subsystems not being 
powered 

3 None UPS 2 1 2 

      
Cables not 
connected 

                

Power Control 
(AMS heater) 

To control the power delivered to 
the AMS heater 

                    

    
Power control unable to 
control the power as 
desired 

Power 
control 
failure 

  
Heater on the AMS closed 
loop not working as 
designed 

2 

Failure effect 
itself. 
Temperature 
sensors 

None 3 1 3 

      
Cables not 
connected 

                

Power Control 
(fresh air heater) 

To control the power delivered to 
the fresh air heater 

                    

    
Power control unable to 
control the power as 
desired 

Power 
control 
failure 

  
Heaters on the AMS fresh 
air intake block not 
working as designed 

2 

Failure effect 
itself. 
Temperature 
sensors 

None 3 1 3 

      
Cables not 
connected 

                

Circuit Breaker 
To interrupt the current of a 
subsystem  

                    

    
Switch not interrupting 
the current of a 
subsystem or component 

Switch 
failure 

  
 Different power circuits 
cannot be turn off/on 

2 
Failure effect 
itself 

None 3 1 3 

      
Cables not 
connected 

                

UPS 
To buffer potential power 
shortages and voltage fluctuations 

                    

    
Not buffering potential 
power shortages and 
voltage fluctuations 

Single 
battery 
failure 

  
PCDS unable to deal with 
power shortages 

1 
Failure effect 
itself 

None 4 1 4 

      
Cables not 
connected 

                

MTF general 
lighting 

To illuminate both inside and 
outside of the MTF 
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Inside general 
lighting 

To illuminate the different sections 
of the MTF 

                    

    
Not illuminating the 
different sections of the 
MTF 

Lamp failure   MTF without general light 4 Visible None 1 2 2 

      
Cables not 
connected 

                

Outside general 
lighting 

To illuminate the MTF container, 
platform and access ladder and 
doors. 

                    

      Lamp failure   MTF without general light 4 Visible None 1 2 2 

      
Cables not 
connected 

                

Emergency light 
To illuminate the MTF sections in 
case of power shortage 

                    

      Lamp failure   
MTF emergency lights 
failure  

3 Visible None 2 1 2 

      
Dead 
batteries 

                

 

Thermal system FMECA 

Item/block name Function FM Failure cause 

Potential Effects of Failure mode 
Severity 
classification 

FDM CPRO SN PN CN Local 
Effects  

End Effects 

Thermal System 

To remove the larger part 
of the heat loads produced 
within the MTF, by 
providing an active liquid 
cooling to the AMS and 
LED and remove the heat 
from the MTF using an 
externally located rejected 
heat unit. 

                   

External cooler 
loop 

To reject heat from the 
MTF systems to the 
external environment 

                    

Free cooler 
To reject heat to an 
environment 

                    

    
Leak in the free 
cooler 

Free cooler 
installed 
incorrectly 

  
Insufficient heat rejected 
from the external cooler 
loop 

2 Pressure Sensor None 3 2 6 

      Internal failure                 

    
Malfunction of a 
fan of the free 
cooler 

Fan broken   
Insufficient heat rejected 
from the external cooler 
loop 

2 None None 3 2 6 
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      Cables broken                 

Thermometer 
display 

To show the inlet TYFOXIT 
temperature  

                    

    

Thermometer not 
displaying 
TYFOXIT's 
temperature 

Display failure   
Not showing TYFOXIT's 
temperature in the 
external loop 

4 
Temperature 
sensor 

None 1 1 1 

Manometer 
Gauge 

Show the inlet TYFOXIT 
pressure 

                    

    

Manometer gauge 
not showing 
TYFOXIT's 
pressure 

Gauge failure   
Not showing TYFOXIT's 
pressure in the external 
loop 

4 Pressure Sensor None 1 1 1 

Temperature 
sensor (Argus) 

Send inlet TYFOXIT's 
temperature to Argus 
system 

                    

    

Temperature 
sensor not sending 
inlet TYFOXIT's 
temperature to 
Argus system 

Sensor failure   
External cooler loop with 
possible malfunction 

3 
Temperature 
display 

None 2 2 4 

Air release valve 
To release air pockets from 
the inlet TYFOXIT 

                    

    
Not releasing air 
pockets from the 
inlet TYFOXIT 

Valve broken     4 Audible None 1 1 1 

Safety 
temperature 
sensor 

To ensure that the inlet 
TYFOXIT to the hydraulic 
separator is above 0°C 

                    

    
Inlet TYFOXIT 
temperature below 
0°C 

    
Outlet TYFOXIT from the 
external loop below 0°C 

3 

Thermometer 
display. 
Temperature 
sensor.  

