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EDITORIAL

A COMMON LANGUAGE AND THE INTERNATIONAL 
SPACE MEDICINE SUMMIT 2015

George W. S. Abbey
Baker Institute, Rice University

On June 4-7, 2015, the Space Policy Program at Rice 
University’s Baker Institute and Baylor College of 
Medicine hosted the ninth annual International Space 
Medicine Summit (ISMS) at the Baker Institute on the 
campus of Rice University. ISMS 2015 brought together 
the world’s leading physicians, space biomedical scien-
tists, engineers, astronauts, cosmonauts and educators 
from the spacefaring nations for high-level discussions 
to identify not only necessary space medicine research 
goals but also ways to further enhance international co-
operation and collaborative research. All of the Inter-
national Space Station (ISS) partners were represented, 
Canada, the European Space Agency, Japan, and Russia. 
In addition China, the third human space faring nation in 
the world was also represented at the Summit.

International cooperation is essential to the human ex-
ploration of space and ISMS 2015 recognized and cel-
ebrated the 40th Anniversary of the Apollo-Soyuz Test 
Project (ASTP) mission, the advent of a relationship and 
cooperation that is the foundation of the International 
Space Station (ISS). Extra-Vehicular Activity (EVA) has 
also played a major role in the assembly and mainte-
nance of the ISS, and ISMS 2015 also celebrated the 
50th Anniversary of the world’s first EVA, performed by 
Cosmonaut Alexi Leonov in March 1965. 

A special EVA Panel was held as a part of the Summit and 
its related discussions proved to be very interesting and 
memorable. Cosmonaut Alexei Leonov was one of the 
six astronauts and cosmonauts that made up the panel. 
General Leonov described his historic 1965 space walk 
in detail. General Tom Stafford and Astronaut Gene Cer-
nan in turn, described the planning and execution of the 
United States EVA that was an integral part of their 1966 
Gemini IX Mission and the many problems encountered. 
The lessons learned on their EVA led to the innovations 
and subsequent training that in turn have helped to make 
subsequent EVA’s and the International Space Station 
space walks so successful. The life threatening problems 
encountered on the EVA accomplished on the Space 
Station during Expedition 36 on July 16, 2013, were 
also related by the two prime participants, Astronaut 
Chris Cassidy and Italian Astronaut Luca Parmitano  

[See Hansen, C and Cassidy C, JSSE Vol 1, No, 1, pp 
32-39]. Cosmonaut Sergei Ryzansky also described his 
record breaking space walk on Space Station in Decem-
ber 27, 2013, the longest Russian EVA in history.

Another highlight of ISMS 2015 was a half-hour live 
video conference with astronaut Scott Kelly and cosmo-
naut Mikhail Kornienko on board the ISS and Tom Staf-
ford, Alexi Leonov and NASA Administrator Charles 
Bolden at the Baker Institute. Their discussion provided 
context for the summit deliberations.

The historic Apollo-Soyuz Mission in July of 1975 was 
an event of significant importance. It brought hope to a 
world had lived under the threat of complete devasta-
tion or destruction, as two major Cold War adversaries 
worked together to achieve a common objective. That 
singular event has had a lasting and beneficial effect on 
the two adversaries and the world, as they now work to-
gether with other international partners to fly the largest 
international research facility that has ever been built in 
an orbit over two hundred miles above the earth. Apol-
lo-Soyuz achieved success and the International Space 
Station is successful primarily because safety was and 
is an integral and fundamental consideration in the ex-
ecution of the two programs. The engineers from the 
two countries shared a common and an essential bond 
in achieving their successes in space, safety. It was a 
common language between the engineers on both sides. 
That is clearly demonstrated by the EVA’s described in 
the special EVA Panel convened at the Summit. From 
Alexei Leonov’s first tentative steps outside his Voskhod 
2 spacecraft, to Gene Cernan’s problem plagued space 
walk on Gemini IX, to the life threatening events that 
occurred on Expedition 36 on-board the Space Station, 
safety was primary, and ensured the return from harm’s 
way of all the participants.

In order to ensure successful future human flights to 
the Moon, and to Mars, there must be much more re-
search to prevent and/or mitigate the medical, psycho-
logical and biomedical challenges spacefarers face. The 
International Space Station (ISS) provides an excellent 
laboratory in which to conduct the required research 
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and it is essential that the station be utilized to its full-
est potential through cooperative studies and the sharing 
of equipment and instruments between the international 
partners. ISMS 2015 emphasized collaborative research 
between the Space Station partners and concluded with 
agreement to proceed with a research program founded 
upon cooperative research. Many nations and languages 
were represented in the discussions, however, the com-

mon thread that was understood and advocated by all, 
was clearly safety.

And as we join with other nations to push back the 
boundaries in the human exploration of space, safety 
must play a key and an essential role in that journey. It is 
a common language known to all the successful players 
in the great endeavor to explore the heavens.

PROFILE

George W.S. Abbey is the senior fellow in space policy 
at the James A. Baker III Institute for Public Policy, one 
of the premier nonpartisan public policy think tanks 
in the United States. The Baker Institute is an integral 
part of Rice University, one of the nation's most dis-
tinguished institutions of higher education. From 1996 
to 2001 George Abbey served as the director of NASA 
Johnson Space Center. Prior to being assigned as an Air 
Force captain to NASA’s Apollo Program at the Manned 
Spacecraft Center in 1964, he served in the Air Force 
Research and Development Command and was involved 
in the early Air Force manned space activities, including 
the Dyna-Soar Program. In 1976, he was named director 
of flight operations, where he was responsible for opera-
tional planning and management of flight crew and flight 
control activities for all manned spaceflight missions. In 
1983, he became director of the Flight Crew Operations 

Directorate. In 1990, Abbey was selected as deputy for 
operations and senior NASA representative to the Syn-
thesis Group and was charged with defining strategies 
for returning to the moon and landing on Mars. In 1991, 
Abbey was appointed senior director for civil space 
policy for the National Space Council in the Executive 
Office of the President. Abbey has received numerous 
awards, including the NASA Exceptional Service Med-
al, the NASA Outstanding Leadership Medal and three 
NASA Distinguished Service Medals. He was a mem-
ber of the operations team presented with the Medal of 
Freedom, the nation’s highest civilian award, in 1970 by 
President Richard Nixon for its role in support of the 
Apollo 13 Mission. Abbey graduated from the U.S. Na-
val Academy in 1954 and received a master’s degree in 
electrical engineering from the U.S. Air Force Institute 
of Technology in 1959.
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POTENTIAL ABUSES TO THE ITU RADIO REGULATIONS: 
THE LICENSING OF SMALL SATELLITES

Dimitris Stratigentas
Leiden Law School, Steenschuur 25, 2311 ES Leiden, The Netherlands

  Email: dimitris.stratigentas@gmail.com

ABSTRACT

This article examines potential abuses to the ITU Radio 
Regulations by administrations and small satellites op-
erators when it comes to frequency allocation. More spe-
cifically, it introduces the problematic nature of Article 
4.4 of the Regulations and its potential misuse. This is 
being demonstrated by the example of the FCC’s public 
notice for guidance on obtaining license for small satel-
lites, which is in derogation of the Treaty, and the ef-
fects it has on the telecommunications world. The article 
also discusses possible solutions and measures that can 
be adopted to remedy the problem and stop any further 
abuse of the Regulations.

“We do not want to police you; we are not the 
police. That is not our job. We want only to 
follow the rules to preserve the use of the re-
source.”

Attila Matas speaking on behalf of ITU at the 
ITU’s Symposium and Workshop on Small Sat-
ellite Regulation in Prague, 2-4 March 2015.

1. INTRODUCTION

The rate of increase of small satellites being launched 
into outer space is impressing. Their relatively low cost 
makes them available to many. Launching a satellite into 
outer space is no longer the privilege of big companies 
or States. However, even small satellites need to com-
municate with their operator. For this reason they are be-
ing built with a radio transmitter which operates using 
a specific frequency band. The allocation of frequency 
bands is carried out by the International Telecommuni-
cations Union (ITU).

One of the legal instruments of the ITU is the Radio 
Regulations [1] which is a legally binding Treaty to all 
Member States of the organisation. When assigning fre-
quencies to stations, each administration must ensure 
compliance with the Regulations. However, Article 4.4 
gives the power to Member States to derogate from the 
Radio Regulations and assign frequencies to services 
that are not provided for such services by the Treaty. 
The term ‘derogation’ refers to the partial repeal or  

abolishing of a law, as by a subsequent act which limits 
its scope or impairs its utility and force [2]. This power 
should only be exercised in certain cases and with the 
condition that no harmful interference will be created to 
services of other States.

In March 2013, the administration of the United States 
issued a public notice in which they provide guidance 
on the licensing of small satellites. That notice refers to 
available frequencies for small satellites which do not 
comply with the provisions of the Radio Regulations. 
The US may seem to have the power to derogate under 
Article 4.4; however, they cannot guarantee the absence 
of harmful interference in the case of small satellites. 
Following the notice, manufacturers and retailers of 
small satellites in different countries started using the 
frequency bands provided by the US administration. 
This creates many risks for harmful interference in 
services using these bands and which comply with the 
Regulations.

The article begins by introducing the role of the ITU and 
the relevant international legal framework. Next, the Ra-
dio Regulations and the derogation power under Article 
4.4 are being examined. The problem originated by the 
aforementioned notice is then being analysed, before 
looking at possible solutions to remedy the situation.

2. THE INTERNATIONAL  
 TELECOMMUNICATION UNION

2.1 The ITU’s Role

The ITU is a specialised agency of the United Nations 
and is based in Geneva. The Union is responsible for 
international frequency allocations, worldwide telecom-
munications standards and telecommunication devel-
opment activities [3]. While in general recognising the 
sovereign right of each state over its telecommunication 
[4], the ITU is concerned with maintenance and exten-
sion of cooperation with regard to the use of telecom-
munication on the international plane [5]. In addition, it 
also promotes the development and efficient operation 
of telecommunication facilities, in order to improve the 
efficiency of telecommunication services, their useful-
ness, and their general availability to the public [6].
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The Union is divided into three sectors. The Radiocom-
munication Sector (ITU-R) is committed to ensuring “the 
rational, equitable, efficient and economical use of the 
radio-frequency spectrum by all radiocommunication 
services” [7]. One of the strategic goals of the ITU-R is 
to ensure interference-free operation of radiocommunica-
tion systems by implementing the Radio Regulations and 
regional agreements, as well as updating these instruments 
in an efficient and timely manner through the processes 
of world and regional radiocommunication conferences.” 
ITU-R manages the detailed coordination and recording 
procedures for space systems and earth stations. Its main 
role is to process and publish data, and to carry out the 
examination of frequency assignment notices submitted 
by administrations for inclusion in the formal coordina-
tion procedures or recording in the Master International 
Frequency Register (MIFR) [8]. This coordination proce-
dure incorporates two basic principles of the corpus iuris 
spatialis (the body of space law): State responsibility for 
any activity of its nationals in outer space [9]; and regis-
tration procedure which the State must follow in order to 
place an object into outer space [10].

2.2 The ITU Instruments

The International Telecommunication Convention [11] 
was signed in Nairobi on November 6, 1982. The Union 
split the Convention into a permanent Constitution and 
a Convention open to revision at Plenipotentiary Con-
ferences, allowing for a more stable declaration of prin-
ciples and regulations while retaining the ability to adjust 
to the changing telecommunications climate [12].

The provisions of both the Constitution and the Conven-
tion are further complemented by those of the Admin-
istrative Regulations; the International Telecommunica-
tion Regulations, [13] and the Radio Regulations. They 
regulate the use of telecommunications and together with 
the Constitution and the Convention have the status of 
intergovernmental treaties that are legally binding on all 
Member States. They set the objectives of the Union and 
define the rights and obligations of the signatory parties.

Article 1 of the Constitution provides that the Union shall 
“[…] effect allocation of bands of the radio-frequency 
spectrum, the allotment of radio-frequencies and the reg-
istration of radio frequency assignments and, for space 
services, of any associated orbital position in the geosta-
tionary-satellite orbit or of any associated characteristics 
of satellites in other orbits, in order to avoid harmful inter-
ference between radio stations of different countries.” [14]

In the same context, Article 45 of the Convention adds 
that all stations “[…] must be established and operated in 

such a manner as not to cause harmful interference to the 
radio services… of other Member States or of recognized 
operating agencies, or of other duly authorized operat-
ing agencies which carry on a radio service, and which 
operate in accordance with the provisions of the Radio 
Regulations.” [15]

Any frequency assignment that is successfully coordi-
nated and recorded in the MIFR is internationally recog-
nised and protected [16]. This right also comes with the 
obligation on behalf of the Member States to take imme-
diate action to eliminate any source that causes harmful 
interference [17].

It is clear from the above that the prevention of harmful 
interference lies on the core of the Union’s purposes and 
goals. The next section introduces how this goal is threat-
ened by the non-compliance of small satellite operators 
with the Regulations and their non-application by State 
agencies.

3. THE RADIO REGULATIONS

The Radio Regulations is an intergovernmental treaty text 
that complements the Constitution and Convention of 
ITU. Covering both legal and technical issues, the Radio 
Regulations serve as an instrument for the optimal inter-
national management of the radio spectrum. The Radio 
Regulations define, inter alia, the allocation of different 
frequency bands to different radio services; the manda-
tory technical parameters to be observed by radio stations, 
especially transmitters; and procedures for the coordina-
tion (ensuring technical compatibility) and notification 
(formal recording and protection in the MIFR) of frequen-
cy assignments made to radio stations by administrations.

3.1 The Derogation Power under Article 4.4

The drafters of the original text of the Radio Regulations 
saw fit to create an exemption clause on the provisions 
that would allow administrations of Member States to 
give authorisation for a station to use a radio frequency 
in derogation of the Radio Regulations. Specifically, Ar-
ticle 4.4 reads:

“Administrations of the Member States shall not assign 
to a station any frequency in derogation of either the Ta-
ble of Frequency Allocations in this Chapter or the other 
provisions of these Regulations, except on the express 
condition that such a station, when using such a frequen-
cy assignment, shall not cause harmful interference to, 
and shall not claim protection from harmful interference 
caused by, a station operating in accordance with the 
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provisions of the Constitution, the Convention and these 
Regulations.” [18]  

It is not difficult to understand why the drafters of the 
Radio Regulations decided to include such a provision 
in the text. First of all, political reasons were demanding 
it. The Union was founded on the sovereignty principle – 
“[…] fully recognizing the sovereign right of each State 
to regulate its telecommunication […]” [19]. Article 6 (1) 
of the Constitution limits the binding force of the Consti-
tution, the Convention and the Regulations. It states that 
“Member States are bound to abide by the provisions of 
this Constitution, the Convention and the Administrative 
Regulations in all telecommunication offices and stations 
which engage in international services or which are ca-
pable of causing harmful interference to radio services 
of other countries.” [20] In other words, States have the 
power to adopt their own telecommunication regulations 
within their territory as long as they do not interfere with 
radio services of other States. The insertion of Article 4.4 
in the Radio Regulations reconfirms this right in respect 
to radiocommunication. It is important to note, once 
again, that the absence of harmful interference to the ser-
vices of other States is a prerequisite for the exercise of 
this right.

There are also practical reasons behind the adoption of 
Article 4.4. There are exceptional circumstances that ab-
solute compliance with the Radio Regulations and the 
Table of Frequency Allocations (hereinafter Table) may 
not be possible, or may even be a hurdle in respect to 
certain activities. One example could be the launching 
of a satellite. During the short period of the launching, 
it would be justified for an administration to license the 
use of a frequency in derogation of the Regulations in 
order to ensure the successful completion of such a haz-
ardous activity, as long as it does not have the potential 
to cause harmful interference to services of other States. 
Another example can be the use of a frequency in deroga-
tion of the Radio Regulations for deep space communi-
cations, which requires a lot of power. It is important to 
remember, however, that for those activities there is no 
international recognition and no protection from harmful 
interference [21].

3.2 Article 4.4 in Practice

What the drafters of the Regulations did not expect was 
the extent of the misuse of Article 4.4 today. On March 15, 
2013, the Federal Communications Commission (FCC) 
[22] released a public notice providing guidance on ob-
taining licenses for non-Federal small satellites (such as 
pico-satellites, nano-satellites and cubesats) which are 
used for amateur and experimental purposes [23].  

An ‘amateur service’ is defined by Article 1.56 of the Ra-
dio Regulations as “A radiocommunication service for the 
purpose of self-training, intercommunication and techni-
cal investigations carried out by amateurs, that is, by duly 
authorized persons interested in radio technique solely 
with a personal aim and without pecuniary interest.” [24]

As the FCC notice is relevant to small satellites, it refers 
to ‘amateur-satellite service’ which is defined as “a ra-
diocommunication service using space stations on earth 
satellites for the same purposes as those of the amateur 
service.” [25] It is clear from the two definitions that ama-
teur services should not be used for commercial purposes.

Indeed, the FCC guidance reconfirms this provision pro-
hibiting “communications in which the station licensee or 
control operator has a pecuniary interest, including com-
munications on behalf of an employer…”. Section 97 (c) 
of the FCC’s Part 97 rules [26] provides the available 
frequencies for amateur-satellite service, which are all in 
conformity with the Table and the Radio Regulations.

Regarding the experimental purposes, the FCC notice 
refers to the 145-148 MHz, 420-450 MHz, 902-928 
MHz (ISM), and 2.390-2.450 GHz bands as ‘common 
frequencies authorized for small satellite operations to 
date’. With this statement, the FCC effectively legalizes 
the use of the above frequencies for experimental pur-
poses by small satellites operators. However, as it will 
be explained below, this statement is in derogation of the 
Radio Regulations in its whole.

The Radio Regulations do not define an ‘experimen-
tal service’. They only define an ‘experimental station’ 
which is “a station utilizing radio waves in experiments 
with a view to the development of science or tech-
nique.” [27] Different services can serve ‘experimental 
purposes’. For example, a ‘fixed service’ [28] can serve 
‘experimental purposes’ if it is used for the develop-
ment of science or technique. The same can be true for 
a ‘fixed-satellite service’ [29]. For this reason Article 5 
of the Radio Regulations does not provide any mention 
of ‘experimental service’ within the Table. Nevertheless, 
the definition of ‘experimental station’ “does not include 
amateur stations” [30].  In other words, an ‘amateur ser-
vice’ cannot serve ‘experimental purposes’.

Looking at the Table of the Radio Regulations and the 
bands that the FCC guidance refers to as common bands 
of allocation for experimental purposes, it becomes clear 
that the FCC equates the ‘amateur service’ with ‘experi-
mental purposes’. According to the Table, the 144-146 
MHz band is allocated to amateur-satellite service in Re-
gion 2 [31] on a primary basis [32]. The 2400-2450 band 
(part of the 2.390–2.450 GHz band, as provided by the 
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FCC) is also allocated to amateur-satellite service in the 
US “subject to not causing harmful interference to other 
services operating in accordance with the Table” [33]. All 
of the remaining bands are, inter alia, allocated to ama-
teur service in Region 2 (most of them on a secondary 
basis). The FCC’s intentional, or not, misinterpretation 
of the Table is apparent. 

Even if an ‘amateur service’ could serve ‘experimental 
purposes’, according to the Radio Regulations and the 
aforementioned definitions ‘amateur service’ and ‘ama-
teur-satellite service’ are different. Whilst the latter refers 
specifically to satellite service, the first only refers for 
terrestrial service. This can be concluded by the mere ex-
istence of a separate definition for the ‘amateur-satellite 
service’. But, it is also provided by Article 1.19 of the 
Radio Regulations, which clearly states that “in these 
Regulations, unless otherwise stated, any radiocommuni-
cation service relates to terrestrial radiocommunication.” 
[34] Thus, the definition of the ‘amateur service’ under 
Article 1.56 of the Radio Regulations should be read as 
“a terrestrial [emphasis added] radiocommunication ser-
vice for the purpose of self-training...”  

