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ABSTRACT

As part of the European Union Framework 7 ACCORD
(Alignment of Capability and Capadty for the Objedive
of Reducing Delris) project concegs for an
environmental impad rating system for the space
environment have been devised, and ddails of a
cardidate prototype system are presented and discussed
in this paper. The g/stem aims to combine the capcity
of mitigation measres to reduce he future delris
popuation and the capability of indudry to goply such
measires Using a tolistic index of “heath” of the space
environment, the rating system subsequently produces a
single <ore reflecing the impad of a cardidate
spacecaft on the environment. The system focuses on
the state o the delris ervironment, the implementation
of mitigation measures, and aso takesinto accourt the
cost and technical difficulty associated with applying
miti gation measures Thegod isto wupply indwstry with
atod to ewvaluate how spacecraft desgn and operation
canimpact the longterm debris environment, and how
improvementsin environmental impad may be obtained
throughmaodification of these fadors.

1 INTRODUCTION

Operation of space misdons in a variety of importart
regions of Earth orbit is necesary for deriving
maximum return from space asets for a wide rarnge o
usrs and investors. Howewver, the space debris
environment typically represents a sgnificant risk to
space operations and rerders such asets vulnerable ©
the persistent threa of colli sion. The route to longterm,
sustainade we d space & deperment on forging a
balarce ketween the dive © launch ard operate
important missions in Earth orbit and maintaining
efforts to ersure the sustainability of such operations in
arisk environment.

It has been shown [1] tha the implementation of a
number of mitigation pracices canlimit the increase in
the debris popuation in the long term. Through fundng
from the European Union Seventh Framework
Programme (FP7), the Alignment of Capability and
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Capacity for the bjecive d Reducing Delris
(ACCORD) projed suppotts on-going reseach of the
benefits provided by mitigation measres ard the
chdlenges involved in implementing them in pacecaft
design and opeation. In paticular, this suppott activity
is focused on quantifying the efficagy of current
mitigation pracices communicating these results to
spacecaft ~manufacurers ard operators and
strengthening European capahlity in this area. The
objecives of the ACCORD project are four-fold:

1. Surveying the capability of industry to
implement debris mitigation measures, and
identifying existing and future chdlenges

2. Quantifying the capacity of mitigation
measiresto reduce celris creaton

3. Combining capability and capacity indicators
within an environmental impact rating system
to provide a quick and dmple means of
quartifying the alblity of a gacecaft to
implement debris mitigation measures, whilst
taking into accourt the environmental
effedivenessof thase measrres

4. Diseminating thefindingsto stakeholders

In this work, the ACCORD consortium (comprising a
UK tean composd of the University of Southampton
and PHS Space lid.) introduces preliminary results
from the development of an environmental impact
rating g/stem for spacecaft in the context of the delris
environment and the implementation of debris
miti gation measures. A number of concepts for a rating
system have keenconsidered, ard a set of key criteria
have been idertified (againg which environmental
impact may be measred. A prototype cardidate
system has been deweloped ard some initial testing
using exemplar spacecaft has been perfformed The
ultimate aim of this work is to supgy industry with a
multi-criteria adl to evaluate how spacecaft desgn ard
operation canimpact the longterm debris environment,
and how the environmental impad of a spacecatft could
be improved through modification to design and
opeaation.



The prototype system uses indicaors for capability and
capacity along with other key measures to calculate a
rating for a cardidate spacecaft. The rating is preented
as a score out of 100 whereby a ‘positive’ (bereficial)
ervironmental impad yields a high score. The prototype
system is direcied at sakelolders within both public and
private £cbors from acrossEuropeto suppoit continuing
efforts to addres the growth of the space elris
population and to encourage further investment for the
future. Engagement with indusry amd the delris
community is anticipated in order to improve the
prototype system.