Three way 
manual valve 
(as safety 
device) 

2 2 4 

Hydraulic 
separator 
DN80/DN100 

To balance pressure and 
flow rates of TYFOXIT 
coolant in the system 

                    

    

Hydraulic 
separator not 
balancing the 
pressure and flow 
rate 

TYFOXIT leak   

Undesired TYFOXIT 
pressure from the 
external loop to the other 
thermal loops  

3 Pressure sensor None 2 1 2 

      Hydraulic failure                 

Temperature 
sensor (Argus) 

To get TYFOXIT 
temperature after the 
hydraulic separator 

                    

    
Temperature 
sensor not sending 

Temperature 
sensor broken 

  
Undesired TYFOXIT 
temperature from the 

4 
Visual, 
temperature gauge 

None 1 2 2 
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data to Argus 
system 

external loop to the other 
thermal loops  

      
Cables 
broken/not 
connected 

                

Expansion 
vessel 

To prevent TYFOXIT 
pressure fluctuations in the 
external loop 

                    

    

Not preventing 
TYFOXIT pressure 
fluctuations in the 
external loop 

Expansion 
vessel failure 

  
TYFOXIT pressure 
fluctuations in the 
external loop 

3 Sensor pressure 
Safety 
pressure 
sensor 

2 1 2 

      Gas leakage                 

Safety pressure 
sensor 

To detect TYFOXIT 
pressure anomalies in the 
external loop 

                    

    

Not detecting 
TYFOXIT pressure 
anomalies in the 
external loop 

Sensor failure   
TYFOXIT pressure 
fluctuations in the 
external loop 

3 None Safety valve 2 1 2 

Pressure safety 
valve 

To release pressure from 
TYFOXIT avoiding 
undesirable high pressure 
values in the external loop 

                    

    
Not releasing  
pressure from 
TYFOXIT 

Valve stuck   
High pressure in the free 
cooler loop 

3 
Other inline 
pressure sensor  

Pressure 
sensor 

2 1 2 

Temperature 
sensor (Argus) 

To get the temperature of 
the coolant after the 
hydraulic separator 

                    

    

Not getting the 
temperature of the 
coolant after the 
hydraulic separator 

Sensor failure   
Undesired outlet 
TYFOXIT temperature in 
the LS loop 

3 
Visual, 
temperature gauge 

Three way 
manual valve 
(as safety 
device) 

2 2 4 

Pump 
To pump the outer 
TYFOXIT trough the lines 

                    

    
Not pumping the 
coolant trough the 
external loop lines 

Pump failure   
No outlet TYFOXIT flow 
from the external loop 

2 None None 3 1 3 

Controlled three 
way valve 

To control the temperature 
of the inlet coolant 

                    

    
Unable to control 
the temperature of 
the inlet coolant 

Valve stuck   

Undesirable outlet 
TYFOXIT temperature 
from the hydraulic 
separator to the free 
cooler 

2 
Temperature 
sensors 

None 3 2 6 



84 
 

Manual control 
valve 

To control the volume of 
TYFOXIT flowing to the 
free cooler 

                    

    

Unable to manually 
control the volume 
of the inlet 
TYFOXIT 

Valve stuck   

Undesirable outlet 
TYFOXIT flow from the 
hydraulic separator to the 
free cooler 

3 Visible Operator 2 2 4 

ILS cooler loop 
 To reject heat from the 
illumination system 

                    

Thermometer 
display 

To show the inlet TYLOXIT 
temperature  

                    

    
Thermometer not 
displaying Glycol's 
temperature 

Display failure   
Not showing Glycol's 
temperature in the LS 
loop 

4 
Temperature 
sensor 

None 1 1 1 

Plate heat 
exchanger 

To transfer heat between 
Tyfoxit to Glycol 

                    