An even bigger problem, however, originated by the pub-
lication of the FCC notice is the reference to ‘ISM’ ap-
plications within brackets after the 902-928 MHz band. 
Industrial, scientific and medical (ISM) applications are 
defined as the “operation of equipment or appliances de-
signed to generate and use locally radio frequency ener-
gy for industrial, scientific, medical, domestic or similar 
purposes, excluding applications in the field of telecom-
munications.” [35] Indeed, following Article 5.150, the 
902-928 MHz band is also allocated to ISM applications 
in Region 2 [36]. Nevertheless, their definition is indica-
tive of two facts. Firstly, their use is very restrictive; they 
are designed for local and terrestrial use only (examples 
of ISM applications are the microwave ovens and medi-
cal diathermy machines). Clearly, application on small 
satellites does not fall under the definition. Secondly, 
they are not applicable to the telecommunication field. 

By putting ‘ISM’ after the band, the US agency implies 
that ISM applications can serve experimental purposes, 
and that ISM applications are available to satellite ser-
vices (at least on that particular band). The derogation 
from the Radio Regulations is too manifest.

Following the publication of the FCC notice, a US-based 
company, ‘Radiobro Corporation’ [37], started the manu-
facturing of radio transceivers for small satellites which 
emit on the 902-928 MHz (ISM) band. Another company 
based in the UK, ‘Alba Orbital Ltd’ [38], manufactures 
small satellites and makes them available for purchase 
through their website in every country in the world. Alba 

Orbital is being supplied with radio transceivers from 
Radiobro and incorporates them into the small satellites.  

The mere fact that the 902-928 MHz band is being used 
for ISM applications on satellite telecommunications is 
in derogation of Article 5 and the Radio Regulations. In 
addition to that, the UK is located within Region 1 [39].  
According to the Table, ISM applications are not allo-
cated to the 902-928 MHz band in that Region, which 
makes the derogation from the Radio Regulations and the 
potential for harmful interference even greater.
Thus, the problem with Alba Orbital is that they try to es-
tablish their product into using frequency bands that are 
not available for such application. They are in derogation 
of Article 5 of the Radio Regulations. The Table exists to 
ensure the least possible interference to the telecommu-
nications world. If there is no remediation of the problem 
as soon as possible, it is highly likely that more manu-
facturers and more operators will start using that band. 
The result will be a great risk of harmful interference and 
a repeated interruption of radiocommunication services 
operating in accordance with the Regulations. 

As seen above, this problem originated from the FCC 
notice. Following the Constitution of the Union, the 
FCC has the right to regulate the telecommunications 
within US territory as they wish, as long as they do not 
risk causing harmful interference to the services of other 
States [40]. The fact is, however, that they cannot guaran-
tee the absence of risk in this occasion. The emission area 
of a small satellite is huge and it is certain that they will 
interfere (at least to some extent) with services of neigh-
boring countries like Mexico and Canada. In other words 
the FCC has an obligation under the ITU Constitution to 
not adopt such provisions, and abide by the Regulations. 

The above example of the FCC notice is a clear demon-
stration of the misuse of Article 4.4 of the Radio Regula-
tions today. The exemption under this article should be 
used for exceptional cases and for short periods; defi-
nitely not for commercial application. The FCC notice 
created a precedent of a gross derogation from the Regu-
lations. This is yet to become a big problem, but if there 
are no efforts to tackle it, it has the potential to become a 
huge one in the near future. The next section introduces 
some possible solutions to this situation.

4. REMEDYING THE PROBLEM

4.1. The ITU’s Extent of Power

As an intergovernmental organization there is not much 
the ITU can do to force the FCC to retreat the notice. 
As it is not a supranational organization, sanctions are 
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out of the question.  Although Member States are bound 
by the ITU legal instruments, in the application of their 
rules the ITU relies on the good faith of its Members. 
Article 6 of the Constitution provides that “the Mem-
ber States are bound to abide by the provisions of this 
Constitution, the Convention and the Administrative 
Regulations [...]” [41]. Article 15 Section 4 adds that 
“It is essential that Member States exercise the utmost 
goodwill and mutual assistance in the application of the 
provisions of Article 45 of the Constitution and of this 
Section to the settlement of problems of harmful inter-
ference.” [42]

The provisions regarding the settlement of disputes 
are set out in Article 56 of the ITU Constitution and 
require that disputes are to be settled “[…] by negotia-
tion, through diplomatic channels, or according to pro-
cedures established by bilateral or multilateral treaties 
concluded between them for the settlement of interna-
tional disputes […]” [43], thus, placing particular em-
phasis on methods agreed upon outside the ITU system. 
In case that no settlement is achieved, the ITU Con-
vention provides for an arbitration procedure available 
to members that are party to the dispute [44]. Further, 
an ‘Optional Protocol on the Compulsory Settlement 
of Disputes […]’ exists [45], applicable only to those 
members that are parties to that Protocol. Nevertheless, 
it is worth mentioning that the Optional Protocol on the 
Compulsory Settlement of Disputes has never been in-
voked. 

What then makes Member States, and even the telecom-
munication industry abide by the Union’s rules? One 
might call it “necessity” [46] or use the more eloquent 
words of one scholar who stated that the whole system 
of international telecommunication that is enshrined 
in the ITU ‘essentially depends upon states recogniz-
ing the effects of failure […] to behave in a responsible 
manner.’ [47]

It is not too difficult to imagine the problems and poten-
tial chaos a failure to comply with standards and rules 
set up by the ITU and its experts would inevitably lead 
to. Restrained by the laws of physics, not by the laws 
of politics, cooperation is vital and unavoidable [48]. 
Given the complex physical nature of radiocommuni-
cation, cooperation among all members of the ITU is 
needed in order to prevent harmful interference and en-
able all to benefit from this technology. Interference by 
just one member would inevitably affect others and last 
but not least the offender state itself, as, due to physics, 
its use of the global network would be interfered with 
as well [49].

4.2. Raising Awareness

In order to correct, or at least prevent any further deroga-
tion from the Radio Regulations in respect to the small 
satellites and the frequency bands they use, the ITU 
needs to educate administrations, manufactures and op-
erators about these issues. A greater degree of awareness 
is vital for the continuing successful and efficient use of 
radiocommunication services. 

A good step towards that direction was the ITU Sympo-
sium and Workshop on Small Satellite Regulation which 
was held in Prague at the beginning of March. During the 
Symposium the delegates discussed the regulatory chal-
lenges facing the rapid development of small satellites, 
while recognising the importance of following the Regu-
lations to ensure the long-term sustainability of small sat-
ellites in outer space [50].

The Union may not have any real enforcement powers, 
but it can use other means to ‘punish’ a non-cooperating 
State. It could use, for instance, the ‘name and shame’ 
method. Rather than being a sanction, this method is a 
good way to question the morality of a State. For exam-
ple, at the next meeting of the Member States, the ITU 
could make a specific reference to the USA, presenting 
the issue of their non-compliance and how this endangers 
the interests of the other States.

4.3. Revision of the Radio Regulations

Another way of preventing further derogation from the 
Regulations is by the revision of the Radio Regula-
tions. Article 4.4 could be amended to include one more 
sentence in the end that would read: “Where the signal 
emission of such a station has the potential to reach ser-
vices of other States, the administration of the Member 
State shall follow the coordination procedure under Ar-
ticle 9.” With this provision it becomes clearer that the 
derogation power under Article 4.4 is only available for 
services that have no potential to reach and cause inter-
ference to other States’ services. It also empowers the 
ITU in cases where the station has the potential to inter-
fere with services of other States to examine the compli-
ance of the assignment with the Regulations during the 
coordination procedure.  

There is also an ITU-R Study Group currently examining 
a possible revision of the Radio Regulations. More spe-
cifically, one of the solutions the Study Group is analyz-
ing is the possible insertion of a separate ‘small satellite 
service’ within the Regulations. This would mean that 
specific frequency bands on the Table could be allocated 
to ‘small satellite service’, thus making easier to com-
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ply with the Regulations. This, however, would require 
defining what a ‘small satellite’ is. At the moment there 
is no workable definition of a ‘small satellite’, and the 
Study Group sounded pessimistic during the Symposium 
in Prague. They said that, by some definitions, even the 
International Space Station would be classified as a small 
satellite. Yvon Henri, head of the ITU-R, stated: “We are 
really now not sure if any such special regulatory regime 
should be created. There is no definition of what a small 
satellite is and if I understand the results we have heard, 
maybe there will never be one.”

Nevertheless, the Study Group has roughly four more 
years until the 2019 World Radiocommunication Confer-
ence to present their results. Hopefully, they will come 
up with some suggestions that will prove helpful to the 
Union in relation to the small satellites regulatory issues 
[51].

5. CONCLUSION

The ITU’s important role in ensuring interference-free 
telecommunications is evident. Abiding by the Radio 
Regulations is not an option for the Member States, but 
rather a necessity in order to successfully continue enjoy-
ing the radiocommunication services. However, Article 
4.4 of the Radio Regulations allows Member States to 
derogate from the provisions willingly. The absence of 
harmful interference is a prerequisite of the exercise of 
this power. Nevertheless, Member States and their ad-
ministration can abuse this right, as the FCC did with the 
publication of the guidance on small satellites licensing. 

The FCC notice refers to specific frequency bands as 
available to small satellite services which are in direct 
contradiction to the provisions of the Radio Regulations. 
Following the publication of the guidance, a US-based 
company started manufacturing radio transmitters which 
transmit in such frequencies, and selling them to a UK-
based company which incorporates them into small sat-
ellites that sells them to all regions of the world. This 
results in more and more satellites transmitting signals in 
frequencies which are used by other services, potentially 
creating harmful interference.   

It is important that the ITU continues raising awareness 
and providing guidance on how administrations and op-
erators of small satellites can follow the regulations so 
as to ensure interference-free services and a sustainable 
use of outer space. The revision of the Radio Regulations 
should also be considered. The amendment of Article 4.4 
to include more requirements and to slightly empower 
the ITU seems to be a good way towards remedying the 
problem.
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ABSTRACT

Since the launch of Sputnik-I in 1957, the amount of 
space debris in Earth’s orbit has steadily increased. His-
torically, the primary sources of space debris in Earth’s 
orbit were (a) accidental and intentional break-ups which 
produce long-lasting debris and (b) debris released in-
tentionally during the operation of launch vehicle orbital 
stages and spacecraft. In the future, fragments generated 
by collisions are expected to be a significant source of 
space debris.

As described by Kessler and Cour-Palais in their 1978 
seminal paper “Collision Frequency of Artificial Satel-
lites: The Creation of a Debris Belt”, the amount of space 
debris in Earth’s orbit may reach a tipping point in which 
the future space debris population may be dominated by 
fragments produced by the mutual collisions between the 
objects already present in the population. This cascade 
effect is commonly known as “the Kessler Syndrome”.

In recent years, much of the work done to model the 
long-term evolution of the space debris population aimed 
to understand the effectiveness of mitigation measures in 
constraining the growth of the space debris population. 
Such work have highlighted the potential ineffectiveness 
of the mitigation measures alone to stabilise the growth 
of the space debris population in Low Earth Orbit (LEO), 
and has therefore suggested the need to investigate more 
aggressive measures, such as the active removal of space 
debris from the environment, that may be used to reach 
such stabilisation. 

The objective of the work that we present in this paper is 
to assess the effect of four sources of uncertainties (i.e. 
solar and geomagnetic activity, break-up model, collision 
prediction algorithm and post mission disposal compli-
ance rate) on the long term evolution of the space de-
bris population. This study has been done via sensitivity 
analysis, where uncertainties affecting the considered 
uncertainty sources have been defined. 
Through comparative analysis of each of the studied sce-
narios, in terms of population growth and long-term dy-
namics of the effective number of LEO objects, we want 
to characterize and quantify the effect of such uncertainty 
sources on the long term projections of the space debris 

population performed with up to date evolutionary mod-
els. This characterization and quantification is a first nec-
essary step to be able to study the robustness of mitiga-
tion and remediation measures to uncertainties affecting 
the long term evolution of the space debris population.

1. INTRODUCTION

Since the launch of Sputnik-1 in 1957, human activities 
in space have led to the production and release of thou-
sands of objects of various sizes, from particles smaller 
than 1 mm to non-operational spacecraft measuring sev-
eral square metres. While in the past the primary sources 
of space debris were accidental and intentional break-ups 
as well as the intentional release of debris, the growing 
amount of space debris makes the risk of collision among 
space objects increasingly likely. 

The fear that future environment growth may be dominat-
ed by collisions, rather than by launches and explosions, 
was already expressed decades ago1. In order to avoid such 
a situation, several responses outlining mitigation proce-
dures, including the Inter-Agency Space Debris Coordina-
tion Committee (IADC) Space Debris Mitigation Guide-
lines2, the United Nations Committee on the Peaceful Uses 
of Outer Space Mitigation Guidelines3, the International 
Organization for Standardization Space Debris Mitigation 
Standards4, and a multitude of other national and interna-
tional documents have been and continue to be developed, 
to limit the expected growth of the debris population.

Whilst mid-term and long-term projections of the Earth’s 
satellite population rely on our ability to predict and 
model a series of exogenous (e.g. future solar activity, 
the nature and magnitude of space traffic activities, etc.) 
and endogenous (e.g. the number of fragments generated 
after each collision, number of future collisions among 
orbiting objects, etc.) variables, many of which are com-
pletely out of the control of the modeller. In the last 
decade, space debris modelling has suggested that the 
long-term Low Earth Orbit (LEO) debris population may 
continue to grow, even with the widespread adoption of 
mitigation measures. Since the publication of the Inter-
Agency Space Debris Coordination Committee (IADC) 
study on the Stability of the future Low Earth Orbit 
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(LEO) environment5, which suggested the need to inves-
tigate more aggressive measures to stabilize the environ-
ment in LEO, much work has been done on the study of 
how remediation techniques, as Active Debris Removal 
(ADR), could be used to reach such stabilisation.

In the study presented in this paper, we analyse the ef-
fect that four uncertainty sources have on the long term 
projections performed with up to date evolutionary mod-
els. Such analysis is the first necessary step to identify 
the sources of uncertainties to which the environment is 
the most sensitive, and to characterize the many possible 
futures of the space debris population. In a further work 
these variables will be used to study the robustness of 
mitigation and remediation measures in a wide range of 
possible futures. 

2. REVIEW OF SOURCES OF UNCERTAINTY 

As clearly presented in Ref. 6 and 7, mid-term and long-
term projections of the Earth’s satellite population are 
affected by several important sources of uncertainty 
which are, most of the time, completely outside the con-
trol of modellers. As long-term evolutionary models are 
not aimed to predict what the future will be but to study 
the relative effect that different assumptions (e.g. launch 
traffic, explosion rate, …) will have on the long term 
evolution of the space debris population, the uncertain-
ties affecting such long term evolution may be taken into 
account in order to widen the envelope of the many pos-
sible futures of the space debris population on which this 
relative effect can be studied. 

One way to take into account sources of uncertainty in 
the long-term projections of the Earth’s satellite popula-
tion is via sensitivity analysis. Sensitivity analysis aims 
to characterise the sources of uncertainty, together with 
their domain of variation and, if possible, the statisti-
cal nature of such variations, in order to study the effect 
of the considered sources of uncertainty on the output. 
Through such analysis we are able to identify critical pa-
rameters that have a major effect on the model’s result, 
discard the uncertainty of parameters that have a minor 
effect on the output and study the reliability and robust-
ness of the conclusions that may be made with the model. 

In our study, four major sources of uncertainty have been 
considered and analysed. 

• solar activity
• break-up model (number of fragments)
• collision prediction algorithm
• compliance level with the 25 years rule

This list is far from being exhaustive, and many more 
sources of uncertainty exist, such as, for example6:

• break-up model (area, mass and velocity distribu-
tion of fragments)

• atmospheric density models
• energy dissipation in a given collision
• energy to mass ratio leading to a catastrophic frag-

mentation
• initial debris environment considered for the simu-

lation
• future launch traffic
• quality of mitigation measures adopted and levels 

of compliance
• target Selection and Ranking for ADR
• Future deliberate or accidental fragmentations
• evolution of earth’s upper atmosphere
• space technology evolution

3. METHOD

A future projection from 1 May 2009 to 1 May 2200 for 
the Low Earth Orbit (LEO) debris population ≥ 10 cm 
has been performed using MEDEE, our model presented 
below. The common assumptions made within the study, 
and shared by all the studied scenarios that are presented 
in table 2 and described in section 3.2, are given in table 1. 

Together with these common assumptions, a series of 
“BASE” scenarios have been defined in order to perform 
the sensitivity analysis. The study of the sensitivity of the 
model to one given parameter is carried out through the 
analysis of the deviation of the results on each “BASE” 
scenario when one and only one parameter is varied (i.e. 
the studied variable). In doing so, the individual effect of 
each studied variable on the mid-term and long-term pro-
jections of the Earth’s satellite population can be prop-
erly assessed.
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Table 1: Summary of common assumptions considered
 within the study

Parameter Description

Initial Population ESA’s MASTER-2009 reference 
population ≥ 10 cm residing in or 
passing through the LEO regime 
(altitude ≤ 2000 Km) on 1 May 
‘09 

Launch Traffic The observed 2001 – 2009 launch 
traffic cycle is repeated throughout 
the simulation

Satellite properties Operational lifetime of satellites is 
set to 8 years. No station-keeping 
or collision avoidance manoeuvres 
are considered.

Post-Mission Disposal Satellites and Rocket bodies (R/B) 
were moved to orbits that decay 
within 25 years.

MC Simulations Each studied scenario, if not 
explicitly stated otherwise, is 
comprised of 40 future projections. 

In-Orbit Explosions No future explosions were 
assumed

Table 2: Summary of “BASE” scenarios considered 
within the study as a function of the analysed

variable
Studied Variable “BASE” Scenarios

Solar Activity Common assumptions + 10 km 
side cube + 90% PMD + standard 
implementation of the NASA BU 
Model 

NASA Break Up (BU) 
Model

Common assumptions + 10 km 
side cube + 90% PMD + Mean 
F10.7 Flux and Ap=15 

Collision Prediction 
Algorithm

Common assumptions + 90% 
PMD + standard implementation 
of the NASA BU Model + Mean 
F10.7 Flux and Ap=15

Post-Mission Disposal Common assumptions + 
10 km side cube + standard 
implementation of the NASA BU 
Model + Mean F10.7 Flux and 
Ap=15

3.1 The MEDEE Model

CNES’s tool to Model the Evolution of Debris in the 
Earth’s Environment (MEDEE)8, is one of the mod-
els that has contributed since 2013 to IADC studies on 
space debris’ long-term evolution. The development of 
MEDEE began in mid-2012, with the objective of im-
proving CNES’s knowledge on the mechanisms driving 
the mid-term and long-term evolution of the Earth’s sat-
ellite population. 

MEDEE8 is a three-dimensional, semi-deterministic 
model, allowing the user to examine the long-term ef-
fects of different future traffic profiles, debris mitigation 
measures and solar activity projections. 

MEDEE uses an initial space object population as input 
and forecasts the evolution of all objects larger than a giv-
en threshold, as a function of a given set of assumptions. 
Until now, mid-term and long-term projections made 
with MEDEE have only considered objects ≥ 10 cm. The 
orbital evolution of the population is described by a fast 
semi-analytical propagator, developed under the French 
Space Act and known as STELA (Semi-analytic Tool for 
End of Life Analysis)9. The force model includes the or-
bital perturbations due to Earth’s gravity harmonics J2, 
J3, J4, J22, J5, J6, J7 and some dedicated tesseral terms 
for resonant orbits, the luni-solar gravitational perturba-
tions, the solar radiation pressure including Earth’s shad-
ow and atmospheric drag. The implementation of the 
semi-analytical orbital propagator on MEDEE has been 
carried out in order to guarantee relative error of less than 
5% when compared with a fully numerical orbital propa-
gator implementing our best available dynamical model. 
 

 Fig. 1: Relative error map between STELA and the 
fully numerical orbital propagator, as a function of the 
inclination of the orbit to propagate and the integration 

time step.