2 DEVELOPMENT OF PROTOTYPE
SYSTEM

Thereis currently an increasng intereg within the space
community to establish methods of describing the
environmental impad of spacecaft. Many of these
systems have been motivated by the need to identify
suitable targets for Active Delris Removal (ADR). In
particular, ESA’s Clean Space initiative promotes
awarenes of the ervironmertal impacs of space
adivities on both Earth and the orbital environment; this
involves the asesament of ESA’s efforts to minimise
negdive impads on these environments in four
domeins: Eco-dedgn, greentechologies space eblris
mitigation and techndogies for <space debris
remediation. In aldition, an approach to Life Cycle
Asssmert for spacecatft is discused by [2], including
discussim of figures of merit and particular metrics.

The prototype ACCORD space celris ervironment
impact rating has its basis in systems and indices that
are operated in other indudries. For exanple, in energy-
efficiercy ratngs for househod appliarnces
(emlabelling), life o/cle ssesment of vehicles or
environmental impad asssament of buildings The
syssem comprises two  sages, demonstrated
schematicaly in Fig. 1: a Space ‘Heath” Index, and an
Environmental Impad Rating System. Within this
framework, the LEO environment is divided into
distinat regions and the “hedlth” of these regions is
examined.

The Space“Hedth” Index is cakulated using anumber
of desirable traits or ‘goals’ which de<ribe the “health”
of the spaceenvironment, yielding a snge score. This
score is a reflecion of the region’s ability to suppott
sustainable, long-tem space acivities (currently
meagsired with resped to the debris environment). To
cakulate tis soore, the index uses an edimate d the
current> 10 cm debris population, together with data
describing the campliarce d satelite marufacturers ard
operators with mitigation guidelines and good pradices.
The index thus provides a “heath” basline aainst
which the impact of a future misson may be neasrred
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Figure 1. Schematic diagram depicting the primary
stages of the space debris environment rating process

The subsequent agect of the system is asociated with
the calculation of the environmental impad rating. At
this stage, afuture spacecaft may be rated for its ability
to improve the “heath” of its locd LEO region basd
on performance with repectto a nhumber of key goals
based on compliance with mitigation guidelines and
pracices The catuation is performed through a
multiple-criteria dgorithm which combines data an the
current implementation of mitigation measures within
industry (obtained through the use of an industry survey
conducted by PHS Space Ltd. [1]) and results obtained
usng the University of Southampton's evolutionary
model, the Debris Andysis and Monitoring Architecure
to the Geosynchronaus Environment (DAMAGE) [3].

The finalised ACCORD environmental impact rating
system will be a voluntary, interacive, web-based tool
for use by indugry stakeholders, developed in order to
improve ergagement with spacecmaft manufacturers and
opeators and to ercourage increagd compliance with
mitigation pradices. With this in mind, efforts were
made to avoid significant complexity in construction of
the prototype system, to provide a platform for further
developmert and future iterations of the system,
following feadback from the community and industry.

2.1 Space“Health” Index

The approach described here represents an initial effort
to gererate a measire d the curent “heath” of the
LEO environment. By considering key traits and
measurements of the environment, a unique soore is
derived which provides the basis for understanding how
future gaceceft will impad on the “heath” of the
region.

To cakuate the “heath” index, the LEO environnment
was divided into 35 egions. These regons were
differentiated accading to 5 indinaion bands and 7
atitude bands (Tab. 1). The indinaion bards were
chosen using definitions used within the Union of
Concemed Scientists Satelite Databas, armd the
altitude bards were dvidedaccading to the distribution
in theperigee afitudes of curert acive stelites



Table 1. Definition of LEO altitude/inclination bands

Inclination (°) PerigeeAltitude (km)
Equaorial 0-19 100449
Intermedate 20-84 450599
Polar 8594 600-749
Sun-Synch. 95103 750899
Retrograde 104180 900-1049
1050-1399
14Q0-1700