    
Unable to transfer 
heat between 
coolants 

Leak   
Undesired Glycol 
temperature in the LS 
loop 

2 
Temperature 
sensor 

None 3 1 3 

      
Heat exchanger 
failure 

                

Air release valve 
To release air pockets from 
the outlet Glycol 

                    

    
Not releasing air 
pockets from the 
outlet Glycol 

Valve broken   Inefficient LS cooling loop 4 Audible None 1 1 1 

Controlled three 
way valve 

To control the temperature 
of the outlet Glycol 

                    

    
Unable to control 
the outlet Glycol's 
temperature  

Valve stuck   
Undesirable Glycol 
temperature in the LS 
loop 

3 
Temperature 
sensors 

None 2 2 4 

Pump 
To pump the outlet Glycol 
trough the LS loop lines 

                    

    
Not pumping the 
Glycol trough the 
LS loop 

Pump failure   
No Glycol flow to the LS 
loop 

2 None None 3 1 3 

Check valve Drive the Glycol flow                     

    
Reverse Glycol 
flow 

Valve stuck   
Reverse Glycol flow in the 
LS loop 

3 None None 2 2 4 

Temperature 
sensor (Argus) 

To get the temperature of 
the outlet Glycol before the 
LS subsystem 

                    

    

No getting the 
Glycol temperature 
before the LS 
subsystem 

Sensor failure   
Undesirable Glycol 
temperature in the LS 
loop 

4 
Thermometer 
gauge 

None 1 2 2 

Manometer 
Gauge 

Show the inlet Glycol 
pressure 
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Manometer gauge 
not showing the 
inlet Glycol's 
pressure 

Gauge failure   
Not showing inlet Glycol's 
pressure in the LS loop 

4 Visible, Sensor None 1 1 1 

Temperature 
sensor (Argus) 

To get the temperature of 
the inlet Glycol 

                    

    

Temperature 
sensor not sending 
data to Argus 
system 

Temperature 
sensor broken 

  
Undesired Glycol 
temperature in the LS 
loop 

4 
Visual, 
temperature gauge 

None 1 2 2 

Expansion 
vessel 

To prevent pressure 
fluctuations in the LS cooler 
loop 

                    

    

Not preventing 
Glycol pressure 
fluctuations in the 
external loop 

Expansion 
vessel failure 

  
Glycol pressure 
fluctuations in the 
external loop 

3 Sensor None 2 1 2 

      Gas leakage                 

Safety pressure 
sensor 

To detect Glycol pressure 
anomalies in the LS 
thermal  loop 

                    

    

Not detecting 
Glycol pressure 
anomalies in the 
LS loop 

Sensor failure   
Glycol pressure 
fluctuations in the LS loop 

3 None Safety valve 2 1 2 

Pressure safety 
valve 

To release pressure from 
Glycol avoiding undesirable 
high pressure values in the 
LS loop 

                    

    
Not releasing  
pressure from 
glycol 

Valve stuck   
High pressure in the LS 
loop 

3 None 
Safety 
pressure 
sensor 

2 1 2 

Pump 
To pump the outlet 
TYFOXIT trough the lines 

                    

    
Not pumping the 
coolant trough the 
external loop lines 

Pump failure   
No TYFOXIT flow the 
external loop 

2 None None 3 1 3 

Check Valve 
Drive the outlet TYFOXIT 
flow 

                    

    
Reverse Glycol 
flow 

Valve stuck   
Undesirable TYFOXIT 
flow in the LS loop to the 
free cooler loop 

3 None None 2 2 4 

Temperature 
sensor (Argus) 

To get the outlet TYFOXIT 
temperature 

                    

    

Not getting the 
outlet  TYFOXIT 
temperature from 
the LS loop 

Sensor failure   

Undesirable TYFOXIT 
temperature in the LS 
loop to the free cooler 
loop 

3 
Visual, 
temperature gauge 

Three way 
manual valve 

2 2 4 
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AMS loop Add function                      

Thermometer 
display 

To show the inlet TYLOXIT 
temperature  

                    