As shown in Fig. 1, and in order to guarantee relative er-
ror of less than 5% when compared to a fully numerical 
orbital propagator, we adapt the integration step size as a 
function of the orbit to be propagated. 
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Collisions are predicted using the “Cube” approach10. 
The generation of fragments when explosions are con-
sidered and/or collisions detected is performed using the 
NASA standard break-up model11.

3.2 Considered Scenarios

A total of 14 different scenarios have been defined in or-
der to study, via a sensitivity analysis, the effect of sourc-
es of uncertainty on the mid-term and long-term projec-
tions of the Earth’s satellite population.

The variables that have been considered for the study, 
together with the considered domain of variation are pre-
sented hereafter. 

•	 NASA break-up Model11: According to the NASA 
standard break-up model, the number of fragments 
of a given size and larger (N(Lc)), in the case of 
a collision, is given by the following power law, 
where M is the mass parameter that is defined dif-
ferently in the case of a catastrophic and of a non-
catastrophic collision, and Lc the characteristic 
length of the fragments. 

N(Lc) = 0.1M0.75Lc
-1.71                           [1]

 Most of the previous sensitivity analyses performed 
on the NASA break-up model concentrate on the 
Energy to Mass Ratio (EMR) parameter, which is 
used as a threshold to differentiate between a cata-
strophic and a non-catastrophic collision (EMR < 
40 J/gr). Such analysis shows that this threshold has 
little influence when dealing with ≥ 10 cm popula-
tions12 as the mean EMR of considered collisions 
is several orders of magnitude higher than the 40 J/
gr threshold. In our study, we analyse the sensitiv-
ity of the model to an over/under generation of the 
number of fragments after each fragmentation.

N(Lc) = K*(0.1M0.75Lc
-1.71)                   [2]

The factor K in Eq. 2 represents an over/under gen-
eration factor of the number of fragments for all the 
regimes of sizes.
o K = 1.2 and 1.3 corresponding to a 20% and 

30% over estimation factor
o K = 0.8 and 0.7 corresponding to a 20% and 

30% under estimation factor

•	 Collision Prediction Algorithm: Collisions are 
predicted using a fast pairwise collision predic-
tion algorithm, based on the “Cube” approach10. 
The implementation of the “Cube” algorithm in 
MEDEE consists of the following steps:

o At the beginning of each time-step (ti) we propa-
gate the full population, using the STELA9 prop-
agator, up to ti+Δt days. Where Δt is typically 5 
days.

o At ti+Δt days we randomise the mean anomaly 
of all the objects on the population, and we con-
sider that each object is at one and only one posi-
tion on its orbit.

o The space environment is discretised in cubes of 
size L (10 km by default), and objects falling on 
the same cells of the space are detected.

o Probability of collision between the objects 
sharing the same cells is computed in a pairwise 
manner accordingly to formalism described in 
Ref. 10.

In this study, we analyse the robustness of the algo-
rithm by modifying the size of the cube. The stabil-
ity of the algorithm can be assessed if the depen-
dency of the results to the size of the cube is low.

•	 Post-Mission Disposal: Sensitivity to post-mis-
sion disposal is also analysed by varying the per-
centage of satellites and rocket bodies that will be 
compliant with the 25 years rule, thanks to a de/
re-orbitation manoeuvre. Thus, the percentage of 
Post-Mission Disposal (PMD) compliance consid-
ered for the study concerns only the satellites and 
rocket bodies that will have natural orbital lifetimes 
greater than 25 years. 

o 30% PMD compliance
o 60% PMD compliance
o 90% PMD compliance

•	 Solar Activity: The following solar activities 
(F10.7 and Ap proxies) have been considered for 
the simulations:

o Deterministic Solar Flux Projections: Equiva-
lent to consider that the future solar activity will 
be identical to one of the studied scenarios. The 
three studied scenarios have variations in ampli-
tude and in phase, as seen in Fig. 2. Concerning 
the geomagnetic indexes, and given their rela-
tively important short term variations (cf. Fig. 3), 
in the frame of this study it has been decided to 
consider two different values for the Ap proxies

	Ap = 15, which is equivalent to the mean ob-
served value of Ap since 1957

	Ap = 8, which is equivalent to the median ob-
served value of Ap since 1957
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The list of exogenous and endogenous variables consid-
ered in our study, and described above, is far from be-
ing exhaustive, and a more complete list of variables that 
may be considered for future sensitivity analysis is given 
in Section 2. and in Ref. 6. 

Fig. 2: Deterministic Solar Flux Projections considered 
for some of the studied scenarios. The F10.7 proxy is 

given in sfu [10-22 WM-2Hz-1] units

Fig. 3: Daily AP variation of geomagnetic-Index during 
the 23rd Solar Cycle. 

4. RESULTS AND DISCUSSION

4.1 Validating the Number of Monte Carlo  
 Projections

To determine the number of projections needed to es-
tablish a reliable picture of the trends and standard de-
viations of the results, a sub-sampling technique was 
applied. A detailed description of this technique, applied 
also to the long term evolution of the space debris popu-
lation, can be found on Ref. 13.
In this analysis, the evolution of the first and second mo-
ments of the distribution as a function of the number of 
projections is compared with the mean and standard de-
viation of the population for 100 projections. Figs. 4 and 
5 illustrate this process for the 90% PMD scenario. The 
analysis here focuses on the 10 cm and larger LEO popu-
lation at the end of the projection period.

From the analysis of Figs. 4 and 5, we can conclude that 
a total of 10 MC runs allows a mean within 10% of the 
100 MC mean to be achieved approximately 9 out of 10 
times, and a standard deviation within 20% of the 100 
MC standard deviation approximately 7 out of 10 times. 
In order to improve the representativeness of the stan-
dard deviation, we have adopted 40 MC simulations for 
our study. Such number of simulations will allow a mean 
within 5% of the 100 MC mean to be achieved approxi-
mately 9 out of 10 times, and a standard deviation within 
20% of the 100 MC standard deviation approximately 9 
out of 10 times and within 10% of the MC standard de-
viation approximately 8 out of 10 times. 

Fig. 4: Sub-sampled means from the pool of 100 
MC projections of the 10 cm and larger LEO debris 
population in 2200. Each point represents the mean 

from a random, no duplication selection of N samples. 
A total of 100 selections is repeated for each N. The 5% 
and 10% boundaries of the 100 MC mean are shown as 

the dashed green and thin red lines respectively.

Fig. 5: Sub-sampled standard deviations from the pool 
of 100 MC projections of the 10 cm and larger LEO 
debris population in 2200. Each point represents the 

standard deviation from a random, no duplication 
selection of N samples. A total of 100 selections is 

repeated for each N. The 10% and 20% boundaries of 
the 100 MC standard deviation are shown as the dashed 

green and thin lines red respectively.
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We believe that it is important to highlight the fact that 
the sub-sampling technique used to define the minimum 
number of projections to reach a representative first and 
second moment values, does not allow to determine either 
the nature of the probability density function describing 
the number of objects on the environment at a given time 
or the evolution of this probability density function with 
time. Consequently, the mean and standard deviation 
values given on this paper must not be used to compute 
the likelihood that the space debris population reaches 
a given value at a given time, assuming for example a 
Gaussian probability density function, but rather to rela-
tively compare the effect of each uncertainty source on 
the long term evolution of the space debris population.

4.2 Sensitivity Analysis

As described in paragraph 3.2, the sensitivity of the 
MEDEE model has been studied regarding some of the 
main sources of uncertainty, such as future solar activity, 
the break-up model, etc.

For the sake of clarity, only some of the long-term projec-
tions of the ≥ 10 cm population scenarios, together with 
their 1-sigma dispersions, will be presented in a graphical 
manner. If more than 3 scenarios exist, figures will only 
present the reference scenario as well as the two extreme 
scenarios. 

Sensitivity concerning all the scenarios, as far as the LEO 
effective number of objects ≥ 10 cm is concerned, will 
be presented in tables. The variation of the number and 
frequency of catastrophic and non-catastrophic collisions 
will not be presented in order to not overload this article 
with figures or tables.

4.2.1 Sensitivity to the Break-up Model

Several parameters can be considered for a sensitivity 
analysis concerning the NASA BU model. They include 
the collision energetic threshold for catastrophic break-
up, area, mass and velocity distributions of the generated 
fragments.

As described in paragraph 3.2, in our sensitivity analysis 
we have studied the effect of varying the number of frag-
ments generated in a collision, on the long-term projec-
tion of the Earth’s ≥ 10 cm satellite population.

Figure 6 presents the reference scenario (K=1), when the 
number of generated fragments is as described by the 
NASA BU Model (cf. Eq. 2), and the two extreme sce-
narios (i.e. those presenting the largest differences when 

compared with the reference scenario) corresponding to 
K=1.2 and K=0.7.

 
Fig. 6: MEDEE simulated LEO debris population 

(objects 10 cm and larger) as a function of K factor  
(cf. Eq. 2). The solid curves are the arithmetic means 

from 40 MC projections. The dotted curves represent the 
1-σ standard deviation.

Table 3 presents the percentage of variation of the effec-
tive number of objects ≥ 10 cm in LEO in 2200, with 
respect to the initial population, together with their 1-σ 
dispersion for all the considered K. 
 
Table 3: Percentage of variation of the effective number 

of LEO objects ≥ 10 cm in 2200, with respect to the 
initial population, as a function of the K factor  

(Eq. 2). The 1σ dispersion is given with respect to the 
final population.

% of Variation wrt initial population 
after 200 years

[mean +/- 1 σ Dispersion]

K=1.3 25 % +/- 26%

K=1.2 29% +/- 26%

K=1.0 10% +/- 20%

K=0.8 0.7% +/- 17%

K=0.7 -8% +/- 16%

From Table 3, it can be seen that the K factor introduces 
an important variability, which is in the order of 20% 
with respect to the nominal K = 1 scenario. 

4.2.2 Sensitivity to the Collision Prediction Algorithm

For the reader’s convenience, Fig. 7 schematically pres-
ents the Cartesian space discretisation performed in 
MEDEE, taking as the only variable the size of the cube’s 
“L”. 
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From Fig. 7 and considering the implementation within 
MEDEE of the formalisms presented in Ref. 10, it seems 
intuitive what the sensitivity of the model will be to the 
parameter L. This is, the smaller the size of the cubes, the 
higher the number of samples needed to have two objects 
within the same cube. Once two objects fall within the 
same “small” cube, the higher their spatial densities in 
the cube, with respect to a bigger cube, and therefore the 
higher their probability of collision. 

The same reasoning can easily be done backwards, if we 
increase the size of the cubes. Nevertheless something 
that is not as intuitive as it may seem is the dependence 
of the number of collision risks with the size of the cube 
(cf. Fig. 9 and Fig. 10). This is, when the size of the cube 
decreases we will have less probability to have a close 
approach (i.e. two objects falling within the same cube) 
but once that a close approach is detected the probability 
that the collision really happens will be high (cf. Fig. 11 
and Fig. 12). 

On the contrary, when the size of the cube increases, each 
close approach will have a lower probability to really be-
come a collision (cf. Fig. 11 and Fig. 12), but we will 
detect a greater number of close approaches than in the 
previous case (cf. Fig. 9 and Fig. 10). 

This complementary dependence of the number of close 
approaches and of the probability of collision on the 
cube’s size, is why the percentage of variation with re-
spect to the initial population for the 10 Km cube size 
and for the 50 km cube size are on average comparable 
(cf. Fig. 8). 

Fig. 7: Schematic representation of the Cartesian space 
discretisation performed within the collision prediction 
algorithm. The L parameter represents the size of the 

discretisation cells.

Fig. 8: LEO debris population (objects 10 cm and 
larger) as a function of the sizes of the cubes (L).  
The solid curves are the arithmetic means from  
40 MC projections. The dotted curves represent  

the 1-σ standard deviation.

Table 4 presents the percentage of variation of the effec-
tive number of objects ≥ 10 cm in LEO in 2200, with 
respect to the initial population, together with their 1-σ 
dispersion, for all the considered sizes L. 

Table 4: Percentage of variation of the effective number 
of LEO objects ≥ 10 cm in 2200, with respect to the 

initial population, as a function of the considered sizes 
L. The 1σ dispersion is given with respect to the final 

population.
% of Variation wrt initial population 

after 200 years
[mean +/- 1 σ Dispersion]

L=5 km -13% +/- 12%

L=10 km 2% +/- 16%

L=50 km -5.3% +/- 14%

An additional study has been performed to better under-
stand the complementary dependence of the number of 
close approaches and of the collision probability on the 
cube’s size. On this analysis we have examined the col-
lisional process on the most dense regions of the space 
(i.e. between 700 and 900 km), as a function of both the 
cube’s size (1, 5, 10 and 50 km) and the discretisation 
time-step (1/2, 1 and 5 days) during 200 years and with 
the dynamical model introduced in Section 3.1. As on 
this study we only focus on the analysis of the collisional 
process among the objects of a given population, the gen-
eration of new debris has not been modelled. 

The first conclusion of this analysis concerns the number 
of times where two objects are going to be collocated 
on the same cube, which corresponds to the number of 
close approaches between orbiting objects. This number 
is directly proportional to the cube’s size and inversely 

Journal of Space Safety Engineering – Vol. 2  No. 1 - June 2015

18

International Association for the Advancement of Space Safety



proportional to the discretization time-step. This propor-
tion, as can be seen on Fig. 9 and 10, can be modelled by 
a power law.

Fig. 9: Mean Number of Collocated pairs, for the 
700 – 900 km population (objects 10 cm and larger), 

as a function of the Cube’s size and for different 
discretization time-steps. 

Fig. 10: Mean Number of Collocated pairs, for the 700 
– 900 km population (objects 10 cm and larger), as a 

function of the discretization time-step and for different 
Cube’s size. 

Figure 11 and 12 presents the mean probability of colli-
sion (i.e. the mean number of collocated pairs divided by 
the mean number of collisions) as a function of the dis-
cretization time-step and of the cube’s size. From these 
figures we observe that contrary to the number of col-
located pairs, the probability of collision will be directly 
proportional to the discretization time-step and inversely 
proportional to the cube’s size. This proportion may be 
understood as the weight given by our collision predic-
tion algorithm to a given close approach, either via the 
spatial density (i.e. cube’s size) or via the integration 
variable (i.e. time). The direct dependence of the prob-
ability of collision with the time-step is not surprising, 
as the collision probability algorithm depends directly on 
the time-step. On Fig. 11 and 12 it is important to high-
light that the 1km – 5 days scenario did not allow to iden-
tify any real collision and therefore the mean probability 

of collision for this scenario could not be computed. This 
very important result which is justified by the very low 
number of close approaches detected among the objects 
of the population (cf. Fig. 9 and Fig. 10), shows very well 
the coupling that exists between the cube size and the 
sampling period (i.e. time-step) and the effect that this 
may have on the simulation outputs. 

Fig. 11: Mean Probability of Collision of Collocated 
pairs, for the 700 – 900 km population (objects 10 cm 
and larger), as a function of the Cube’s size and for 

different discretization time-steps. 

Fig. 12: Mean Probability of Collision of Collocated 
pairs, for the 700 – 900 km population (objects 10 cm 
and larger), as a function of the discretization time-
step and for different Cube’s size. (The 1 km – 5 days 

scenario has been removed from the graph as not 
statistically representative)

4.2.3 Sensitivity to Future Solar Activity

Solar and geomagnetic activity are of key importance 
when modelling the long-term evolution of the Earth’s 
satellite population in Low Earth Orbit (LEO), as satel-
lites’ lifetimes in orbit, and therefore their probability to 
collide with other objects, will be highly dependent on 
these solar activity proxies. As can be observed from Fig. 
13, and as could be a priori predicted, a variation in the 
solar activity proxies, either F10.7 and/or Ap (cf. Tab 5),  
will induce an equivalent variation in the number of ob-
jects of the population. What is interesting to remark is 
that the dynamic of the population remains considerably 
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similar for the Low, Medium and High solar activity 
cases. This is probably due to the fact that these three 
scenarios share a very similar solar activity pattern.

Fig. 13: MEDEE simulated LEO debris population 
(objects 10 cm and larger) as a function of solar activity 
proxies. The thick curves are the arithmetic means from 
40 MC projections. The dotted curves represent the 1-σ 

standard deviation. 

Table 5: Percentage of Variation of the Effective 
number of LEO objects > 10 cm in 2200, with respect 
to the initial population, as a function of solar activity 

projections
% of Variation wrt Initial 
population after 200 years
[mean +/- 1 σ Dispersion]

Low F10.7, 
Ap=15 22 % +/- 18%

Medium F10.7, 
Ap=15 2% +/- 16%

Medium F10.7, 
Ap=8 13% +/- 17%

High F10.7, 
Ap=15 -16.6% +/- 19%

As presented in Tab. 5, not only the solar flux (i.e. F10.7) 
but also the geomagnetic indexes (i.e. Ap), have an im-
portant effect on the long term evolution of the Earth’s 
satellite population. In contrast to the solar flux, the geo-
magnetic indexes proxies have not a clear periodic evo-
lution (cf. Fig. 3) and making long term predictions on 
these proxies becomes a very complicated task. One way 
to take into account realistic evolutions of geomagnetic 
indexes could be to build the future solar activity projec-
tions from the past observed solar cycles. 

4.2.4 Sensitivity to Post-Mission Disposal Compliance

All the scenarios presented previously, and as described 
in Tab. 2, consider a Post-Mission Disposal (PMD) suc-
cess rate of 90%. This means that 9 out of 10 objects 
not re-entering the Earth’s atmosphere naturally in less 
than 25 years are placed into disposal orbits with a re-
sidual lifetime of 25 years. This hypothesis concerning 
the PMD compliance rate, even if it is not representative 
of the situation today, has been chosen to be in coherence 
with the study on the Stability of the future Low Earth 
Orbit (LEO) environment5, released by the Inter-Agency 
Space Debris Coordination Committee (IADC). Today, 
based on early data analysis, it is estimated than around 
10% of the spacecraft and rocket bodies reaching their 
end of life between 600 – 1400 km performed a re/de-
orbitation manoeuvre14,15. 

Fig. 14: MEDEE simulated LEO debris population 
(objects 10 cm and larger) as a function of Post-Mission 

Disposal (PMD) compliance Rate. The thick curves 
are the arithmetic means from 40 MC projections. The 

dotted curves represent the 1-σ standard deviation.

Figure 14 presents the dependence of the space debris 
evolution on the PMD parameter. As can be seen, the sen-
sitivity of the population to this parameter is quite impor-
tant passing from a stable evolution for 90% compliance 
to a 79% increase of the population for the 30% compli-
ance scenario. 

Table 6: Percentage of Variation of the Effective number 
of LEO objects > 10cm in 2200, with respect to the 
initial population, as a function of the Post-Mission 

Disposal (PMD) compliance rate
% of Variation w.r.t. Initial 
population after 200 years
[mean +/- 1 σ Dispersion]

30% PMD 79% +/- 20%

60% PMD 35% +/- 20%

90% PMD 2% +/- 16%
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5. CONCLUSION AND FUTURE WORK

As presented in previous chapters, the models used to 
study the long term evolution of the space debris popu-
lation are conditioned to a great number of exogenous 
and endogenous variables which, in most of the cases, 
are partially or totally out of the control of modellers. 
Consequently, the predictions performed with such mod-
els, in particular beyond a few decades, are affected by a 
considerable uncertainty. Such uncertainty, which is un-
avoidable given the uncertainty of each of the physical 
and nonphysical variables taken into account to model 
the long term evolution of the space debris population, 
will just contribute to widen the envelope of the possible 
futures of the space debris environment. Furthermore, 
being aware of such uncertainty is of particular impor-
tance as long term evolutionary models are not conceived 
to predict the future, but to study the relative effect of 
different assumptions on the long term evolution of the 
space debris population.

With that in mind, the objective of this paper was to study 
the effect that two endogenous (i.e. break-up model and 
collision probability algorithm parameters) and two ex-
ogenous variables (i.e. solar and geomagnetic activity 
and rate of compliance with post mission disposal) had 
on the long term evolution of the space debris population. 