The environment traits used to establish the preliminary
“heath” index were focused on key agecst of the pace
debris environment:

e Thenumber of debris objeds
e The level of implementation of mitigation
measres and good padices amongst
marufacturers & operators, relating to:
0 Postmissondisposd (PMD)
0 Passivation
0 Limitingtherelease d mission-relaed
objects (MROs)
o Collision avoidance
0 Impad shielding
e The technicd and finandal chdlenges of
applying mitigation measures

The tedhnique adopted to cakulate the gace “hedth”
index follows a method similar to that of the Ccean
Heath Index [4]. Desirable goals are defined which
characerise theided, best “heath” of aregion, and the
ability of theregon to actieve those goals is measired
on a gak d (0-1). The score for a region is then
calculated from the awrage of the presernt status (in
acheving the cefined goals) and a predicted ‘nearfuture’
status to derive ascore (from 0-1) for eachLEO regon.
A score for the “heath” of the full LEO environment is
then derived by cdculating the aerage over all regions.

Table 2. Construction of Space “Health” Index

Scoresare canmunicaed asa percertage.

Following the method described by [4], the present
status of a gpal, x, is cdculated relative to a specified
(and current) refererce mint. The predicted ‘ nearfuture
likely status, x', isthen

X =x[1+BT+ (1 -B)R-0)], 1)

where T is the change of the status or trend, over the
precedng five years (expressed asa percertage), R and
C are te weighted average of resilience and pressure
indicators, regecively [4], and S is a weighting factor
(0.67) that favours the historicd trend.

Redlience indicabrs are fcbors that fadlitate a goal.
For example, the existence of wel-defined and
suppoited mitigation guidelines for LEO spacecatft
encarrage canpliance Pressure indicabrs are facors
that impede movement towards agoa and are pimarily
asociated with technical and finandal chdlenges of
applying mitigation measures. The reslierce aml
pressue indicators are represerted numericaly, with
values between zer (no effed) and one (strong effecy).
A diagram showing how these comporents contribute to
thegoal isshownin FHg. 2
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Figure 2. Diagram demonstrating the components
which contribute to the measurement of a single goal.

Goal Sub-Goal Value Reslience Indicators Pressure Indicators
1. Widespreadd 1A Percertage o spaceceft in Availability of data, tools, | 1. Techical challerge
Implementation of Protection of region applying mitigation techniques and supporting of applying relevant
Mitigation Services meagsires  (shielding, CA) guidelines mitigation  measures
Measires [ACCORD survey] in design & opedtion;
Reference: 100% compliance [ACCORD survey]
for all spacecsft in regon
1B. Legacy Percertage o spacecaft in  Availability of data, tools, | 2. Monetary challenge
of Services  region  with  mitigation techniques and supporting of applying relevant
measres  (PMD, PASS guidelines mitigation measures
MRO) [ACCORD survey] in design & opeation;
Refererce: 100% compliarce [ACCORD survey]
for all spacecsft in regon
2. Berign Space Number of debris objecs in  Compliance with
Delris region mitigation guidelines
Environment [MASTER 2009] [ACCORD SURVEY]
Reference: Number of objects
in region in 2009 pgpulation




Two principal goals were idertified Details of these
goals and their condituentsare presertedin Tahb. 2.

2.1.1 Goal 1: Widespread | mplementation of
Mitigation Measures

God 1 is focused on the current implementation of
mitigaon measures in acive gpacecaft ard on the
chdlenges existing in implemerting thes in spacecaft
design and opeations. It is formed of two sub-goals,
Protection of Services (1A) and Legacy of Services (1B),
which are defined accading to the level of compliance
with, or implementation of, mitigation measures among
marufacturers and operators. Sub-Goal 1A focuses on
miti gation measures ard dedgn pracicestha are aimed
a avoiding loss during opeations, whereas Sub-Goal
1B focuses on miti gation measures that are implemerted
to preeive the pace emironmert.