    
Thermometer not 
displaying Glycol's 
temperature 

Display failure   
Not showing Glycol's 
temperature in the AMS 
loop 

4 
Temperature 
sensor 

None 1 1 1 

Plate heat 
exchanger 

To transfer heat between 
Tyfoxit to Glycol 

                    

    
Unable to transfer 
heat between 
coolants 

Leak   
Undesired Glycol 
temperature in the AMS 
loop 

2 
Temperature 
sensor 

Operator 
action 

3 1 3 

      
Heat exchanger 
failure 

                

Air release valve 
To release air pockets from 
the outlet Glycol 

                    

    
Not releasing air 
pockets from the 
outlet Glycol 

Valve broken   
Inefficient AMS cooling 
loop 

4 Audible None 1 1 1 

Controlled three 
way valve 

To control the temperature 
of the outlet Glycol 

                    

    
Unable to control 
the outlet Glycol's 
temperature  

Valve stuck   
Undesirable Glycol 
temperature in the AMS 
loop 

3 
Temperature 
sensors 

None 2 2 4 

Pump 
To pump the outlet Glycol 
trough the LS loop lines 

                    

    
Not pumping the 
Glycol trough the 
AMS loop 

Pump failure   
No Glycol flow to the 
AMS loop 

2 None None 3 1 3 

Check valve Drive the Glycol flow                     

    
Reverse Glycol 
flow 

Valve stuck   
Reverse Glycol flow in the 
AMS loop 

3 None None 2 2 4 

Temperature 
sensor (Argus) 

To get the temperature of 
the outlet Glycol before the 
AMS subsystem 

                    

    

No getting the 
Glycol temperature 
before the LS 
subsystem 

Sensor failure   
Undesirable Glycol 
temperature in the AMS 
loop 

4 
Thermometer 
gauge 

None 1 2 2 

Manometer 
Gauge 

Show the inlet Glycol 
pressure 

                    

    

Manometer gauge 
not showing the 
inlet Glycol's 
pressure 

Gauge failure   
Not showing inlet Glycol's 
pressure in the AMS loop 

4 Visible, Sensor None 1 1 1 

Temperature 
sensor (Argus) 

To get the temperature of 
the inlet Glycol 
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Temperature 
sensor not sending 
data to Argus 
system 

Temperature 
sensor broken 

  
Undesired Glycol 
temperature in the AMS 
loop 

4 
Visual, 
temperature gauge 

None 1 2 2 

Expansion 
vessel 

To prevent pressure 
fluctuations in the AMS 
cooler loop 

                    

    

Not preventing 
Glycol pressure 
fluctuations in the 
external loop 

Expansion 
vessel failure 

  
Glycol pressure 
fluctuations in the 
external loop 

3 Sensor None 2 1 2 

      Gas leakage                 

Safety pressure 
sensor 

To detect Glycol pressure 
anomalies in the AMS 
thermal  loop 

                    

    

Not detecting 
Glycol pressure 
anomalies in the 
AMS loop 

Sensor failure   
Glycol pressure 
fluctuations in the AMS 
loop 

3 None Safety valve 2 1 2 

Pressure safety 
valve 

To release pressure from 
Glycol avoiding undesirable 
high pressure values in the 
AMS loop 

                    

    
Not releasing  
pressure from 
glycol 

Valve stuck   
High pressure in the AMS 
loop 

3 None 
Safety 
pressure 
sensor 

2 1 2 

Pump 
To pump the outlet 
TYFOXIT trough the lines 

                    

    
Not pumping the 
coolant trough the 
external loop lines 

Pump failure   
No TYFOXIT flow to the 
free cooler loop 

2 None None 3 1 3 

Check Valve 
Drive the  outlet TYFOXIT 
flow 

                    

    
Reverse TYFOXIT 
flow 

Valve stuck   
Undesirable TYFOXIT 
flow in the AMS loop to 
the free cooler loop 

3 None None 2 2 4 

Temperature 
sensor (Argus) 

To get the outlet TYFOXIT 
temperature 

                    

    

Not getting the 
outlet  TYFOXIT 
temperature from 
the AMS loop 

Sensor failure   

Undesirable TYFOXIT 
temperature in the AMS 
loop to the free cooler 
loop 

3 
Visual, 
temperature gauge 

Three way 
manual valve 

2 2 4 

 

 