Concerning the collision probability algorithm, besides 
the analysis of the influence of its parameters on the long 
term evolution of the space debris population, this study 
has allowed us to understand the complementary depen-
dence of the number of close approaches and of the colli-
sion probability on the cube’s size.

Concerning the other three studied variables; we can con-
clude that the solar activity and the break-up model pa-
rameters are two major sources of uncertainties affecting 
the long term evolution of the space debris population. 
Nevertheless, the long term evolution of the space debris 
population shows the highest sensitivity, as far as the four 
studied variables are concerned, to the rate of compliance 
with post-mission disposal. 

Given the results of this study, future work will be fo-
cused on the analysis of the robustness of mitigation (i.e. 
post mission disposal compliance rate) and remediation 
(i.e. active debris removal) to uncertainties coming from 
the break-up model and from the solar and geomagnetic 
activity. 
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ABSTRACT

For commercial human spaceflight to flourish and ex-
pand, industry has to develop a notion of safety as 
the collective responsibility and common strategic  
business goal of all members.

In 2004, the U.S. private spaceflight industry welcomed a 
law (i.e. the Commercial Space Launch Amendment Act 
(CSLAA)) postponing the ability of FAA to issue safe-
ty regulations, except for aspects of public safety until 
2012. The deadline was later moved to 2015. The law, 
currently undergoing a second postponement until 2020, 
offers a historic opportunity for space industry to engage 
in the development of a comprehensive set of industrial 
consensus standards, based on the experience gained in 
more than 50 years of government programs.

This paper proposes framework and rules of an industrial 
cooperation for consensus standards, in the form of textu-
al content for a Memorandum of Understanding (MoU). 
Those standards, when established, could become the ba-
sis of a mixed regulatory regime, where industry takes 
care of self-certifying the vehicles safety, while govern-
ment regulators would continue to cover launch and re-
entry operations for all aspect of public safety. 

This paper also suggest to carry out standardization 
activities within the broader scope of a Space Safety  
Institute. 

1. ACCEPTABLE RISK

To be “absolutely safe” a system, product, device or ma-
terial should never cause or have the potential to cause an 
accident; a goal practically impossible to achieve. In the 
realization and operation of systems the term “safety” is 
generally used to mean “acceptable risk level”, not “ab-
solute safety”.

Acceptable risk level is not the same as personal ac-
ceptance of risk, but it refers to risk acceptability by 
stakeholders’ community or by society in a broad sense. 
Acceptable risk levels vary from system to system, and 
evolve with time due to socio-economic changes and 

technological advancement. Implementing proven best-
practices at status-of-art is a prerequisite for achieving 
an acceptable risk level, or in other words to make a sys-
tem “safe”. Best-practices are traditionally established by 
government regulations and norms, and/or by industrial 
standards. Without such reference the term “safety” or 
“acceptable risk” becomes meaningless. In other words 
compliance with regulations, norms and standards repre-
sents the “safety yardstick” of a system.

2. SAFETY-BY-DESIGN

In the development of a space system, safety is achieved 
through the implementation of a combination of require-
ments that go under ‘Fault Tolerance’ and ‘Fault Avoid-
ance’, plus requiring certain emergency response capa-
bilities, (e.g. escape system).
 
Fault-Tolerance, consists in the designed-in character-
istics that maintains prescribed functions or services to 
users despite the existence of faults. Fault tolerance is 
implemented for example by redundancies and barriers. 

Fault-Avoidance, consists in reducing the probability of a 
fault by increasing the reliability of individual items (de-
sign margins such as factor of safety, designing to worst 
case scenarios, materials selection, use of hi-reliability 
components, de-rating, quality control, testing, etc.). 
Fault avoidance is essentially achieved through the use 
of proven best practices (i.e. technical standards).

3. STANDARDS

3.1 What is a standard?

“Today, standards are no longer considered to be just 
stacks of dusty papers containing unjustified require-
ments and constraints. Standardisation is generally 
viewed as a process that drives commercial viability and 
success. Successful companies recognise that developing 
and using standards is the path to remaining competitive 
and producing quality products”[1].
There are three major elements in the concept of “stan-
dard”:

Journal of Space Safety Engineering – Vol. 2  No. 1 - June 2015

23

International Association for the Advancement of Space Safety

mailto:iaass.president@gmail.com


- something widely agreed
- minimum necessary 
- approved and monitored for compliance by an 

authoritative organization

Often it is considered that wide agreement can be reached 
only as a result of long and successful application of a 
technical practice, which is then “promoted” to the level 
of standard. Traditionally, industrial standards, are not 
the enunciation of generic principles or goals, but they 
mandate specific design solutions. In other words, tradi-
tionally, safety requirements in standards tend to be de-
tailed and prescriptive. 

3.2 Technical standards and safety standards

Often technical standards are seen as something different 
or separated from safety standards just because 

they are under the authority of different groups, respec-
tively Engineering and Safety & Mission Assurance 
(S&MA). As a matter of fact, a large number of require-
ments in space technical standards are aimed at safety.  

As human space transportation transitions from govern-
ment activity to commercial or mixed commercial and 
government activities, the need arises for industry to 
develop a notion of safety as its collective responsibil-
ity and common strategic goal for business growth. To 
that end it is in the best interest of industry to cooper-
ate among themselves and with regulators at developing, 
adopting, and enforcing safety and technical standards. 

In government space programs a large body of knowl-
edge already exists in the form of standards, which has 
been accumulated for more than 50 years. Such standards 
cannot be directly used in commercial programs because 
on one hand the language  identifies specific organiza-
tions (e.g. NASA), internal relationship and development 
processes, and on the other hand they weren’t established 
with industry concurrence.  

3.3 Prescriptive standards and performance 
 standards

In the early hours of 15 April 1912, the RMS Titanic struck  
an iceberg on her maiden voyage from Southampton, 
England, to New York, and sank. A total of 1,517 people  
died in the disaster because there were not enough 
lifeboats available. During the Titanic construction  
Alexander Carlisle, one of the managing directors of the 
shipyard that built it had suggested using a new type of 
larger davit, which could handle more boats thus giving 

Titanic the potential for carrying 48 lifeboats providing 
more than enough seats for everybody on board. But in 
a cost cutting exercise, the customer (White Star Line) 
decided that only 20 lifeboats would be carried aboard 
thus providing capacity for only about 50% of the  
passengers (on the maiden voyage) [2]. This may seem a 
carefree way to treat passengers and crew on-board, but 
as a matter of fact the Board of Trade regulations of the 
time stated that all British vessels over 10,000 tons had 
to carry 16 lifeboats. The regulation had become obsolete 
within a short period of time at the beginning of the 20th 
century that had seen ship tonnage raising up to Titanic’s 
46,000 tons. In addition the RMS Titanic was believed to 
be unsinkable by design, therefore why to worry about 
lifeboats! 

The Titanic accident illustrates what a prescriptive re-
quirement is (i.e. an explicitly required design solution 
for an implicit safety goal), and how it can sometimes 
dramatically fail by obsolescence. 
The underlying motivation for prescriptive requirements 
is to prevent circumvention by avoiding any subjective 
interpretation in the implementation as well as in compli-
ance verification. Violation of requirements can be un-
equivocally determined by simple inspections.

The vast majority of standards in use in aviation and 
other “evolutionary” industries are the result of lessons 
learned from incidents and accidents, and steady techno-
logical advancement. They are detailed according to type 
and prescriptive.
 
In contrast there are industries in which building on fu-
ture experience is simply not possible, because the sys-
tem is completely new, highly safety-critical (e.g. nuclear 
power plants) and/or extremely expensive.

4. GOVERMENT REGULATION AND / OR 
 SELF-REGULATION 

4.1 U.S. Government regulations 

In 2004, the U.S. private spaceflight industry welcomed a 
law (i.e. the Commercial Space Launch Amendment Act 
(CSLAA) [3] postponing the ability by the FAA, to issue 
safety standards and regulations, except for aspects of 
public safety, until December 23, 2012, or until an acci-
dent occurs. The deadline was later moved to 2015. Cur-
rently a further postponement to 2020 is under approval.
The CSLAA requires that a prospective spaceflight par-
ticipant shall be debriefed about the risk of spaceflight 
and sign an informed consent. The CSLAA states that 
“for each mission the operator must inform a space flight 
participant, in writing, of the known hazards and risks 
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that could result in a serious injury, death, disability or 
total or partial loss of physical and mental function […] 
and an operator should inform a space flight participant 
that there are also unknown hazards [...] The operator 
also must disclose that participation in space flight may 
result in death, serious injury, or total or partial loss of 
physical or mental function. An operator must inform 
each space flight participant that the United States Gov-
ernment has not certified the launch vehicle and any re-
entry vehicle as safe for carrying crew or space flight 
participants.” [3]. 

We can reasonably expect that the average space flight 
participant will not have the necessary background and 
technical experience to truly grasp the risk of space flight. 

Due to the fact that there is nothing as “absolute safety”, 
and that acceptable risk is the one defined by standards 
and regulations, without such reference in any litigation 
following an accident the operator would have a hard 
time defending his vehicle and demonstrating the thor-
oughness of the information he passed to the customer. 
The fleet would be grounded, and probably made ob-
solete by new (strict) standards issued in the emotional 
wake of the accident. 

Having a safety certification of compliance against rec-
ognized  safety standards serves the interests of the cus-
tomer, but also protects industry from tort liability, by 
implicitly or explicitly defining the acceptable risk level 
at the current state-of-art. For instance, in 2008, the U.S. 
Supreme Court ruled in favour of a manufacturer of a 
balloon catheter that burst and severely injured a patient 
during an angioplasty. The Court wrote that the Food and 
Drug Administration (FDA) spent an average of 1,200 
hours reviewing each device application and granted ap-
proval only if found there was a “reasonable assurance” 
of its “safety and effectiveness”. The manufacturer ar-
gued that the device design and manufacturing had been 
in accordance with FDA’s regulations and that FDA and 
not the courts was the right forum on imposing require-
ments on cutting edge medical devices, arguing that 
“nothing is perfectly safe”[4]. 

Standards and regulations protect the customer but also 
industry.

4.2 The NASA Commercial Crew Program case 

NASA’s Commercial Crew Program (CCP) was formed 
to facilitate the development of a U.S. commercial crew 
space transportation capability with the goal of achieving 
safe, reliable and cost-effective access to and from the 
International Space Station and low-Earth orbit.

In the Commercial Crew Program, NASA performs  safe-
ty certification activities without being a regulatory body.  
The International Space Station IGA (Inter-Governmen-
tal Agreement) and related MoUs assigned to NASA the 
responsibility to manage the ISS Program and the safety 
of U.S. and international crews in all mission phases in-
cluding transportation. 
The companies involved in the CCP program are free to 
design the transportation system they think is best. They 
are encouraged to apply their most efficient and effective  
manufacturing and business operating techniques 
throughout the process. They will own and operate their 
spacecraft and infrastructure. However the companies 
must meet (or exceed) NASA’s pre-determined set of re-
quirements. NASA engineers have no oversight role but 
the necessary insight into a company’s development pro-
cess while the agency’s technical expertise and resourc-
es are accessible to a company. During safety reviews 
NASA will identify issues and make recommendations, 
but NASA cannot impose design or operational solutions.
In the initial phase of the Crew Commercial Program 
NASA made an inventory of existing technical standards 
and recommended them either as reference baseline 
(meet or exceed) or as good practices, stating that “In the 
course of over forty years of human space flight, NASA 
has developed a working knowledge and body of stan-
dards that seek to guide both the design and the evalua-
tion of safe designs for space systems” [5].
Those standards should be considered also for non-NA-
SA sub-orbital and orbital commercial projects They can 
be easily adapted and re-used because they are perfor-
mace oriented or deal with common sub-systems and 
technologies (e.g. pressurized systems, structural design, 
batteries, materials).
 

5. EUROPEAN COMMON SPACE  
 STANDARDS

The ECSS (European Cooperation for Space Standard-
ization) is a unique example of industrial and govern-
ment cooperation for developing common standards. The 
ECSS is a 20 years old initiative to establish a coherent, 
set of technical, management and S&MA standards for 
use in all kind of European space activities. 
In early nineties, European space industry, and national 
space agencies joined forces to start developing common 
space standards. The aim was to improve industrial ef-
ficiency and competitiveness, and to satisfy government 
and commercial contractual needs without differentiation. 
The movement towards common standards started in 
Europe in 1988 when Eurospace, a major trade associa-
tion representing the European space industry, asked the 
directors-general of the European Space Agency (ESA) 
and of the French Space Agency (CNES) to standardize 
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their organizations S&MA requirements to better support 
major programs under way, namely: Ariane 5 man-rated 
rocket, Hermes spaceplane, and Columbus module for 
the International Space Station. The S&MA standards 
comprised at that time requirements on safety, reliability, 
quality control, configuration management, materials and 
EEE components. 
Later, the European space community was in a position 
to address a complete set of standards (i.e. including 
technical and management standards) rather than only 
the S&MA part to build a comprehensive and coherent 
system of standards, based on a commercially oriented 
strategy. In the autumn of 1993, the partners signed the 
ECSS terms of reference which defined the framework 
and the basic rules of the system, and concurrently the 
agencies committed to gradually discard and replace their 
standards in future contracts. According to such terms 
the European space industry assumed from the outset an 
equal role in the direction and development of European 
common space standards, and equal voting rights, 
The pillars of the ECSS standardization policy are ef-
fectiveness and consensus (that does not mean unanim-
ity). The process starts with the decision to initiate the 
development of a new standard, and ends with the vot-
ing of the draft. The presence of a majority of voting 
members is required to constitute a quorum. A member 
who casts a negative vote, must identify all the changes 
which, if made, would allow the member to vote in a 
positive manner.
It should be noted that the ECSS activities are undertaken 
and carried out without exchange of funds among the part-
ners. The European Space Agency provides the secretariat.

6. MOU FOR INDUSTRIAL STANDARDS

This section provides the possible text (as study) for a 
Memorandum of Understanding to establish a cooperation 
among U.S. aerospace companies for commercial space 
safety and technical standards. The reason to limit it to 
U.S. parties is that export control constraints do not cur-
rently allow to enlarge such cooperation internationally.
 

Article 1
Purpose and Objectives

The purpose of this Memorandum of Understanding 
(MOU) is to establish arrangements between Subscribing 
Parties (SP) for a genuinely open and as wide as possible 
partnership in developing commercial space standards 
aimed at systems safety. U.S. companies and non-gov-
ernment organizations involved in space developments 
and operations can become a Subscribing Party. Experts 
from Government organizations can be invited to support 
standards development.

The objectives of this MOU are pecifically to:

a) provide the basis for cooperation between Subscribing 
Parties and establish roles and responsibilities;

b) establish the management structure and interfaces 
necessary to ensure effective planning, funding and 
coordination;

c) provide a general description of the commercial stan-
dards within the scope of this MOU and the main 
groupings comprising it.

Article 2
Standards Groupings

This standardization cooperative initiative will establish 
the following coordinated groupings of standards; 

1) Space Flight Safety
2) Materials & Processes
3) Propulsion Systems
4) Avionics and Electrical Systems
5) Structures, Mechanisms, and Thermal 

Systems
6) Life Support Systems
7) Recovery and Landing Systems
8) Computer Systems 
9) Software

 
Article 3

Organization

The top body for guiding and co-ordinating, all aspects 
of this standardisation activity is the Standardization 
Steering Board (SSB). Each Subscribing Party shall have 
one representative as member of the SSB. Only compa-
nies and non-government organizations involved in space 
developments and operations can become a Subscribing 
Party and nominate a representative in the SSB. The Stan-
dardization Steering Board can invite qualified observers 
from institutional organization to attend their meetings. 

Sub-board structure

The Standardization Steering Board is supported by Sub-
Boards dealing with each specific areas of standardisa-
tion:

 ○ Space Safety Board (SAB), for standards deal-
ing with safety engineering and risk manage-
ment of space missions (flight and ground); 

 ○ Materials & Processes Board (MPB), for stan-
dards dealing with materials and safety critical 
processes engineering;
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 ○ Propulsion Systems Board (PSB), for stan-
dards dealing with propulsion systems safety 
technical requirements (flight, ground, environ-
ment, testing);

 ○ Avionics & Electrical Systems Board (AESB), 
for standards dealing with avionics and elec-
trical systems safety technical requirements 
(flight, ground, testing);

 ○ Structures, Mechanisms, and Thermal 
Systems Board (SMTSB), for standards 
dealing with structures, mechanisms and 
thermal systems safety technical requirements 
(flight, ground, testing);

 ○ Life Support Systems Board (LSSB), for stan-
dards dealing with life support system safety 
design requirements;

 ○ Recovery and Landing Systems Board 
(RLSB), for standards dealing with recovery and 
landing systems safety design   requirements;

 ○ Computer Systems Board (CSB), for stan-
dards dealing with computer systems safety de-
sign requirements;

 ○ Software Board (SB), for standards dealing 
with critical software development.  

 
Finally, the Secretariat will provide the overall adminis-
trative coordination and comanagement functions. 

Standardization Steering Board – Charter

The SSB is the body responsible for the overall coordina-
tion of the space safety standardisation efforts. It is re-
sponsible for:

a) establishing a four years strategic implementa-
tion plan, including proposed secretariat fund-
ing profile, for Subscribing Parties Council re-
view and approval;

b) deciding, on the basis of Sub-Board assessment 
and recommendation, when a standard has been 
approved by a Working Group with only a 2/3 
majority decision;

c) nominating members and chairs of the Sub- 
Boards

The Standardization Steering Board Chair and the Sub-
Boards Chairs will be elected at unanimity by the Stan-
dardization Steering Board members for a period of four 
years, which can be renewed for two times.

The Standardization Steering Board nominates mem-
bers and chairs of the Sub-Boards on the basis of proven 
knowledge and experience in the specific field. 

The Standardization Steering Board decisions are taken 
on the basis of unanimity. The decisions of the Sub-
Boards and Working Groups can be either by unanimity 
or by a qualified 2/3 majority. In the latter case the Sub-
Board and Working Groups decisions will need to be rati-
fied by a decision of the SSB.

Standardization Secretariat – Charter

The Standardization Secretariat is funded and managed 
by the Subscribing Parties via the Space Safety Institute. 
It provides the secretariat and overall management sup-
port functions to the SSB and its subordinate Boards and 
Working Groups. The Secretariat is responsible for: 

1. detailed annual planning of the standardisation 
activities;

2. issuing of operating procedures;
3. monitoring the progress of working groups ac-

tivities;
4. publishing the standards;
5. maintaining the website of the organisation; 
6. issuing a detailed annual report to the Sub-

Boards concerning thestatus of Working Group 
activities including updating of the annual plan-
ning and recommendations for future work;

7. ensure performance of all administrative duties.

Sub-Boards – Charter

The Sub-Board is responsible for the overall coordina-
tion of the standardisation efforts of the Working Groups 
for their assigned grouping. 
It is responsible for:

 ○ providing to the SSB input for the four years 
strategic implementation plan;

 ○ approving the detailed annual plan prepared by 
the Secretariat;

 ○ providing assessment and recommendation to 
the SSB when a standard has been approved by 
a working group with only a 2/3 majority deci-
sion;

 ○ nominating members and chairs of the working 
Group (after confirmation of sponsorship availabil-
ity by the relevant Subscribing Party see article 4); 

 ○ issuing an annual summary report to the SSB 
concerning the status of activities and proposed 
future direction.

Each Sub-Board nominates experts to be the members 
and chairs of each Working Group to which the develop-
ment of one or more standards is assigned.
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Article 4
Funding

Funding to the standardization activities are provided by 
Subscribing Parties directly, or indirectly. Direct funds 
are those that the Subscribing Parties will allocate in-
ternally to their company or organization to sponsor the 
participation of their representatives (staff, contractors, 
consultants, etc.) to the standardisation activities, includ-
ing travel costs. Indirect funds are those provided to to 
cover the costs of running the Secretariat, including staff 
(3-4), office rentals, etc.