Data o compliance and implementation of these
measires and pracices were obtained through the
ACCORD survey. Thes data determine the propottion
of opegators (from dl responcents) currently
implementing ead measure, or whether they exped to
do o in the future. The former provides the present
status whilst the latter edahbishes the trend and,
therebre, cortributes to the nea-future likely satus.
The refererce (ided) point for both of thes sub-goals
was 100% compliance in the LEO region with all
mitigation measrres (PMD, passvation, limiting the
relea® d MROs, collision avoidance and shielding).

For thee sub-goals, the sde reslience ndicabr used
was the availability of well-defined mitigation
guidelines, gandards or other beg pracices As there
are many such guidelines for LEO, this indicator was se
to 1. Presure indicabrs for thee @als were
repreerted by the cost ard techical difficulty of
applying ead mitigation measure within the design or
opegation. Thes indicators were derived from the
ACCORD survey, in which the cost and technicd
difficulty were rated on a sale from one (low difficulty)
to five (high difficulty), averaged over the mitigation

Table 3. “Health” index scores for LEO regions

meagsires relevart to that goal armd normalised to
provide the pressue indicator value

2.1.2 Goal 2: Benign SpaceDebris
Environment

God 2 considers the “hedth” of the debris environment
in terms of the nunber of nonpayload object presen
in ead LEO region, and future trends. As a reference
point, the Meteaoid ard Space [elris Temedrial
Environment Reference (MASTER) 2009 population of
objecs> 10 cm was used to provide the basline. The
DAMAGE tool was used to derive the short-term trend
data, based on a single Monte-Carlo projedion from 1
May 2009 trough1l May 2014,in which no mitigation
was applied and in which there were 1o collisions.

As before, the technical difficulties asociated with the
implementation of debris mitigation measres were
quartified and the average (across all the measures
considered was used as a presure indicabr. The
requirement for adive spacecmaft to comply with
mitigation guidelines and/or standards was used as a
reslierceindicaor for this goal.

Using the technique presented with the data currently
available, a “heath” index for the LEO space
environment of 58% was derived, comprising of the
average d theindividud region scores presrtedin Tab.
3.

2.2 Environmental Impact Rating

Following the development of a prototype “hedth”
index for the LEO environment, first efforts have been
mace to develop asystem which canbe wsed by satellite
marufacurers & operators to caculate the
environmental impactrating of a prospecive gacecatft
mission. The prototype rating system currently uses the
following simple manufacurer inpus to cakulate the
rating of a poposed gpacecatt:

e On-orbit mass
e Perigeedltitude

Inclination (degees

0-19 20-84 8594 95103 104180

100449 0.309940 0.704183 0.730048 0.728120 0.730876
450599 0.729115 0.694829 0.724832 0.721108 0.313592

5 600749 0.729378 0.702418 0.722517 0.707206 0.313512
§ 750-899 0.312958 0.697571 0.723341 0.695169 0.313574
g 9001049 0.312944 0.709064 0.311909 0.725773 0.313546
g{, 1050-1399 0.312927 0.720217 0.729357 0.723162 0.730865
E 1400-1700 0.313496 0.713579 0.313557 0.724246 0.313698




e Orbital inclination

e Mitigation measures implemented

e How individud measures are implemerted in
thedesign

These inputs together with the baseline provided from
the “heath” index, are used to calkculate threeagect of
the environmental impad rating:

a A delris score for the relevarnt orbital region
(how “crowded” the region is)

b. The capadty of applied mitigation measures to
limit the generation of new debris (from
DAMAGE simulations [1])

c. How the pospecive spacecaft affects the
“heath” index in the relevant orbital region
(determined by re-calculating the “health”
index)

The combination of these individual scoresprovides the
final environmental impad rating for the prospedive
satellite, expressal as a score out of 100. The maximum
environmental benefit is denoted by a high score,
whereasa low score reveak little environmental benefit.
The contribution of the individud agects to the
environmental impad rating is shown schematically in
Fig. 3
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Figure 3. Schematic diagram demonstrating aspects
which contribute to calculation of the impact rating

The first rating parameter (a) is associated with the
operating regon of the acecraft, whereby the user-
determined altitude and inclination placethe prospedive
spacecaft into ore of the 35 pre-determined orbital
regions A score is assgned based uwpon the nunber of
delris objects preeert in this region (determined from
the MASTER 2009popuation).

