
Minutes of Commission III Meeting 

23 September 2017 

IAC, Adelaide 

 
1. The Commission III meeting was opened by Dr. Roger Lenard at 13.00 . 

Roger Lenard introduced the Commission members and welcomed all the invitees and thanked them 

for their continued support and active participation in Commission 3 discussions. 

2. The agenda is approved  

The membership of Commission III  is as shown below: 

Past Chair: Ramakrishnan S. (India) (A-E) 

Chair: Lenard R. (USA) (P) 

Vice-chair: Genta G. (Italy) (P) 

Secretary: Razoumny Y. (Russia) (A-E) 

Member: Huffenbach B. (Germany) (A-E) 

Member: Kawaguchi J. (Japan) (P) 

Member：Pacheco-Cabrera Enrique (Mexico) (A-E) 

Member: FAN Ruxiang  (China) (A-E) 

Member: Sweet Randall (USA) (P) 

Ex-officio Member: Tsuchida A (Japan) (A-E) 

Ex-officio Member Reibaldi : Giuseppe (A-E) 

P=Present 

A-E=Absent excused 

 

Invitees  Present in the Meeting : 

        Chanfeng Wei 

Davidian Ken 

Djojodihardjo Harijono    

Ishikawa Yoji 

Ji Li 

Mankins John 

Sheng Zhao 

Suzuki Yuto 

Swan Peter 

Wang Xiaowei 

The secretary notes that the participation of the members of the commission to the meetings is 

usually low. A discussion on how to increase participation follows. Several participants note that the 

main reason of the low participation may be the fact that the meeting of the commission is in the 

Saturday before the congress. At the end the proposal of shifting the meeting of the commission from 

Saturday to Sunday, ether morning of afternoon is forwarded. In particular, the study group 

presentation can be moved to Saturday and the commission meetings to Sunday afternoon. A 

meeting of the commission can be made also at lunch time in one of the days of the IAC. 

3. The minutes of Commission 3 meeting in Paris are approved 

4. Status of IAA Cosmic studies 

4.1  Studies completed: 

 SG 3.14: Public/Private Human Access to Space – Vol. 2- Ken Davidian/S.Di 

Pippo.Completed and published. 

 SG 3.15: Long Term Space propellant Depot – Saccoccia/Lu Yu.: Completed. To be 

published soon in China. 

                    4.2  Studies in Progress: 

 SG 3.18 Feasibility Study of Possible International Protocol to Handle Crisis/ Emergency 

– Ramakrishnan. Study under review.  No presentation was given 

 SG 3.19 Radiation Dosage Limits --S. McKenna-Lawlor. Dr. McKenna presents the 

status of the study. See Annex 1 

 SG 3.21 Disposal of Radioactive Waste in Space- O. Ventskovsky . – Study under 

review. Co-Chair asks commission members to review the report as soon as possible. 



See Annex 2 

 SG 3.22 Next-Generation Space System Development Basing on On-Orbit-Servicing 

Concept- Y.Razoumny. No presentation was given 

 SG 3.23 Human Space Technology Pilot Projects with Developing Countries – G. 

Reibaldi/ F.Zhuang. The study is under discussion. See Annex 3. 

 SG 3.24 Road to Space Elevator Era, Tsuchida/Raitt/Swan.--- The status of study was  

presented See Annex 4.  

 SG 3.25 The maintenability and supportability of Deep Space manned Spacecraft – Yang 

Hong/Zhang Dapeng. The status of study was  presented. See Annex 5. 

 SG 3.26 Space Mineral Resources # 2. - Art Dula/ Z. Zhuang./Roger Lenard.- The status 

of study was  presented. See Annex 6. 

 Study Group 3.27 Chair or representative: Genta/Ventskovsky/Johnson Towards the 

utilization of the Moon, Preparing for Mars Exploration. The status of study was  

presented. See Annex 7. 

 Study Group 3.28 Chair or representative: Lu Yu/Reibaldi/Wang Xiaowei  

 Strategy of Low Cost and Large Scale Access to Space in Future. The status of study was  

presented. See Annex 8. 

 Study Group 3.29 Chair or representative Bao Weimin 

Strategy and Feasibility Assessment of Collision Protection from Asteroid and Comet: 

Concept, Technology, and Prospect .  No presentation was given 

4.3 Proposals for new Study Groups 

     3 new proposals were forwarded: 

 Proposal 1: Space and its Utility in Forecasting Climate change: Chair or representative 

Roger X. Lenard (USA), Melissa Mirino (Italy) 

Recommendation: Approve  

 Proposal 2. Reusable Launchers: Chair or representative: Jean Marc Astorg 

 Proposal 3. Solar Energy from Space: A Decadal Revisit to the First International 

Assessment of Opportunities, Issues and Potential Pathways Forward : Chair or 

representative: John C. Mankins 

 

5. IAA Conferences 
5.1    Current IAA Conferences:  

 - IAA Cooperation with International Moon Village workshop Nov 2017 Strasbourg  

 - Joint IAA/ISDC working group in May 2018 (Los Angeles CA) 

 - 11
th
 IAA Symposium on Space Exploration (July 2019 (50

th
 Anniversary of Apollo 11) 

(Torino, IT) 

5.2 IAA Symposia at IAC  The suggestion is to rediscuss symposia D.4…. at least for IAC in 

Washington 

 

6. IAA Heads of space agencies summits 
No new information about the  new summit on exploration is is available. However commission 

suggests 

 general theme: celebrate the past reach for the future 

 Recommend two-year window 

 Commission propose subject areas 

 Academy endorse proposed commission studies – results presented by SG leads   

7. Report for the SAC 

See Annex 9. 