Article 5
Transitional Rules

○ Each Subscribing Party will propose an initial
list of candidate standards among those existing
in government programs and/or in their compa-
ny, or considered to be useful. If no government
program standard exist for a topic of interest
but one or more company standards do exist for
such topic, the Sub-Boards will decide to initi-
ate a harmonization working group with the par-
ticipation of members and chairs sponsored by
the Subscribing Parties of those existing stan-
dards. Observers from other Subscribing Parties
can attend the meetings.

○ If a government standard exists for a topic, as
well as company standards, the former will
be taken as primary reference by the working
group that would be tasked to develop a consen-
sus industrial standard.

○ If no companies standards exists on a topic and
only a government standard exist, the language
of the government standard will be adapted and
the standard proposed for adoption as consensus
industrial standard. Note: The entire modified
document may be re-identified, or an accom-
panying ‘adoption note’ issued identifying any
change to the original document as adopted.

NOTE: The list in ANNEX 1 represents potential candidate 
as initial industrial standards. The list is based mainly on 
NASA CCT-STD-1140 [5]. It should be noted that different-
ly from systems specifications such standards are discipline 
oriented and not system-configuration specific. Therefore 
they can be applied to a variety of systems developments 
from suborbital to orbital vehicles, payloads and station 
modules. The list includes also the “heritage” standard 
IAASS-ISSB-S-1700-Rev-B “Space Safety Standard Com-
mercial Human-Rated System” [7], based on safety policies 
andrequirements from Shuttle and ISS safety standards.

7. THE NEED FOR A SPACE SAFETY
INSTITUTE

7.1  Safety-case regime

Space systems are highly innovative, and it is simply 
impossible to prescribe detailed design safety solutions 
for something that never existed before. For such reason 
space agencies issue safety and technical requirements 
that are goal/performance oriented. 
The key concept of the safety-case regime, differently 
from the classical verification of compliance applied for 
prescriptive standards, starts with the consideration that 
the regulatory authority sets broad safety criteria and 
goals to be attained while the developer will identify and 
propose the most appropriate design solutions and rel-
evant verification methods. In other words, the regulatory 
authority (usually a space agency for government space 
programs) provides criteria and general rules that define 
where the limit lies between “safe” and “unsafe”, but it is 
the developer that having the best knowledge of system 
design and operations can identify the most appropriate 
design solutions.
Because of the broad, generic nature of top-level require-
ments, the design solutions need to be validated by the 
developer through an analytical process using techniques 
like Hazard Analysis, Fault-Three Analysis, etc. The re-
sults will be documented in a safety-case report that typi-
cally includes: a) the summary description of the system, 
and operational environment; b) identified hazards and 
their severity; c) performance requirements considered 
applicable to each hazard; d) possible causes of each 
hazards; e) description of how causes are controlled (i.e. 
eliminated or mitigated); e) description of relevant veri-
fication plans, procedures and methods for each control.
As previously mentioned, intrinsic in the concept of stan-
dard is that whenever it is made applicable, compliance 
must be monitored and enforced. Otherwise require-
ments become simply a set of guidelines. Monitoring and 
enforcement can be done by any party to which such au-
thority is assigned, non-necessarily by a government reg-
ulatory body. In any case the organization must have the 
following three key prerequisites: authority, competence, 
and independence (from the specific project or program). 
For example, the safety of the entire International Space 
Station (ISS) program is based on a process of incremen-
tal safety reviews of safety cases reports by independent 
panels. In response to NASA ISS safety requirements, 
the developers prepare safety case reports (called safety 
data packages) at various levels of integration.[6] In the 
course of ISS operations, further safety data packages 
submittals are made to account for configuration chang-
es, previously unforeseen operations, and corrective ac-
tions following on-orbit anomalies. 
The competence of NASA’s multi-disciplinary safety 
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review panels, and of the specialist teams and labs that 
support them is well known, but this is a rather unique 
circumstance, that has no match in traditional regulatory 
organizations. This means that an obvious substitute for 
NASA’s technical skills does not currently exists for non-
NASA commercial human spaceflight orbital and sub-or-
bital projects, although badly needed. If tomorrow FAA/
AST would be allowed to regulate crew and participants 
safety, the problem would become apparent. Industry, 
collectively, has the means to solve it.

7.2 A Space Safety Institute

An alternative to government regulations are self-reg-
ulations. They are essentially motivated by the need to 
promote an ‘acceptable’ level of safety as business case. 

Take the example of Formula 1 car racing. In the first three 
decades of the Formula 1 World Championship, inaugurat-
ed in 1950, a racing driver’s life expectancy could often be 
measured in fewer than two seasons. It was accepted that 
total risk was something that went with the badge [8]. The 
turning point was the Imola Grand Prix of 1994 with the 
deaths of Roland Ratzenberger and Ayrton Senna (in direct 
TV) that forced the car racing industry to look seriously 
at safety or risk to be banned forever (and lose television 
rights in the process). In the days after the Imola crashes 
the FIA (Fédération Internationale de l’Automobile) es-
tablished the safety Advisory Expert Group to identify in-
novative technologies to improve car and circuit safety, 
and to mandate implementation and certification testing. 
Few years later the advisory group became, the FIA Safety 
Institute. Nowadays Formula 1 car racing is a very safe 
multi-billion dollars business of sponsorships and global 
television rights. Entertainment for families that can be 
enjoyed without risking shocking sights.

Another example comes from the oil industry. The re-
port of the Presidential Commission that investigated 
the Deepwater Horizon disaster in the Gulf of Mexico in 
April 2010 (11 workers killed plus an oil spill that caused 
an environmental catastrophe), made, among other, the 
recommendation that “the gas and oil industry must 
move towards developing a notion of safety as a collec-
tive responsibility. Industry should establish a “Safety  
Institute”…this would be an-industry created, self-polic-
ing entity aimed at developing, adopting, and enforcing 
standards of excellence to ensure continuous improve-
ment in safety and operational integrity offshore”[9]. 

8. CONCLUSIONS

For commercial human spaceflight to flourish and ex-
pand, industry has to establish a coherent set of safety 
and technical standards, taking as starting reference the 
experience accumulated in more than 50 years of govern-
ment programs. 
Collectively, industry has all the necessary intellectual 
and organizational resources for the task, but sound busi-
ness strategy always demand to advance space safety. For 
that end the standardization activities would greatly ben-
efit from a systematic cooperation with universities and 
research centres. 

The overall cooperation, within industry and with acad-
emy, could take the form of a Space Safety Institute. The 
institute would network industry experts and university 
researchers, and perform ad-hoc studies, develop educa-
tional programs, run standardization efforts, and provide 
skills in support of independent safety certification of 
commercial space systems.
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ANNEX 1

JSC 20793 Crewed Space Vehicle Battery 
Safety Requirements 

JSC 62809 Rev D Human-Rated Spacecraft 
Pyrotechnic Specification 

JSC 65827 Thermal Protection System Design 
Standard for Spacecraft 

JSC 65829 
Loads and Structural Dynamics 
Requirements for Space Flight 
Hardware  

JSC 65985 
Requirements for Human Space 
Flight for the Trailing Deployable 
Aerodynamic Decelerator (TDAD) 

NASA-STD-4003 
Electrical Bonding For NASA 
Launch Vehicles, Spacecraft, 
Payloads, And Flight Equipment 

NASA-STD-4005 Low Earth Orbit Spacecraft 
Charging Design Standard 

NASA-STD-5001 Structural Design and Test Factor 
of Safety for Spaceflight Hardware

NASA-STD-5009 
Nondestructive Evaluation 
Requirements for Fracture Critical 
Metallic Elements  

NASA-STD-5012 
Strength and Life Assessment 
Requirements for Liquid Fueled 
Space Propulsion System Engines 

NASA-STD-5017 Design and Development 
Requirements for Mechanisms

NASA-STD-5018

Strength Design and Verification 
Criteria for Glass, Ceramics and 
Windows in Human Space Flight 
Applications

NASA-STD-5019 Fracture Control Requirements for 
Spaceflight Hardware 

NASA-STD-5020 

Requirements and Standard 
Practices for Mechanical Joints 
with Threaded Fasteners in Space 
Flight Hardware 

NASA-STD-6016 
Standard Manned Spacecraft 
Requirements for Materials and
 Processes 

MSFC-
SPEC-164 

Cleanliness of Components 
for Use in Oxygen, Fuel and 
Pneumatic Systems Spec 

NASA-STD-
8719.13B 

Software Safety

NASA-
STD-8719.12  

Safety Standard for Explosives, 
Propellants, and Pyrotechnics

NSTS 22648 
Flammability Configuration 
Analysis for Spacecraft 
Applications

NASA-STD-6001 
Flammability, Offgassing, and 
Compatibility Requirements and 
Test Procedures 

MSFC-STD-3029 

Guidelines for the Selection of 
Metallic Materials for Stress 
Corrosion Cracking Resistance in 
Sodium Chloride Environments.

JSC 20584
Spacecraft Maximum Allowable 
Concentrations for Airborne 
Contaminants

MSFC-
SPEC-486

Standard, Threaded Fasteners 
Torque Limits for

MSFC-
SPEC-521

Electromagnetic Compatibility 
Requirements for Equipment and 
Subsystems

MSFC-STD-1800
Electrostatic Discharge (ESD) 
Control for Propellant and 
Explosives Devices

IAASS-ISSB-S-
1700-Rev-B

Space Safety Standard Commercial 
Human-Rated System

JSCM 8080 JSC Design and Procedural 
Standards Manual 
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ABSTRACT

Risks are unavoidable in any complex program. And 
over the years risk management has gradually become an 
important part of project management in each organiza-
tion. A short historical overview highlights the different 
evolution of risk and management thereof, which also 
explains the large variety of approaches.
One of the more common approaches used in all space 
organizations is a risk matrix. However, also risk matri-
ces suffer from parallel developments and change in pre-
sentation and, more important, in different scales of the 
axes, making comparisons impossible. Moreover, there 
is a clear need for different scales, in particular in terms 
of probabilities, for human versus robotic missions. For 
these reasons, a standard matrix will be proposed as the 
results of a comparison between the different matrices. 
Furthermore, a quantification method to compare the risk 
between different projects will be introduced.

1. INTRODUCTION

The perception of risk, and risk aversion, has con-
siderably evolved over time. Early explorers were 
well aware about the risks linked to their endeav-
ors, but the general public accepted this perception. 
As an example, expeditions crossing the seas were 
known to be risky, but still attracted considerable 
support and little resistance based upon risk con-
siderations.

Some reservations were made by advisors, such as the 
famous advice of the Council of Salamanca. Although he 
was partially convinced, the Spanish King asked for ad-
vice in 1486 to the ‘Council of Wise Men of Salamanca’ 
which concluded [1]:

There can be no justification for your Majesty’s support 
for a project based on extremely weak foundations and 
plainly, to anyone who knows about such things, impos-
sible to achieve.

We shall note here, however, that the majority of 
such opinions were driven by the strong intercon-
nection between science and religion at those times.

Still, it is hard to perceive nowadays that e.g. the 
voyage of Magellan around the world was consid-
ered as a success. Starting the expedition with five 
ships and 240 crewmembers, only one ship (the Vit-
toria) finally returned in 1522 with only 18 of the 
original crewmembers [2] (also Magellan himself 
died during the trip). Nowadays such a trip would 
be considered more as a disaster.
Polar expeditions at the end of the 19th century and 
at the early 20th century fall into the same category 
[3]:
• In 1845 John Franklin and a crew of 129 men got 

stuck in the polar ice and all died.
• The Terra Nova expedition in 1912 of Robert 

Scott failed to return safely and the whole crew 
died.

The general public was aware of the risky challenges but 
rather than condemning these expeditions encouraged 
them.

Closer in time is the first cross-Atlantic voyage by 
planes, the famous Orteig Prize. Before this prize 
was won by Charles Lindbergh in 21st May 1927, 
at least four experienced crews crashed or disap-
peared and a number of excellent pilots lost their 
lives (very often failing to lift off properly as a re-
sult of carrying too many supplies) [4].

It is interesting to note that in particular risks associated 
with novel expeditions seem to attract most public atten-
tion. Since 1950 some 900 people died whilst attempting 
to climb the Mount Everest (from which a large number 
were Sherpa’s) [5], with 2014 having the highest mortal-
ity yearly rate recorded, with an increasing trend. This 
fact seems not to catch any public attention, compared 
to the approximately 20 casualties in human spaceflight 
over a comparable period (since the 1960’s)

In the meantime risk perception has changed and 
society has become more risk avert. This has led 
to more in depth study of risk and uncertainty, and 
a systems approach on risk and risk mitigation, as 
we can note from the historical overview in next 
chapter.
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2. RISK AND RISK MANAGEMENT IN A 
 HISTORICAL CONTEXT

2.1 A definition of risk

In the 19th century, preliminary definitions of risk have 
been proposed, whereby risk was considered as a byprod-
uct of production and business activities [6]. In 1901, an 
US scholar proposed a relative accurate definition on 
risk, stating that

Risk is the impersonal expression of uncertainty that an 
unwanted event occurs 

Two elements of this definition became the foundation 
to research risk systematically from then onwards. The 
first is that risks exists impersonally; humans can avoid 
risk, control risk and transfer risk, but cannot eliminate 
risk. The second it that the core of risk is uncertainty, risk 
events occur with uncertainly, the results of the impact 
are subject to the same uncertainty. (source: [7])
Already as early as in 1921, Knight drew a sharp distinc-
tion between risk and uncertainty [8]. In 1964, William and 
Heins have taken people’s subjective factor into account, 
considering that the degree of uncertainty is depending 
upon personal judgment, and different people’s under-
standing of the same risk therefore may be different [9].
In 1992, Yates and Stone further raised the three-factor 
model of risk; a thorough analysis of the meaning of risk 
has been done in their works [10]. They postulated that 
risk is constituted by three factors: (1) potential loss; (2) 
significance of the loss; (3) uncertainty that potential loss 
occurred. Yates and Stone’s three-factor risk model, re-
flecting the basic meaning of risk essence, is the basic 
conceptual framework of modern risk theory. On 15th 
Nov. 2009, during the meeting of the International Stan-
dard Organization (ISO), the reference ISO 31000:2009 
Risk management – Principles and guidelines, was pub-
lished, whereby risk is defined as the effect of uncertainty 
on objectives. Both positive and negative impacts on ob-
jectives are included in this definition, as can be repre-
sented per following Fig. 1.

Figure 1: Risk definition (ISO, 2009)

Several definitions of risk have been given in publi-
cations. A rather alternative but very appropriate one 
is attributed to Alan Sheppard responding to a ques-
tion of a reporter whilst waiting for lift-off in 1961:

It’s a very sobering feeling to be here and realize that 
one’s safety factor was determined by the lowest bidders 
for 270,000 moving parts on a government contract.

2.2 Risk Management

In 1931, the Insurance Department of American Manage-
ment Association (AMA) began to advocate risk manage-
ment, and started to study issues related to risk manage-
ment and insurance, accumulating a wealth of experience 
in this field. In 1953, a big fire in General Motors shook 
the US business community and academia, and acceler-
ated the development of risk management. The first risk 
management text, Risk Management and the Business 
Enterprise, was published in 1963, and attracted wide-
spread attention in Europe and US [7].
Since then, research on risk management gradually tends 
to be systematic, so that risk management has become an 
independent discipline in the field of business manage-
ment. During the 1970s to 1980s, risk management de-
veloped rapidly. The USA, UK, Japan, France, Germany 
and other countries established national and regional risk 
management association. In 1983, experts from all over 
the world gathered in New York to participate in the an-
nual meeting of Risk and Insurance Management Soci-
ety (RIMS) to reach an agreement on risk management 
guidelines. In 1986, eleven European countries jointly 
established the European Risk Research Association. An 
international symposium on risk management held in 
Singapore showed to the risk management community 
that the movement had come into the Asian Pacific re-
gion, becoming a global movement [7].
Nowadays, risk management is a common tool and sev-
eral standards and guidance documents have become 
available in past decade. Just to give a few examples:
• ISO 31000, 2009, Risk management — Principles and 

guidelines
• FAA-H-8083-2, 2009, Risk Management Handbook, 

Federal Aviation Administration (FAA)
• BS 31100: 2008 Risk Management — Code of Prac-

tice, British Standard Institution (BSI)
• A Risk Management Standard, 2002, Federation of 

European Risk Management Association (FERMA) 
• AZ/NZS 4360: 2004, Risk Management, Australian/

New Zealand Standard.
• NASA/SP-2011-3422, NASA Risk Management 

Handbook
• ECSS-M-ST-80C, Space project management - Risk 

management
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In the Chinese space sector, risk management was intro-
duced from the 1980’s onwards and was based upon reli-
ability and safety management such as Failure Tree Anal-
ysis (FTA) and Failure Mode Effect Analysis (FMEA) 
and, later, Probabilistic Risk Assessment (PRA) and 
Failure Mode Effect and Criticality Analysis (FMECA). 
Although no global standard exists, several papers and 
articles have been published, such as:
• Jin Xunshu, 2002, Risk Management and its Appli-

cation in Space Program, Chinese Space Science and 
Technology, Vol. 22

• Yu Jin, 2012, Risk management in spacecraft develop-
ment, Aviation Industry Press

• Li Jiang, Lei Xiaogan, 2012, Risk analysis method of 
large-scale space development project based on multi-
agent technology, Journal of National University of 

Defense Technology, Vol. 34, No. 6, Dec. 2012
• Yang Jun, Lin Qian, Shen Jianming, 2011, Study on 

risk management in space program, Project Manage-
ment Technology, Aug. 2011

Closest to a standard is a FMECA based document pub-
lished by the State Administration of Science, Technol-
ogy and Industry for National Defense (SASTIND). This 
document [11] will therefore be used as a reference in the 
further comparisons.

3. RISK MATRICES

There are many methods to assess risk as listed in Tab. 1.

Tools and techniques
Risk assessment process

Risk 
Identification

Risk Analysis Risk 
EvaluationConsequence Probability Level of risk

Brainstorming SA1) NA2) NA NA NA
Structured or semi-structured interviews SA NA NA NA NA
Delphi SA NA NA NA NA
Check-lists SA NA NA NA NA
Primary hazard analysis SA NA NA NA NA
Hazard and operability studies (HAZOP) SA SA A3) A A
Hazard Analysis and Critical Control Points (HACCP) SA SA NA NA SA
Environmental risk assessment SA SA SA SA SA
Structure « Whatif ? » (SWIFT) SA SA SA SA SA
Scenario analysis SA SA A A A
Business impact analysis A SA A A A
Root cause analysis NA SA SA SA SA
Failure mode effect analysis SA SA SA SA SA
Fault tree analysis A NA SA A A
Event tree analysis A SA A A NA
Cause and consequence analysis A SA SA A A
Cause-and-effect  analysis SA SA NA NA NA
Layer protection analysis (LOPA) A SA A A NA
Decision tree NA SA SA A A
Human  reliability  analysis SA SA SA SA A
Bow tie analysis NA A SA SA A
Reliability centred  maintenance SA SA SA SA SA
Sneak circuit analysis A NA NA NA NA
Markov analysis A SA NA NA NA
Monte  Carlo  simulation NA NA NA NA SA
Bayesian statistics and Bayes Nets NA SA NA NA SA
FN curves A SA SA A SA
Risk indices A SA SA A SA
Consequence/probability  matrix SA SA SA SA A
Cost/benefit analysis A SA A A A
Multi-criteria decision analysis A SA A SA A
1) Strongly applicable.
2) Not applicable.
3) Applicable

Table 1: Comparison of Risk Assessment tools ([12], [13])
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However, a risk matrix (labeled as consequence/prob-
ability matrix in Tab. 1), whereby the axes represent the 
severity of consequence and likelihood separately, is one 
of the most wide-spread tools in the space sector. Most 
organizations have developed over the last decades an 
own risk matrix.
A typical 4×4 matrix, as used by FAA, is represented in 
Fig. 2, 

Figure 2: FAA risk matrix (FAA, 2009)

A more complex 4x5 matrix is used by the US Depart-
ment of Defense (DoD), including a more detailed num-
ber of categories, as can be noted from Fig. 3.