Usa-supplied information on the applied mitigation
measires ard desgn pradices contribute to the
remaining two aspects of the rating, associated with the

effectiveness of the identified mitigation measures (b)
and the resulting modification of the “health” index (c)
of the opeating region (due to the addition of theuser’'s
spacecatft).

The capcity of mitigaton measrres to limit the
geneation of new debris was cakulated using a
separae  DAMAGE study to evaluae four key
miti gation measures (and combinations [5]:

1) Limiting the release of mission-related objects

2) Passiwtion of spacecaft at end of mission life

3) Performing collison avoidance manoeuvres
for operational spacecaft

4) Postmisson disposal of spacecaft ard rocket
bodies according to the “25-year’ rule.

The capcity of eachmeasure © reduce delris was
quartified using a Normalised Effecive Reduction
Fador (NERF), which quantified the reduction in the
LEO debris popuation compared with a basline, non
mitigation case. The NERF is delivered in the range [0,

1], wherehy the ba<line, norrmitigation case produces
a value d 0 and the beg mitigation scenario (where al

four measures are implemented with an assumed 100%
compliance @ succesg produwcesavalue of 1. Details of

this process and a full list of NERF values is provided
in [5].

To ddermine how a prospedive satellite will affed the
“heath” index of the relevart orbital regon (c), specific
details of how the mitigaion measures and design
pracicesare implemerted are cdlecied from the user.
These inputs are similar to those requested by the
ACCORD survey [1] and are, thus used to modify the
“heath” index More pecisely, these inputs modify
meagsired values of sub-gods 1A and 1B and affectthe
resilience indicator for the Goal 2. The charmge in
“heath” of the region occupied by the progective
spacecatft is then compared with the maximum change
possible for an ideal spacecatft.

In addition to the environmental impad rating, two
other indicator values are catulated ard communicaied
to the user: firstly, the change in the overal hedth of
the LEO environment as a result of adding the proposd
spacecaft (with the applied design), and secandly the
increag in the rumber of > 10 cm objecs in the
operating region if it were to be involved in a
caiagrophic cdlision with anaverage-mass object from
tha region. The first indicator is calculated using
revised cdculation of the “hedth” index and the sscand
indicator is determined from an implementation of the
NASA bresup modd [6].

Findly, the ervironmental impact rating system
provides the user with an indication of how
improvements to the ratng (and, herce, increagd
berefits for the ace emironment) could be aclieved
through the application of further mitigation measrres



These recommendations are provided with an indication
of the expected cost and associated technical impact.

An alpha-numerical score, designed to reflect the results
in a straightforward manner, is used to relay the output
of the environmental impact rating system to the user. In
this respect, the prototype system assumes an
environmental rating scored out of 100, following the
method of the “health” index. This scheme is augmented
through the use of colours (red to green) and the full
information set can be ultimately presented in the form
of a performance certificate.

3  PRELIMINARY RESULTS

The calibration of the rating system is vital, in order to
maintain the relevance and applicability of the
environmental impact rating system to industry
stakeholders and users. The final system must be
balanced to ensure that modifications made by the user
to the input parameters (for example, to reflect the
implementation of mitigation measures) will update the
calculated rating in an appropriate fashion, based on the
estimated improvement to the debris environment. To
this end, an exemplar spacecraft was selected in order to
test the system and to provide an initial calibration.