Figure 3: Risk matrix defined in MIL-882E (DoD, 2012)

A typical NASA risk matrix follows a 5x5 pattern, as de-
scribed in NASA’s standard document, NASA/SP-2007-
6105 Rev1, Systems Engineering Handbook.

Figure 4: Typical risk matrix in NASA (NASA, 2007)

A comparable 5x5 matrix is used in ESA, as per Fig. 5.

Figure 5: Risk matrix example in ESA (ESA, 2008)

We can note from these examples
• A different use in terminology (likelihood vs. prob-

ability, severity vs. consequences).
• A different orientation of the axes
• A variety of critical zones.

It is obvious that these differences are a first order risk for 
confusion in international projects.
A comparison of the definitions of the scales highlights 
even more considerable differences, as can be noted from 
Tab. 2 and 3.
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NASA (NESC) (Kelly, 2005) [14] ESA (ECSS-M-ST-80C) (ESA, 2008) China (QJ 3050A-2011) (SASTIND, 
2011)

5, very likely E, maximum A, frequent

Likely to occur often. 
> 0.10 (10-1) 

Certain to occur, will occur one or more 
times per project.

Likely to occur often

4, high D, high B, probable

Expected to occur sometime in the life 
of the item. 0.01 - 0.10 (10-2 - 10-1) 

Will occur frequently, about 1 in 10 
projects.

Likely to occur several times

3, moderate C, medium C, occasional

Likely to occur sometime in the life of 
the item. 0.01 - 0.001 (10-2 - 10-3) 

Will occur sometimes, about 1 in 100 
projects.

Likely to occur sometime

2, low B, low D, remote

Unlikely but possible to occur. 
0.001 - 0.000001 (10-3 - 10-6) 

Will seldom occur, about 1 in 1000 
projects.

Unlikely, but possible to occur

1, very low A, minimum E, improbable

<0.000001 (<10-6) Will almost never occur, 1 of 10,000 or 
more projects.

Unlikely, can be assumed occurrence may 
not be experienced

Table 2: Comparison of probability level

Table 3: Comparison of consequence levels

NASA (NESC) (Kelly, 2005) ESA (ECSS-M-ST-80C) (ESA, 2008) China (QJ 3050A-2011) (SASTIND, 
2011)

5 5 Catastrophic (I)
Death or disability, all major mission 
failure,  >$250 Million loss

Catastrophic Mission failure, death or permanent 
disabling injury

4 4 Serious (II)
Permanent partial disability or injuries, 
>50% major mission failure, $100-
$250 Million loss

Critical Major degradation of mission, severe 
injury  or occupational illness

3 3 Moderate (III)
Temporary injury, 1 major mission 
failure, $10-$100 Million loss

Major Minor degradation of mission, 

2 2 Negligible (IV)
Slight temporary injury, >50% 
supplement object failure, $1-$10 
Million loss

Significant Less than category III

1 1 /
Minimal/no injury, any one major 
mission loss,  $200K-$1Million loss

Negligible

One of the first obvious findings is that the risk qualifi-
cations for robotic versus human missions are not well 
distinguished (whereas the general public no doubt reacts 
stronger in cases of the loss or injuries of humans…). 
There are, therefore, many good reasons to propose two 
separate standard matrices; one for human missions and 
one for robotic flights.

4. PROPOSED STANDARD RISK MATRIX 
 FOR HUMAN SPACEFLIGHT

A study made by a team of ISU students in 2008 [15] 
focused on a distinction between activities in space to 
be executed by preference by humans or, alternatively, 
by robots.
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Evidently the analysis was multivariant and took into  
account elements such as dexterity, safety as well as ro-
botic capacity, but one of the driving determinants was 
the assumed risk of the respective operations. In order 
to determine an objective criterion, the team compared 
a number of human related risk definitions used by, 
amongst others ESA, NASA, The Australian Department 
of Health and the UK Resilience-cabinet office. It is no 
surprise that e.g. the quantified perception of risk was 
very different per standard and per organization.
In order to reach a common standard the team suggested, 
for human space flight, a 5x5 risk matrix as per Fig. 6, 
whereby the definition of the axes is given in Fig. 7.

Figure 6: Proposed Human Spaceflight Risk Matrix [15]

Figure 7: Description of axes of proposed human space-
flight matrix [15]

A Proposal for risk quantification

A parallel is here made with the well-known SWOT anal-
ysis. A major drawback of a SWOT analysis has been the 
lack of quantitative comparisons. In fact the qualitative 
matrix is to a large extent subject to the creativity of the 

initial analyst and can rather easily be manipulated (e.g. 
by providing a long list of Strengths and a negligible list 
of Weaknesses…)
In order to overcome this drawback, two strategic man-
agement experts, Wheelen and Hunger [16] have pro-
posed a quantification method.
Similar to this proposed method for SWOT quantifica-
tion, the labels in Fig.6 allow for a quantification method 
of the risks, when comparing e.g. two mission alterna-
tives, as follows:

1. Plot the 7 major risks of project A in the matrix
2. Add to each risk the respective quantitative figure 

and make a total for project A
3. Perform a similar exercise for project B
4. Compare both totals; the project with the lowest to-

tal is theoretically the project with less risk.

Example:

Project A has as 7 highest risks: D5 (24), E3 (20), D2 
(13), C2 (11), B4 (14), A5 (10) and E1 (9) hence a total 
of 101.
Project B has as 7 highest risks: E4 (23), D4 (22), D3 
(18), C4 (19), B3 (12), A4 (8) and E2 (16) hence a total 
of 118.
Conclusion: before risk mitigation project B has a higher 
risk score than project A. 

5. PROPOSED STANDARD RISK MATRIX 
 FOR TELECOMMUNICATION 
 SATELLITES (ROBOTIC MISSION)

In this section, a new risk matrix is proposed to be applied 
for well-developed space program, such as commercial 
telecommunication satellites. For this type of spacecraft 
historical experience data are available as most of the 
technologies used are flight proven except for the case 
of potential new requirements. For such well-developed 
space program, the actual probability of risk shall be as-
sumed to be lower, and recommended probability levels 
are shown in following Tab. 4.

Table 4: Recommended probability and consequence 
level

Score Probability Score Consequence 

A Improbable (< 0.01%) 1 Negligible

B Remote (0.01% - 1%) 2 Low

C Occasional (1% - 10%) 3 Moderate

D Probable (10% - 20%) 4 Serious

E Frequent (>20%) 5 Catastrophic
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According to above proposed definition of probability 
and consequence level, the new 5x5 risk matrix for well-
developed commercial tele-communication satellites 

is proposed as per Fig. 8 and an explanation of the risk 
ranking is shown in Tab. 5.

Frequent E 15 20 22 24 25

Probable D 13 14 17 21 23

Occasion C 8 9 16 18 19

Remote B 2 4 7 10 12

Improbable A 1 3 5 6 11

probability I II III IV V

consequence Negligible Low Moderate Serious Catastrophic

Figure 8: Proposed risk matrix for communication satellites

Table 5: Risk ranking
Ranking Description

1-5 (Green) Acceptable
6-9 (Blue) Acceptable after review and regular product assurance measurement shall be imposed.

10-19 (Yellow) Acceptable, but control and monitoring should be paid more attention, e.g. additional inspection, 
review, weekly report instead of monthly report, setting to be critical item, etc.

20-25 (Red) Unacceptable, must be mitigated, either decrease the probability or relief the consequence

6. CONCLUSION

A Risk Matrix is an excellent tool and an integral part 
for each Risk Management approach. However, over the 
years each organization has developed own risk matrices 
with the result that
• Nomenclature of the axes differs
• Description of the axes values widely differ
• No distinction is made for human versus robotic 

space missions.

Standardized risk matrices are therefore proposed in this 
article, based upon an analysis of the different matrices 
in use, in order to facilitate international and inter-agency 
comparisons, whereby
- A distinction has been made between a risk matrix 

for human and for robotic missions
- A method is proposed to quantify the risks.
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ABSTRACT

The ISSpresso is a small aisle deployed payload de-
veloped to demonstrate the capability to brew quality 
espresso coffee in the environment found on the Inter-
national Space Station (ISS) as well as in the conditions 
that would be experienced on possible future human ex-
ploration missions beyond Low Earth Orbit (LEO) to the 
Moon or Mars. A number of design challenges are pre-
sented by microgravity and low-gravity environments. In 
addition, the ISS program has a number of safety and 
interface requirements that any payload needs to ad-
here to. For ISSpresso each requirement was fully met 
as documented by the verifications submitted to NASA, 
including those required by the Payload Safety Review 
Panel (PSRP) to demonstrate compliance with ISS safety 
requirements for transportation, on-orbit operation, and 
return or disposal NASA Certification was obtained at 
the end of 2014. ISSpresso is currently onboard ISS hav-
ing been successfully operated for the first time during 
Expedition 43.

1. INTRODUCTION

The food system for long-duration space missions not 
only provides nutrition to the crew, but it also provides 
a form of psychological support by providing a familiar 
element in an unfamiliar and hostile environment [1].

The ISSpresso project was already in progress when 
Luca Parmitano said from the ISS, “I miss my espresso”. 
Argotec and Lavazza partnered to develop an espresso 
maker that would work in space as well as meet the re-
quirements for flying on the International Space Station. 
Bringing together the experience Lavazza has with coffee 
and the experience Argotec has with space engineering 
and operations provided a unique opportunity to deliver 
to the crew of the ISS an improvement over the previous 
food systems onboard. 
Argotec and Lavazza did not work alone, the Italian 
Space Agency (ASI) acted as the sponsor for the payload 
with NASA.

Prior to the ISSpresso, the crew only had access to instant 
coffee. The instant coffee is in a drink pouch which is 
then filled with hot water to produce their coffee. The 
hot water is provided by the Potable Water Dispenser 

(PWD). The ISSpresso however, infuses coffee grounds 
with hot water under pressure to extract the espresso as 
would be done on Earth. The espresso is provided inside 
commercial capsules conveniently modified to prevent 
burst if exposed to vacuum, and properly packaged to 
avoid coffee grounds dispersion in case of capsule ac-
cidental rupture. All equipment on the station is required 
to sustain decompression and recompression as nominal 
condition.

Figure 1 ISSpresso pouch with espresso on the ISS

ISSpresso does not brew only espresso, it can also pro-
duce hot beverages and consommé (such as chicken 
broth) for food hydration, depending on a wide selection 
of capsules. 

2. COMMERCIAL HERITAGE

In the seventies there was a general understanding in the 
industry that instant coffee would see the end of coffee 
machines. The invention of coffee in capsule was meant 
to be an alternative to instant coffee that is quick to pre-
pare and as tasty as traditional espresso. Eventually, it 
matured to a perfect combination of oxygen pressure 
mixed with packed coffee to extract all the aromas and 
tastes [2]. In early capsule designs, each capsule con-
tained a filter that was made largely of aluminum. Then 
the filter was moved outside the capsule such to be reused 
on each capsule as part of the machine. The use of coffee 
capsules has dramatically changed the espresso market 
worldwide. It is no longer necessary to have all of the 
equipment that was previously required: grinders, tam-
pers, and related skills in using those tools. The advent of 

Journal of Space Safety Engineering – Vol. 2  No. 1 - June 2015

39

International Association for the Advancement of Space Safety

mailto:valerio.ditana@argotec.it
mailto:joshua.hall@argotec.it


the capsule allows a user to insert the capsule and after 
the machine does its work quality espresso is ready for 
consumption.

A typical home espresso machine consists of a reservoir 
of water that is heated and pressurized to extract the 
espresso from a capsule. The capsule is a small plastic 
container with an aluminum foil lid sealed to the top 
of the capsule. When closed in the brew chamber, the 
capsule lid is perforated by small spikes. This allows the 
heated and pressurized water to flow into the capsule. 
The combination of heat and pressure causes the capsule 
to deform. This deformation pushes the other end of the 
capsule into a second set of spikes. These spikes puncture 
the capsule completing the path for water flow through 
the capsule. After the capsule the espresso flows out of 
the brewer.
 

Figure 2 ISSpresso brewer and brew chamber

The brewer (and brew chamber) for the ISSpresso has 
the same functionality as a commercial machine on the 
ground. However, the materials and individual compo-
nents were made entirely new for the ISSpresso, in or-
der to increase their strength to mechanical and pressure 
loads and to reduce the residual water produced during 
the brewing cycle. A different design of the brewer outlet 
is introduced in the ISSpresso. It allows the used cap-
sules to be removed from the chamber providing enough 
volume to accommodate micro-switches in charge of de-
tecting the position of the capsule in each phase of the IS-
Spresso operations. Furthermore, an aluminum plunger 
has been integrated in order to push the capsule out of the 
brewer chamber replacing the effect of the gravity acting 
in the terrestrial machines. 

3. APPLICABLE REQUIREMENTS

In order to be approved for transportation to and opera-
tion on-board the Station, the ISSpresso system had been 

analyzed and verified for compliance to all the applicable 
requirements for payloads. These requirements are col-
lected in the ISSpresso PIRN (basically a tailoring of 
SSP57000 [3]) and in the Flight Safety Data Package 
extensively reviewed and approved by NASA Safety 
Review Panel. The number of requirements documents 
that are applicable is rather long, we present in Table 1 
a shortened list of main applicable documents that were 
referenced in the development and safety review of the 
ISSpresso.

Many of the technical requirements in SSP 57000 pro-
vide for safety and well-being of the crew and vehicle. 
Some are more related to human factors, such as the 
strength required to flip a switch, or naming conventions 
for hardware. It is possible to obtain exemptions for cer-
tain requirements, but it is generally cheaper and faster to 
design in compliance with the requirements than seeking 
approval of deviations.

Table 1 Reference requirements documents

SSP 57000 Pressurized Payloads Interface Requirements 
Document

SSP 57059 Standard Payload Integration Agreement for 
Pressurized Payloads

SSP 50005 International Space Station Flight Crew 
Integration Standards

SSP 30559 Structural Design and Verification 
Requirements

SSP 30599 Safety Review Process

SSP 30243 Space Station Requirements for 
Electromagnetic Compatibility

SSP 30245 Space Station Electrical Bonding 
Requirements

SSP 30237 Space Station Electromagnetic Emission and 
Susceptibility Requirements

SSP 50008 International Space Station Interior Color 
Scheme

SSP 50076 NASA/ASI Joint Management Plan

SSP 50102 NASA/ASI Bilateral Integration & 
Verification Plan

SSP 50254 Operations Nomenclature

4. ISS ENVIRONMENT

While adapting an Earth based machine to operate in the 
microgravity environment of the space station a number 
of factors were taken into account. The thermal condi-
tions are different since lack of gravity is not helping 
cooling by convection (i.e. hot air does not rise as on 
the ground). Liquid spills do not behave as would be ex-
pected on the ground and care was taken to determine 
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what would happen in the event of a liquid spill from (or 
inside) the ISSpresso. 

Once installed the ISSpresso is in fairly benign environ-
ment in terms of loads and vibrations. However, during 
launch there are a number of forces acting on the ma-
chine. Foam packing was used to damp vibrations and 
shocks, and its effectiveness was verified by a test cam-
paign. Shown below is the Power Spectral Density (PSD) 
curves for Dragon and Cygnus launch vehicle that we 
used during testing.

Figure 3 Dragon and Cygnus PSD curves

As mentioned, during all phases of operation the ISSpres-
so must be able to sustain depressurization of the station 
to vacuum and return to standard atmospheric conditions 
without causing damage to the station and other pay-
loads. We designed ISSpresso to remain operational after 
such an event, however the ISS requirement is just to be 
safe and not to cause damage to anything else. 

In addition to the physical differences experienced on 
the station there are ISS program requirements that the 
ISSpresso must adhere to in order to preserve the crew 
environment. For example the ISSpresso limits thermal, 
gas, light, and electromagnetic emissions to levels ac-
ceptable to the ISS program. The ISSpresso keeps tem-
perature of all surfaces that can be touched by the astro-
naut under 45 °C, in nominal conditions as well as in 
case of an anomaly such as a runaway of the heather. In 
order to limit the vibrations generated by the ISSpresso 
that could spoil the microgravity environment required 
by some experiments, a vibration pump was not used as 
is frequently done for ground based models. The water 
pressurization is achieved by a double-effect linear pres-
surizer moved by a stepper motor and able to increase the 
water and air pressure up to the deign values. 

5. CONSTRUCTION

The ISSpresso was built and tested on the basis of 4 
models. Each successive model showed an increase in 

fidelity and functionality until the final flight model was 
assembled.

The first model, was a breadboard of the hydraulic and 
pneumatic system which we called the “2-D model”. The 
lines were laid out in a flat fashion. The pump and brewer 
used in this model were commercial versions of those 
items and not those selected for the flight model. The in-
tent of this model was to demonstrate a proof of concept 
before continuing to develop the hardware further. The 
most flight realistic components in this model were the 
drink pouch adapter and the needle for dispensing the 
beverage into the drink pouch.

The second model was of increased fidelity “elegance 
model” with a version of the pump we selected for the 
flight model. We had an early version of the brewer. Ul-
timately this design was changed prior to inclusion in 
the flight model. The housing and the structure were the 
same as the flight model. The surface coating was not the 
same as we intended to use for the flight model, but it was 
not required at this stage of development. The electronics 
were a crude mockup of the flight version. There were no 
safety devices installed in this version of the hardware. 
That is to say, the hardwired controls we utilized for safe-
ty were not applied in this version of the hardware.  

The third version of the ISSpresso was the “ground mod-
el”. The ground model was functionally identical to the 
flight model with the exception of two additional relief 
valves being included in the flight model for safety of 
the pressure system. In the event of out-of-nominal over-
pressurization. The ground model was used to perform a 
number of tests where appropriate.

The protoflight model, was the final version incorpo-
rating everything we learned from each of the previous 
stages. It was used to perform those final tests that could 
only be performed on the flight configuration to ensure 
safety and mission success. The protoflight model in-
cluded, the two additional relief vales as previously men-
tioned, but also included the appropriate surface coating 
as required by NASA and the prescribe labels as per SSP 
50005 “International Space Station Flight Crew Integra-
tion Standards”.

6. HAZARDS & CONTROLS

The ISSpresso had a number of requirements to meet 
for safety certification. Many of the requirements are 
standard for hardware intended to be flown on the ISS, 
for example non-flammable materials, low off-gassing, 
radiated EMC limits, sharp edges, touch temperature, 
etc. There were four unique hazards that required to be 
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documented in Unique Hazard Reports for the NASA 
safety panel. These reports identified the hazard, what 
causes there were for the hazard, how the hazard would 
be controlled, and finally how that hazard control would 
be verified. 

Table 2 Unique Hazard Reports
Hazard 
Report 

Number

Hazard Report 
Name

Causes

UHR-01 Rupture/Leakage 
of fluid loop and/
or release of hot 
liquid

• Inadequate design
• Improper material 

selection
• Improper on-orbit 

operations
• Improper 

manufacturing and 
assembly

UHR-02 Water dispenser 
needle sharp 
points

• Crew member 
touching needle

UHR-03 Electrical shock • Inadequate design
• Improper operations
• Exposed contacts or 

terminals
UHR-04 Drink Pouch 

Touch 
Temperature

• Improper operation
• Improper design

For those causes which were related to design, materi-
als selection, or manufacturing and assembly control was 
provided for and verified by review of design, hardware 
inspection, and where necessary testing of the hardware. 
Review of design involved examining the drawings to 
verify that design controls were in line with those docu-
mented in the hazard reports. Hardware inspection re-
quired examining the as built hardware to ensure it was 
in compliance with the drawings as well as determining 
that the hardware was functionally capable of controlling 
the hazards. Finally, testing involved subjecting the hard-
ware to flight like conditions, with safety factor margins 
included, to demonstrate with test data that the hardware 
was physically capable of controlling the hazards.
For the concerns that were operational, or related to crew 
action, notes were added to crew procedures to remind 
them of the safe method for performing the related steps. 
The NASA safety panel reviewed and approved the haz-
ard controls as well as planned verification for each of 
the controls.

7. TESTING & CERTIFICATION

Safety, design, and functional requirements have been 
verified according to the verification plan negotiated with 

ASI (Italian Space Agency) and NASA. To help make the 
hardware reliable, we decided to include in the ISSpresso 
design Space/MIL rated EEE components as much as 
possible. This allowed us to select the Proto-Flight quali-
fication process conducted at a system level as the best 
approach to follow for the flight unit. Despite the efforts 
driven by the engineering team to use the above com-
ponents in the ISSpresso design, some exceptions have 
been included and verified at the subsystem level. This is 
the case of the linear pressurizer which drives the water 
and the air in the hydraulic and pneumatic circuits respec-
tively. This mechanical component was entirely designed 
and developed by Argotec to address specific functional 
and safety requirements. The same for the electronics and 
other mechanical elements such as the brewer and the 
pouch connections.

We used the Ground Model as a test bench to assess the 
response of the hardware to the most critical safety as-
pects as main outcomes of the safety analysis, such as 
over pressure and over temperature of the water/air in the 
hydraulic/pneumatic lines and an high temperature on the 
external walls due to the presence of the heating element. 
Furthermore, we tested it extensively to assess the maxi-
mum number of brewing cycles the machine can operate 
at a system level. This number, multiplied by a large safe-
ty factor, was considered as an indication for the design 
lifetime. We also conducted a preliminary EMC/EMI test 
campaign as an indication of the hardware response to 
the electromagnetic compatibility and interference. 

The preparatory test campaign performed on the Ground 
Model revealed a few relevant working and compatibility 
issues which were fixed on the Proto-Flight Model (PFM) 
at all stages of the development process (from the design 
to the integration). The PFM followed the entire qualifi-
cation and acceptance process aimed at verifying the re-
quirements applicable to the ISSpresso hardware such as 
the tightness of the hydraulic and pneumatic lines under 
the prescribe Maximum Design Pressure (leak and proof 
pressure test), the structural integrity of the entire system 
under the defined launch loads (vibration test), the proper 
working of the safety devices, the compatibility with the 
applied electrical requirements (grounding, bonding, iso-
lation, and EMC/EMI), the response of the hardware to 
thermal cycles (thermal cycling test), the heat distribution 
and thermal dissipation along the entire system (thermal 
interface test). In particular, the tightness of the hydrau-
lic and pneumatic lines and the safety devices have been 
tested before and after the vibration test to ensure their 
integrity and to demonstrate they worked nominally.

Following the test procedures written during the hard-
ware design phase, each individual safety device has 
been tested on ground in a specific sequence and the 
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results have been extensively discussed with the NASA 
Safety Panel at Payload Safety Review Panel (PSRP) 
Phase II/III Safety Review, successfully passed on the 
28th of January 2015.

Other than the relief valves, the pressure switches, the 
thermal switches, and the hardwired end switches acting 
as main safety controls, three of the ISSpresso elements 
have been reviewed deeply for safety by the NASA Me-
chanical System Working Group (MSWG) and they are 
the brewer, the pouch adapter (containing a stainless steel 
needle which allows the connection with the pouch) and 
the compartment door. These mechanical elements have 
been discussed with the MSWG during the Phase II and 
III Safety Reviews and they have been finally approved 
at the end of the tests carried out on each single flight 
mechanism. 

Finally the PFM has been inspected by the Human Factor 
Integration Team (HFIT) for compliance with the Human 
Factor requirements and approved for flight. 

8. OPERATIONS

For operations on board the ISSpresso is mounted to a 
surface inside the USOS module, in the American seg-
ment of ISS. The mechanical connection is provided for 
by using four straps to secure the machine to the rack seat 
tracks. Each strap provides a connection for one corner of 
the machine. Electrical power is provided from a Utility 
Outlet Panel (UOP) supplying 120 Volts DC. 

Much like a commercial brewer, once installed operation 
of the ISSpresso requires a water supply, a capsule of 
coffee grounds, a container to dispense the espresso in, 
as well as crew manipulation of switches and buttons to 
control the brew process. 

Figure 4 ISSpresso

The new espresso capsules are stored in stowage bag at-
tached with Velcro to the right side of the ISSpresso. The 
bag contains drink pouches and flush capsules as well. 
The flush capsules are used in nominal operations to 
clean the hydraulic lines with hot water after long periods 
of ISSpresso inactivity. 

Once on board the Station the hardware is installed and 
the hydraulic circuit filled with water, as per the dry to 
wet transition procedure. The execution of this procedure 
represents the first operational step since ISSpresso is 
launched in the dried configuration to prevent possible 
internal damages due to the water (thermal) expansion 
occurring during the transportation to the ISS. 

ISSpresso makes use of a NASA standard water bag 
filled by 250 ml of water from the potable water dispens-
er (PWD) and connected to the ISSpresso adapters (the 
ISSpresso adapters are blue for water and brown for cof-
fee). The bag attachments (both water and drink where 
the coffee is collected at the end of the brewing cycle) are 
designed to provide a standard interface with the drink-
ing pouches already used on the Station and to increase 
the crew safety by securing the pouch in place with a 
spring loaded mechanism. 

The pouch connection to the ISSpresso is the first step to 
brew the coffee on orbit and it is followed by the machine 
power activation and the selection of the desired volume 
of hot beverage. ISSpresso provides the choice of 30, 
60, 120 ml of hot beverages depending on crew prefer-
ences. Part of the preparatory steps is the capsule inser-
tion in the brewer chamber, conceived to be as much as 
possible similar to the commercial machine. The closure 
of the brewer chamber lid assures the proper insertion 
of the capsule and starts the brewing process. When the 
water reaches the right pressure and temperature inside 
the lines, the brew button becomes green and if pushed 
enables the coffee production. At the end of the espresso 
extraction, a small volume of pressurized air is released 
in the last branch of the hydraulic line to clean and empty 
the tubes from residual coffee. The espresso is than ready 
to be tasted by using one of the NASA standard straws 
available. 

The ISSpresso operations are continuously monitored 
and controlled by the On-Board Controller (OBC) and all 
the telemetry is written to two SD Cards installed on the 
right side of the ISSpresso main housing. The acquired 
telemetry is used for troubleshooting operations to de-
termine failure causes and allow the engineering team 
on ground to provide the proper corrective actions. All 
the on-orbit operations are supported by NASA certified 
personnel at the Argotec Control Center, located in Turin. 
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9. CONCLUSIONS

The ISSpresso team was able to provide the machine in 
less time than is normally taken to develop a payload. 
This was due, in part, to a dedicated team of engineers 
who put in a tremendous amount of effort. It was also 
due to the team taking into account many of the safety 
requirements prior to, and during, the design. Iterative 
steps in the design and development phase strove to take 
into account all known, and some only suspected, safety 
and design requirements that would be levied on the final 
version of ISSpresso. A great deal of time and effort was 
saved by having a safe design prior to having even the 
first preliminary meetings with the NASA safety panel. 
This was most beneficial in the development of ISSpres-
so in that no redesigns were required as a result of PSRP 
reviews and their inputs to the machines design.

One of the big challenges undertaken by the engineering 
team was to design ISSpresso as an ISS system and not 
only as a payload and extending the ISSpresso function-
alities and capabilities. It does make espresso, which can 
provide a psychological benefit to the crew that is away 
from home for months at a time, but it also has the ability 
to expand, or modify, the crew menu. The ISSpresso can 
make teas as well as consommé. These additional options 
provide flexibility to the crew menu that is not currently 
available. For example, a dish of rice may have a variety 
of broth added to it for different tastes. As it is currently, 
the crew would need to make that selection months be-

fore flight and would not have the option to modify that 
choice on board. With the ISSpresso that choice could be 
made at the time of preparation on the ISS. This improved 
selection ability can provide additional psychological sup-
port to the crew by providing them more control over their 
menu selection at a time that is more relevant to them. 

It is known that fluid shift in microgravity results in 
crewmembers whose tastes change on orbit versus what 
they preferred on the ground. Typically, this is towards 
more spicy food with additional flavor. The additional 
flavor is thought to overcome the loss of taste resulting 
from the additional fluid that has shifted up into their 
heads. The ISSpresso shows the possibility to provide 
an increased functionality to the crewmembers, not only 
on the space station, but to other future manned human 
exploration efforts. 
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ABSTRACT

In response to concerns raised during the mishap investi-
gation of the Extravehicular Activity (EVA) 23 high vis-
ibility close call that occurred on July 16, 2013, the John-
son Space Center (JSC) commissioned a team of experts 
to investigate the existing deionized (DI) water system 
and production at the Center, and report any opportuni-
ties for improvement in processes and practices related to 
DI water production and use.

The results of this institutional system investigation iden-
tified opportunities for improvement that could be true 
anywhere there is a capability requiring the use of DI wa-
ter that has experienced changes in mission, workforce 
turnover, and aging infrastructure.

1. BACKGROUND

NASA had an on-orbit close call during an Extra Vehicu-
lar Activity (EVA) conducted in July of 2013 on the Inter-
national Space Station (ISS). That close call involved un-
expected water collecting in one of the astronaut’s helmet 
during the EVA, forcing an early termination of the space 
walk and an emergency retreat by the EVA crewmember 
back to the ISS airlock. That event triggered a Mishap In-
vestigation Board (MIB), and a summary of the results of 
the MIB was previously published in this journal (Vol.1 
No.1 – June 2014). The JSC DI Water System Investiga-
tion Team was formed as a proactive measure by JSC 
leadership to provide Center management with the status 
of campus DI water systems and operations. 

1.1 Team Charter

The team was asked to examine the existing DI water 
system and uses, and answer the following questions. 

a. What does JSC currently have as a DI water 
production system? 

b. Which JSC organization is responsible for 
which part of the production process?

c. What are the applications for DI water at JSC?
d. Which of the applications for DI water is critical 

to space flight hardware and processes? 
e. What are there implications for past processing?

1.2 Team Membership 

Tab. 1 illustrates the diverse organizations that supported 
the team. The team of 14 included representatives from 
eight different organizations at JSC, and members’ aca-
demic credentials included degrees in engineering disci-
plines, mathematics or science. All members were recog-
nized experts in their technical fields. 

Table 1 – Organizations Supporting the Team
Mission Operations Directorate 

•	 Space Flight Systems Division

Engineering Directorate 
•	 Crew and Thermal Systems Division
•	 Propulsion and Power Division 
•	 Structures and Mechanics Division 

Center Operations Directorate 
•	 Facilities Management and Operations Division

Astromaterials Research and Exploration Science 
Directorate 
•	 Astromaterials Research Office

Safety and Mission Assurance Directorate 
•	 Quality and Flight Equipment Division

International Space Station Program (ISS) 
•	 Vehicle Operations Division

White Sands Test Facility 
•	 Materials and Components Laboratories Office

Human Health and Performance Directorate
•	 Biomedical Research and Environmental 

Sciences Division

2. JSC’S DI WATER PRODUCTION AND USES

2.1 Reverse Osmosis Water Production

Fig. 1 is a simplified schematic of JSC’s reverse osmosis 
(RO) water production and distribution system. Reverse 
osmosis is an efficient pretreatment step in the overall 
water purifying process. There is a centralized produc-
tion and storage capability at a building illustrated in the 
top left, and a pipeline that supplies RO water to various 
buildings on campus illustrated in the lower right corner. 
The tank at the centralized production building holds 
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10,000 gallons of RO water. Pumps at the tank circulate 
the RO water through the pipeline that loops back to the 
tank. The message here is that there are multiple build-
ings on the RO water supply line, clearly with different 
applications. To gain insights into the expansive applica-
tions at the Center, the team developed a data collection 
questionnaire to collect information from each user of 
DI water. 

Figure 1 – Schematic for JSC RO System

2.2 DI Water Use at JSC 

Fig. 2 illustrates DI water use locations at JSC, includ-
ing those with critical applications. Circles are buildings 
with DI water uses. Red circles are buildings using DI 
water for critical applications. The circles with beige “ha-
los” are buildings that are supplied by the campus RO 
production system. Small circles represent the reported 
points of use of DI water at the building. The figure re-
veals the complexity of the response to the questionnaire 
issued by the team to determine DI water applications. 

Figure 2 – DI Water Use Locations with Critical 
Applications

Examining Fig. 2, it is important to note that the inves-
tigation covered all of JSC including the central cam-
pus, Ellington, and the Sonny Carter Training Facility 

in Houston, plus the White Sands Test Facility (WSTF) 
in New Mexico. Since numerous responses to the ques-
tionnaire were received, the team had to develop some 
criteria for what was considered a critical use by the 
team members. The team decided critical meant the use 
of DI water could impact crew health, vehicle health, 
or vehicle utilization. The word vehicle in this context 
meant either the ISS or the space suit, also known as the 
Extra Vehicular Mobility Unit (EMU). As previously 
explained, on Fig.2 the circles represent buildings with 
DI water use; the red circles are buildings with critical 
applications; a circle with a halo means the building is 
supplied by the campus RO production system; and the 
small circles represent reported DI water points of use. 
An interesting discovery illustrated on this chart is that 
not all buildings with critical applications of DI water are 
supplied by the campus RO system. To ensure question-
naire responses were understood, members of the team 
visited the work locations that were considered critical in 
order to interview the workforce, witness the installation 
and check the procedures.

2.3 Typical DI Water Production Systems and 
 Considerations

Fig. 3 provides some insights into DI water production, 
with an illustration of a typical industry approach.

 
Figure 3 –DI Water Production, a Typical Industry 

Approach

The typical water purification process illustration on 
the top of Fig. 3 starts with potable (“tap”) water, goes 
through a pretreatment process like reverse osmosis to 
remove 90-95% of contaminants, then goes through a 
“polishing process” to deliver deionized water. The pol-
ishing process includes canisters of ion exchange beads or 
pellets to attract the remaining ions. The table below the 
illustration indicates what step filters what contaminant. 
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Tab. 2 illustrates considerations related to deionized water 
because DI water aggressively re-ionizes. These consid-
erations include materials compatibility, propensity for 
stagnation and bio-loading, recommended flushing prac-
tices, and the need to verify water purity just before use. 

Table 2 – Typical industry considerations for working 
with DI water production, transport and storage

Materials 
compability

Production, storage, piping and transport 
(stainless steel, PVC)

Stagnation 
and Bio-load

Recognize aggressive nature of DI water

DI water dilutes biocides, facilitating 
bacterial or algae growth

Flushing To avoid using stagnant DI water, first flush, 
running at least three times the volume of the

Point of Use 
(POU) 
Verification

Verification of purity just before use

Fig. 4 illustrates the effectiveness of various membrane 
types in removing particulates and contamination. 

 
Figure 4 – Typical Filter Sizes for Thin-Film Composite 

Membranes

It is important to note that reverse osmosis is the most ef-
fective membrane type of particulate removal illustrated 
in Fig. 4, outperforming ultrafiltration and even nano-
filtration techniques. 

Fig. 5 is a notional illustration of the campus DI wa-
ter production. Note first on the left side that produc-
tion starts with tap or potable water from the local water 
district (see the dashed line). The illustration captures 
the pretreatment steps at the central RO production 
building, the RO water supply loop, and a typical water 
polishing station that creates the DI water for the user 
in the building. As shown in the middle of the figure, 

for polishing, there is a canister with activated charcoal, 
plus a sequence of ion-exchange canisters. Note there 
is an indicator light located on the connection between 
the last two canisters (red/green light) which is normally 
set at 5.0 micro Seimens/centimeter (µS/cm) by the ven-
dor. That sensor indicates saturation of the ion-exchange 
beds, and the need to replace the ion-exchange canister. 
Sensitivity and location of that sensor is important to 
provide assurance of water purity. One unexpected dis-
covery during the investigation was that the team found 
that at every building on the RO water supply loop, there 
was a selector valve to allow for potable water feed to 
the building supply polishing system if the RO supply 
side pressure dropped.

Figure 5 - Notional Illustration of JSC Central Campus 
DI Water Production and Use

The right side of Fig. 5 illustrates some examples of 
points of use of DI water at JSC involved in processing 
space flight hardware or laboratory analysis. At the top 
of the right side of the illustration, there is an image of 
a miniature version of a water polishing system located 
in a lab with critical applications. Just below is an image 
of a countertop version of a polishing system, once again 
in use for critical laboratory applications. Both of these 
configurations at the points of use are capable of taking 
potable and making ultrapure water. For this reason, ei-
ther approach is sufficient to allow the user to bypass the 
building RO water system if necessary. The difference 
between the top two configurations is simply due to vol-
ume demand for DI water. 

Just below the top two images of points of use, and lo-
cated in the middle on the right side of Fig. 5 is an im-
age of a water container. This is here on the illustration 
because the team discovered that some of users were 
collecting DI water from JSC’s laboratory production in 
bulk containers, then transporting that DI water for use 
in hardware processing remotely. That discovery raised 
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some questions about suitability of the DI water con-
tainers used for transport, what and how the DI water 
was used in the remote applications, as well as what user 
practices and shelf life constraints were enforced by re-
mote users. 

Continuing down the right side of Fig. 5, just below 
middle is an image of a precision clean room, and below 
that is an image of the test stand involved in the process-
ing of water filtration cartridges used on ISS to ensure 
water purity.

Fig. 6 illustrates in the shaded area that JSC’s Center Op-
erations Directorate is responsible for the infrastructure 
system that produces and distributes DI water to various 
locations in buildings on the central campus in Houston. 

Figure 6 – Center Operations Directorate 
responsibilities for DI water production

Fig. 6 also indicates on the right side of the illustration 
(unshaded) that the users of DI water have a responsibil-
ity to verify water purity at the point of use, 

3. GOOD PRACTICES

The team had several favorable findings as a result of the 
investigation.

3.1 Precision Analytical Labs

During the investigation, the team discovered that the 
precision analytical labs at JSC had disciplined lab hy-
giene practices that included the critical steps of flush-
ing the lines and point of use verification of water purity 
just prior to use. Additionally, in several cases, the pre-
cision analytical labs maintained 3rd party certification, 
conducted quarterly independent validation of laboratory 

accuracy, and performed periodic proficiency testing of 
laboratory personnel. In one building with multiple ana-
lytical labs, users actively monitored critical parameters 
at their own dedicated, centralized building DI water pro-
duction location. 

3.2 Hardware Processing Locations

JSC processes critical hardware in several locations. 
These locations include dedicated test stands as well as 
precision clean rooms at WSTF, NBL, and on the central 
campus. The team determined that JSC’s precision clean 
rooms all had good practices and the workforce was per-
forming rigorous point-of-use verification of water purity 
just before use.

4. LESSONS LEARNED 

This section lists some possible issues with the produc-
tion and use of DI water that were discovered by the team.

4.1 Evaluation of Quality Needs

It is not clear that all customers periodically reexamine 
their water quality needs to ensure that the proper sys-
tem is in place. Users should verify requirements for the 
use of DI water per application and then should evalu-
ate the adequacy of alarming, monitoring, flushing, and 
verification at point of use, the clarity of verification 
requirements, standard operating procedures (SOPs), 
and detailed process instructions (DPIs), as well as user 
awareness of DI water best practices. 

4.2 Long Runs of Piping

In many locations there is a long run of piping between 
the production location and the point of use allowing for 
stagnant water or water to become contaminated by cor-
rosion or dissolving. Users should evaluate the proximity 
of deionizing system to the actual point of use to ensure 
the least possible distance thereby reducing the likeli-
hood of DI water stagnation and degradation of purity.

4.3 Unintended Contamination Sources

In some buildings there are heat exchangers on the DI 
water system, which could leak and contaminate the DI 
water. Users should minimize the number of possible 
sources of unintended contamination installed in a DI 
water system, and periodically verify system integrity.
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4.4 Understanding System Sensors

It appears that in all buildings on the JSC central campus, 
all indicator lights for DI water production exhaustion 
are set at the conductivity of 5 μS/cm, which is not con-
nected to any JSC requirements levels.

Fig. 7 illustrates the dilemma created when conductivity 
sensors are set at 5 μS/cm as mentioned above.