The exemplar was a generic Earth observation
spacecraft, mass 1000 kg, placed in a sun-synchronous
orbit with perigee altitude of 795 km and inclination of
97°. No efforts to replicate any past, or existing,
spacecraft were made in selection of the exemplar. It
was assumed that the spacecraft implemented three
mitigation measures: limiting the release of mission-
related objects, passivation and collision avoidance. All
three measures were applied with 100% success. No
measures for post mission disposal or impact shielding
were included.

The scores received by the exemplar spacecraft and the
final environmental impact rating are listed in Tab. 4.

Table 4. Calculation of environmental impact rating for
exemplar spacecrafft.

Environmental Score Environmental
aspect/indicator impact rating
Debris score 0.8847

NERF score 0.4420 23.21%
Health score 0.5937

Change in LEO 0.01%

“health”

Increase in debris 44%

population in the

region following a

catastrophic

collision

A representative, environmental impact rating
certificate is presented in Fig. 4. Tt makes use of an
alphabetic rating system and illustrates how the output
of the rating system may look when the system is
finalised.
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Figure 4. Ilustrative output from the environmental
impact system in the form of a performance certificate.

The system suggests two potential improvements to the
exemplar spacecraft that could be implemented to
achieve an improved rating (presented in the ‘Suggested
Mitigation Actions’ section of the certificate in Fig. 4).
The first suggested action is to implement a post-
mission disposal strategy. If implemented fully, this
would result in an environmental impact rating of 68%,
with a relative cost impact of 0.455 and a technical
impact of 0.505. These values reflect the capacity of
post-mission disposal to reduce the generation of debris
[5], and the technical and financial challenges involved
in incorporating this into spacecraft design and
operations [1]. The second suggested action is to add
impact shielding in addition to post-mission disposal. In
this case, the impact rating would increase to 88%, with
a relative cost impact of 0.484 and a technical impact of
0.520. These suggestions aim to encourage design
changes that have strong benefits on the space
environment, whilst providing information about their
relative cost.



4 CONCLUSIONS AND FUTURE WORK

The environmental impad rating system presented here
represerts a prototype of the ACCORD rating system.
Through further development, it is expeded that a
rigorous mechanism will emerge for communicding the
efficagy of current delris mitigaton pracices and
demonstrating how modificaion to design may benefit
the environment. The cumrent version o the
environmental impad rating system can summarise the
condition of the LEO environment effectively. With
further refinement, the system will acoourt for other
Earth orbital environments including Medium Earth
Orbits and Geosynchronaus Earth Orbits.

The releag d the final environmertal impact ratng
system will be through an online web tod, dlowing
spacecaft manufacturers ard operators (amongg others)
to inpu detals of a poposed spacecaft and cakulate
the projecedimpad on the spacedelris ervironment. In
doing s0, privagy of sensitive daa will be ensured by
use d aJavascript-style web tool which retains al data
a client-side with no dorage of user daa on the
ACCORD web seavers.

The current prototype includes a number of assumptions
and there are limitations in some datasets currently used
in the prototype calculation. In particular, there is not
yet a canplete pcture d compliarce anongst a wide
range of users based on resporses colleded by the
ACCORD survey, and the resolution of the data is not
yet sufficient to draw conclusons about variations in the
implementation of mitigation measures in individud
LEO regions. Work is continuing o addressthese isaues.
In addition, community and industry engagement is
articipated ard being adively sought to improve the
relevarce d the pace“heath” index and ervironmental
impad rating system. Given the primary objecive d the
ACCORD projed, to suppott the European space
industry, such engagement is a necessary part of the
work. In addition, the intention is to introdwce the
ACCORD environmental impad rating system as a
voluntary tool only.

Trangparency is paramount in both congruction and
operation of the system, and an important purpos of
this paper lies in initiating and stimulating a wider
discussion within the community. As such, the
ACCORD project teamwelcome further involvement of
indugry and the space debris community to improve
condruction of the“health” index and rating system.
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