Figure 7 – DI water standards and program 
requirements

The vertical (blue) scale indicates water purity, with the 
highest purity at the top of the scale. Fresh ion-exchange 
canisters can produce water purity at the top of the scale, 
and as you polish water, effectiveness erodes due to ex-
haustion of ion-exchange pellets in the canisters. Note 
the green line in Fig. 7 represents the green/red sensor 
which trips red at 5 μS/cm. Also note that the ISS Grade-
A Deionized Water specification requires higher purity 
water than the sensor is indicating, so this could lead to 
a problem.

4.5 Monitoring of Sensor 

The building DI water production conductivity sensors 
(indicator lights) are not observed continuously thereby 
allowing the possibility that if canisters are exhausted 
while performing a critical task, insufficiently deionized 
water is supplied downstream to the user at the applica-
tion site or point of use.

4.6 Aging Infrastructure

In some buildings, piping lines and supporting structure 
may be compromised due to corrosion or fatigue, which 
could lead to leaks, breakages, and unpredictable loss of 
system pressure. 

4.7 Well-meaning Ingenuity and Initiative

In some locations, the workforce has taken initiative to 
modify installations without consulting with designers 
and experts or coordinating with configuration manage-
ment. This has led to RO / DI water system segments 
with incorrect back flow preventers, incompatible mate-
rials such as brass fittings or rubber hoses, incorrect la-
beling and use of incompatible storage containers.

4.8 Workforce Understanding of DI Water  
 Properties

The NASA investigation team interviewed key techni-
cians and made significant discoveries that led to findings 
in the final report. Of note was the responses obtained 
from some personnel involved in hardware processing 
(exclusive of precision analytical labs and not in the pre-
cision clean rooms). In these cases, the workforce did 
not appreciate the properties of DI water or the afore-
mentioned considerations. These persons assumed all DI 
water from the internally plumbed lines met necessary 
quality standards. Many persons were not aware that DI 
water stagnates, “in the same way the beer or another 
carbonated drink goes flat if left uncovered,” and when 
informed, were clearly surprised to learn. When asked 
whether they flushed the DI plumbing lines prior to using 
the output, some replied negatively, appearing surprised 
that flushing, or sampling might be expected when using 
DI water. It should be noted that several of those inter-
viewed expressed considerable pride to be working in the 
aerospace industry. The interviewing team felt that these 
technicians were earnestly committed to following writ-
ten procedures drafted by NASA experts. However, it is 
clear that there was a deficiency of training which led to 
a lack of knowledge and appreciation of DI water prop-
erties by these workforce members. Without in depth 
appreciation of DI water, their work was ritualistically 
compliant to procedures, apparently trusting that NASA’s 
procedure-writers had “gotten it right.” The vulnerability 
was that, in some cases, the written procedures for hard-
ware processing did not capture the best practices as seen 
in the precision analytical laboratories previously men-
tioned. Given the above examples, there is clearly a need 
for workforce training and improved awareness of the 
properties of DI water and considerations for proper use.

5. SUMMATION

Without doubt, use of DI water in ground processing of 
space flight hardware is an area where there is risk of in-
troducing contamination into critical hardware systems. 
The results of the JSC DI Water Investigation Team pro-
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vided some reassurances but also identified several op-
portunities. The results remind the aerospace community 
that clearly stated requirements are essential to deter-
mining appropriate water purity use. In addition, clearly 
stated processes and procedures assist the workforce in 
achieving the results intended. Additional lessons are 
that aging infrastructure, well-meaning ingenuity and 
initiative, combined with workforce unfamiliarity with 
the characteristics of DI water can compromise DI water 
system integrity, output, and possibly, the intended re-
sults. These last lessons accentuate the value of having a 
workforce trained in the characteristics and proper han-
dling practices of DI water. 

The above observations by the JSC DI Water System 
Investigation Team could be true anywhere there is a 
capability requiring the use of DI water that has experi-
enced changes in mission, workforce turnover, or aging 
infrastructure.
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ABSTRACT

The growing Micrometeoroid and Orbital Debris 
(MMOD) environment in Earth orbit poses an increasing 
risk not only to active satellites but also to the general 
public. Of particular concern are the objects in low earth 
orbit (LEO) which have the potential for catastrophic 
consequence upon entry and collision with vulnerable 
terrestrial targets including airborne planes. There are 
limitations to the ability to predict uncontrolled object 
re-entry with sufficient precision to give timely or action-
able warnings to threatened air traffic zones or surface 
locations. A system called R-DBAS (Re-entry Direct 
Broadcasting Alert System) invented by the co-author of 
this paper, T. Sgobba former head of the European Space 
Agency Independent Safety Office, has the potential to 
avoid catastrophic impacts by generating timely surface 
or air traffic impact warnings. The system includes a self-
contained housing with on-board geolocation receiver, 
processing, memory with debris breakup models, and 
direct warning broadcast capability.

1. ORBITAL DEBRIS IN CONTEXT

The increased utilization of near-Earth space has resulted 
in a growing accumulated MMOD environment [1]. To 
mitigate risk from space debris, all spacecraft need to ad-
dress the risk associated with potential impact through 
design and operational controls. For human space explo-
ration and many unmanned programs, the risk to MMOD 
can be a significant risk driver [2]. The public has be-
come more aware of this growing threat as evidenced by 
the 2013 feature film Gravity [3].

Broadly, there are three size categories of MMOD ob-
jects in near-Earth space. The smallest particles are those 
smaller than a few millimetres (<1 cm) in diameter that are 
too small to be individually tracked by optical, infrared, or 
radar methods [4]. Generally, these articles do not contain 
sufficient mass and energy to pose collision damage. Cu-
mulative impact can create a hazard depending upon the 
respective location and application on a space vehicle.

Intermediate size MMOD objects (~1-10 cm) can pose 
a catastrophic hazard for on-orbit collisions but are too 
small to be tracked by remote sensing methods. As such, 
a space vehicle cannot rely on orbital conjunction avoid-
ance manoeuvres to mitigate the hazard. Risk is mitigated 
by shielding particularly vulnerable spacecraft locations. 

Analysts model risk using tools such as the National 
Aeronautics and Space Administration (NASA) Orbital 
Debris Engineering Model (ORDEM) [5] and the Euro-
pean Space Agency (ESA) Meteoroid and Space Debris 
Terrestrial Environment Reference (MASTER) [6] which 
quantify the particle density as a function of particle size 
for the corresponding orbit (altitude, inclination, etc.). 

The largest MMOD objects are those which can be 
tracked and include complete spacecraft or spent upper 
stages (>10 cm). A collision with one these large objects 
would be catastrophic and avoiding impact is the only 
option. These objects can be tracked by optical, infrared, 
or radar techniques and their orbital locations propagated 
forward in time. Potential orbit conjunctions with space-
craft that are still under active control can be prevented 
through notifying spacecraft operators. 

2. POST MISSION SAFETY THREAT

Mitigating the effect of orbital debris has strictly been the 
domain of space vehicle operators. Space debris in Low 
Earth Orbit (LEO) has been considered essentially an or-
bital environmental issue critical for maintaining the ben-
efits afforded by space access. However, in recent years, 
awareness of dangers arising upon random re-entry has 
started to emerge. With the projected proliferation of sat-
ellites, it is necessary to consider and protect against the 
risk to the general public. 

About one hundred large space systems (satellites or 
rocket upper stages) re-enter the Earth’s atmosphere 
annually. In the coming years, the number of operating 
satellites in Low Earth Orbits (i.e. between 160 km and 
2000 km) may increase exponentially and, in addition, 
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they will have shorter operational lifetime, thus requir-
ing frequent replacements. As of January 2015 there are 
669 satellites operating in Low Earth Orbit, but there are 
recent applications filed with ITU (International Tele-
communication Union) in Geneva for launching about 
11,000 satellites (the so-called space-based internet gold-
rush) including mega constellations of 4,000 satellites 
each or more like those planned by SpaceX (USA) and 
STEAM-1 (Norway). Including the additional rocket up-
per stages that will be left in orbit after launching these 
satellites, atmospheric re-entries will become in future a 
multiple daily occurrence. 

For many years, man-made objects re-entering the 
Earth’s atmosphere have not been viewed as a hazard be-
cause the heat generated during re-entry was expected to 
completely destroy them and the statistical likelihood of 
a collision was considered small. Only very large space 
structures like Skylab and MIR station or satellites con-
taining radioactive or other toxic materials were deemed 
significant threats. Many satellites and rocket upper 
stages re-enter the Earth’s atmosphere, but only a limited 
number of pieces have been reported and actually recov-
ered [7, 8, 9, 10].

This may be a consequence of the low probability of im-
pacting a populated area on the Earth’s surface and then 
found. When detailed searches for debris were done on 
a large scale, as was the case following the Space Shut-
tle Columbia accident, the amount of recovered debris 
greatly exceeded expectations.

It is commonly assumed that 10 to 40% of the pre-reen-
try dry mass of the space system survives as fragments 
that are large enough to be hazardous to the public on 
ground. Some limited studies conducted in the USA 
have quantified the annual risk for aviation due to ran-
dom re-entry in the order of 3 x 10

-4
 that “… is above the 

long term acceptable risk for a flight exposed to such a 
risk, but below the short term acceptable risk based on 
risk acceptability guidelines used by the FAA for other 
types of threats” [11]. Surviving small fragments are not 
considered in this estimation. 

Small fragments that are non-hazardous for people on 
the ground because of low kinetic energy at impact and/
or because of sheltering provided by buildings, hous-
es, cars, etc., are potentially hazardous for aircraft due 
to relative velocity at impact, and because of aircraft 
structures and systems vulnerability. A fragment of 300 
grams is considered by USAF norms catastrophic for an 
airliner [12]. 

3. UNCONTROLLED DEBRIS RE-ENTRY

Controlled re-entries of large orbital objects are not sig-
nificant risks to potential air or ground targets when those 
objects are brought down over uninhabited and unused 
portions of the Earth. Areas of the South Pacific Ocean 
are often used as final deorbit targets [13]. 

Uncontrolled re-entry is particularly complex and diffi-
cult to predict. The breakup and trajectory are stochas-
tic and depend on the object’s physical characteristics, 
orbital elements and environment including the perturb-
ing gravitational influences, exosphere state, and space 
weather characteristics. During the final stages of a debris 
object’s orbital life, the perturbations from atmospheric 
drag may equal or exceed any gravitational perturbations 
[14]. Uncertainty in the dominant perturbing force induc-
es significant uncertainties in any re-entry path prediction.

There is a finite number of operational debris tracking 
systems [4]. The utility of each system is constrained by 
its location and respective field of view, and (for optical 
or near infrared systems) lighting constraints. There is 
substantial error in developing any given object’s state 
vector given the limited ability to track an object at sta-
tions around the globe.

The uncertainties in determining these parameters pre-
clude determination of re-entry in a manner to notify the 
public to take corrective action. As an example, consider 
the launch failure of the Progress-M 27M mission to re-
supply the ISS on April 28, 2015. The Center for Orbital 
and Re-entry Debris Studies predicted the subsequent re-
entry several days later with a ±2 hour window [15]. The 
corresponding predicted re-entry location spanned nearly 
three orbits. This uncertainty precludes generating and is-
suing actionable warning to air traffic or ground locations.

Predictions for the Mir space station re-entry were simi-
larly broad when it was actively de-orbited in March, 
2001 [16]. The final predicted area of impact was ±2500 
km by ±100 km. A new approach to re-entry tracking 
is needed in order to improve impact time and location 
predictions to the level of being such that the advanced 
warning is actionable by aviators and ground persons.

4. SELF-MONITORED DEBRIS RE-ENTRY

In this paper, a new approach to protecting the public 
from re-entry objects is proposed [17]. This system sig-
nificantly reduces the inherent uncertainties in remote 
sensor-based re-entry prediction and warnings. The re-
entering object can be considered self-monitoring under 
this proposed method. 
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Figure 1 [17]. A housing (10) containing a heatshield 
(11), spacecraft mounting (12 & 120), satellite location 
receiver (15), computer processor (16), memory (160), 

and radio transmitter (17) mounted on spacecraft (100).

Fig. 1 shows the general concept for a self-powered 
housing mounted on a space object of concern or inter-
est. In [17], the housing computer memory would be pre-
populated with details of how the object would break up 
during re-entry.

Simulations have shown to be effective in predicting 
spacecraft break up geometry and could be used to cre-
ate the prepopulated data for the computer memory. Such 
prepopulated data should reduce the processing load on 
the computer processor. This will better enable real-time 
re-entry debris calculations/predictions for ground or air 
regions and associated timespans at most impact risk.

Figure 2 [17]. Operational Scheme for Reentry Warning. The object (100) with housing (1) descends, fragmenting into 
pieces (101, 102 & 103). Final location update is received (40). Housing transmits alert (50) that is received by radio 

receiver (20) on board aircraft (20). Final impact(s) are on Earth surface (200).

This method bypasses the currently used technique of 
ground observations and thus avoids the systems indi-
vidual measurement uncertainties and sensor-specific 
limitations. Instead, the on-board electronics would per-
form real-time predictions of high-risk locations as the 
space object enters its terminal descent into the atmo-
sphere. The system would take in satellite geo-location 
data (e.g., Global Positioning System or Galileo) to 
determine the state vector of the attached space object, 
providing increasing precision to existing remote sens-
ing strategies.

The state vector of the object can be updated by satellite 
location services every few seconds during its final orbits 
and early re-entry into the atmosphere. This increases the 
accuracy of position and velocity inputs into prediction 
of final impact time and location.

The connectors could be made to release at a desired 
point along the final trajectory. Release during breakup is 
one option proposed in the patent application description 
(Fig. 2 [17]). In Fig. 2, the housing with its heat shield 

could detach as the large object begins its final re-entry 
break up. The housing’s processor would generate a final 
impact prediction based on the latest intact object state 
vector, time of breakup, and the a priori estimated frag-
ment characteristics preloaded into memory.
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After separation, the newly detached unit would broad-
cast a specific location and time warning that could be re-
ceived by any appropriate radio receiver in an aircraft or 
on the ground. The warning receiver system referenced 
in Fig. 2 is schematically shown in Fig. 3.

The proposed warning system/method is a significant 
improvement over the previously proposed system [18] 
which consists of a placing “one or more re-entry break-
up recorders” on-board a large space object that is ex-
pected to make an eventual atmospheric re-entry. 

Figure 3 [17]. Re-entry alert receiving device 
schematic. Item 2 from Fig. 2 is composed of antenna 
(21), receiver (22) for warning signal (50) form Fig. 

2. The receiver and the satellite location receiver (26) 
are inputs to the warning processor (23). The warning 
is displayed on (24) with a geographical map (240), 
predicted warning area (250), and current receiver 

device location superimposed (255).

The newly proposed system [17] would be able to pre-
dict and broadcast, with sufficient accuracy, actionable 
ground or airspace warnings. This new capability would 
be critically enabled by preloading detailed breakup 
models for use in a robust on-board processor. 

There are two methods proposed to prepopulate the 
housing memory. One method is to use a breakup com-
puter modelling code such as SCARAB [19] to deter-
mine the expected physical, aerothermodynamic, and 
structural parameters for detailed trajectory analysis of 
each major predicted fragment. The other method, and 
likely preferred in processor constrained implementa-
tions, would use a code such as SCARAB to generate 
ballistic coefficient estimates for each predicted frag-
ment. Then a stochastic method would be used to form a 
warning area based on impact probability rules.

To implant the warning systems, ground or aircraft 
warning receivers would be developed to notify air traf-
fic controllers or pilots in order for them to process ac-
tionable warnings. 

5. OPERATIONAL ADVANTAGES

Operational advantages of re-entry debris object being 
self-monitoring and self-broadcasting of warnings are 
two-fold. Separate problems in the prediction and public 
warning chains are effectively side stepped. 

From an operational perspective, the on-board predic-
tions for impact area and time are done at the very mo-
ment of object breakup. The state vector of the object 
at breakup is known from satellite data and the likely 
fragment characteristics are preloaded into the proces-
sor memory for detailed prediction flight path and Earth 
locations at risk. Object motion immediately prior to the 
breakup can be included in the prediction algorithms. 
With the most current state information as well as motion 
just prior to breakup, the on-board processor has the best 
chance of providing precise, accurate, and actionable 
warning data to the most-affected public.

The system proposed will only activate in its terminal 
trajectory. The final impact prediction is made at the up-
per atmosphere providing an early-warning on the order 
of tens of minutes before the threat arrives. Such advance 
notice to a limited audience provides a timely and action-
able notice to people in potentially affected areas.

There is the process operational advantage of removing 
intermediate parties in the warning process. The proposed 
method and system allow for the direct delivery of the 
timely warning to the target aerial region or surface area. 
No government or international intermediary is needed to 
compute the estimated impact zone and then use estab-
lished communication methods to promulgate the warning.

Moving both the processing and warning broadcast fea-
tures to the re-entry objects themselves while simulta-
neously leveraging the prevalent satellite location sys-
tems allows for a breathtakingly simplified prediction 
and warning process. Accuracy and timeliness are both 
enhanced with real-time (~1000 state updates per orbit) 
self-monitoring by the object and direct warning delivery 
to the at-risk parties.

6. EXTENSIONS & FUTURE WORK

To implement this proposed system, it would be neces-
sary to develop and fit the proposed devices to future 
spacecraft and upper stages that have the potential of re-
entering the Earth’s atmosphere. 

It is recognized that this proposed approach would not 
address the breakup and re-entry of existing large debris  
objects. There are significant obstacles to retrofitting  
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existing objects: on-orbit rendezvous and attachment to a 
potentially on controlled asset. It is important to consider 
the long term use of the space environment. The inability 
to retrofit existing debris objects does not minimize the 
hazards associated with potential future potential space-
craft debris.

7. CONCLUSION

This work describes a novel approach to ground and civil 
aviation re-entry debris warning system. 

Compared to the current state-of-the-art using re-entry 
prediction by remote sensing and best fit estimations, the 
space object self-monitoring and warning method has 
many operational advantages. The primary advantages 
are greatly increased impact prediction accuracy (in both 
time and surface location) and direct communication 
with the stakeholders (aviators and the surface public) 
within the predicted risk area.

The housing for position sensing, impact location calcu-
lating, and public warning broadcast can be fit to both 
future space systems as well as retrofit to existing space 
systems if a party wished to invest the significant re-
sources to deliver the housing to on-orbit assets.

Proposed objects including launch vehicle upper stages 
and satellites in low Earth orbit should consider incorpo-
rating the methods and concepts of the system examined 
in this work.

This method gives space industry participants an impor-
tant new way to mitigate and manage re-entry debris risk 
in the near future.
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OBITUARY - ALEX SOONS

Alex Soons, IAASS Executive Director from 2006 to 
2012, passed away on 22 March 2015, aged 71. Alex 
worked for European Space Agency (ESA) from July 
1973 until December 2005. His last position, held from 
1994, was as Head of the Product Assurance and Safety 
Department. Alex Soons graduated as an aerospace en-
gineer at the Technical University in Delft in 1968, after 
which he joined the Royal Navy. He started his profes-
sional career working for Fokker Space as a structural 
engineer in 1970. He joined ESA in 1973 as a structural 
engineer. In 1978 he became Principal Engineer for the 
Spacelab Space Sled II system, in the Special Projects 
Division, responsible for all the technical aspects of the 
system and for the supervision of design and develop-

ment. In 1981 Alex became Systems Manager for the 
ESA provided BIORACK experiment on Shuttle. In 
1986 he was appointed Technical Coordinator for the 
Hermes European spaceplane program. From 1988 he 
was Head of the Technology R&D Division of the Eu-
ropean Space Research and Technology Centre (ESTEC) 
in Noordwijk, the Netherlands, in technical heart of the 
European space effort. In 1994 Alex was appointed Head 
of the Product Assurance and Safety Department where 
he was responsible for the definition and implementation 
of the ESA policy requirements and standards for prod-
uct assurance and safety. He was heavily involved in the 
establishment of European Cooperation for Space Stan-
dardization (ECSS).
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