8. Any other business 

None 

 

The meeting was adjourned at 15.40 hrs. 
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Susan M. P. McKenna-Lawlor1  

and the IAA Cosmic Study 3.19 Team 

Space Technology Ireland,  

Maynooth, Co. Kildare, Ireland. 

 

  

Feasibility study of astronaut standardized 

career dose limits in LEO and the outlook for 

BLEO; biological response of humans to the 

impingement of high energy particle radiation 
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In Phase 1 differences between the values of career dose 

limits adopted for their astronauts by individual space 

agencies were investigated. Also, the biological responses 

of humans to the impingement of high energy particle 

radiation under microgravity conditions were studied. 

  

Short Study Description (Phase 1)  
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The leader of Study Group 3.19 was personally informed 

by the HSFCG that, since a human presence on Mars 

would not be technically possible for some decades, the SG 

3.19 report should provide in Phase 2 an emphasis on the 

radiation hazard on the Moon - which is presently an 

eminent exploration target. This topic had not hitherto 

been addressed by the group. 

Factors affecting the Second Phase 

of the study 
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At the present time an existing 30 page report on the outcome 

of the first year of the study is being merged with new results 

relevant to Human Moon Missions obtained during phase 2.  

 

This version will, as foreseen at the Guadelajara Meeting be 

submitted to the Academy for review  before the end of the 

year. Publication of the integrated study as a book is foreseen 

in early 2018. 

 

Signed: 

 

Susan McKenna-Lawlor 

Leader of  S.G. 3.19. 

  

Present Status of the Study 
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INTERNATIONAL ACADEMY OF ASTRONAUTICS 
SUMMARY REPORT OF STUDY GROUP 3.21 

VERSION 1.0 
 

1 March, 2016 

 

Radioactive waste  
disposal in space 

 

Technical, economic, legal issues and 
possible methods of solution 
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Acronyms 
 

AC - aerodynamic capsule 
NP - nuclear power 
NPP - nuclear power plant 
HAW - high-activity waste 
GEO - geostationary orbit 
SPC - sealed power container 
AES - artificial Earth satellite 
ASS - artificial Sun satellite 
SC - spacecraft 
SLS - space launch system 
MA - minor actinides 
IAEA - International Atomic Energy Agency 
MSTA - minimum significant total activity 
AITB - assembly, integration and test building 
PM - payload module 
LAW - low-activity waste 
MDW - mass destruction weapon 
DO - disposal orbiter 
SFA - spent fuel assemblies 
SNF - spent nuclear fuel 
RAW - radioactive waste 
US - upper stage 
RTG - radioisotope thermoelectric generator 
LV - launch vehicle 
SLS - space launch system 
MAW  medium-activity waste 
ERS - emergency recovery system 
TCS - thermal control system 
CS - control system 
PSS - power supply system 
FA - fuel assembly 
FU - fuel unit 
TC - transporting container 
TG - thermoelectric generator 
FS - feasibility study 
NPS - nuclear power source 
NFC - nuclear fuel cycle 
NPPS - nuclear power propulsion system 
NPU - nuclear power unit 
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Introduction 
In the second half of the 20-th century the conception of radioactive waste disposal in space (RAW) 
emerged. For the past 50-60 years the conception has been discussed more or less intensively, several 
variants of its implementation have been proposed. 

It was stimulated by the scientific community's recognition if the enormous size of RAW problem as a 
result of nuclear power industrial use. Conceptually, two solutions are possible: "deferred" and "final".  

At present, most states use the "deferred" method, when spent nuclear fuel (SNF) is placed in tempo-
rary (though, long enough, 50-100-200 years) storage. It is assumed that within this time these or 
those methods of effective and safe SNF disposal would be implemented. 

The "final" solution of RAW problem assumes their radical removal from the Earth biosphere. To do 
this, any method, making it possible to isolate RAW for the period of hundreds of thousands and mil-
lion of years, that is, long enough to reduce activity of long-lived isotopes to the safe level, may be used. 
As of today, this solution has been implemented in single RAW disposal projects at the construction 
phases in deep geologic formations (for instance, Onkalo in Finland, Yucca Mountain in the USA). RAW 
disposal in space is also a variant of "final" solution of the radioactive waste problem. 

In general, the conception of RAW disposal in space lies in the following procedure. SNF or high-
activity products of its reprocessing are provided with multibarrier protection, thus, minimizing prob-
ability of their contact with biosphere in case of possible emergency situations and ensuring the ac-
ceptable radiation level on the protection outer surface. Afterwards, RAW in the combined contain-
ment shell is transported to the launch base and located on the launch vehicle final stage as a payload. 
Generally, the structures of the launch vehicle final stage are optimized (with consideration of 
multibarrier protection) to minimize probability of injected into space RAW contact with biosphere in 
case of emergency situations. The project emergency situations shall consider "the worst-case" scenar-
ios like the carrier fire, explosion or combined failure of several safety systems during ballistic reel to 
the Earth due to faults at the injection phase. Finally, in case of accident-free space transportation, the 
capsule with RAW is delivered to the disposal site and left there for indefinitely long time. 

This report contains the main results of the problems and possibilities study connected with RAW dis-
posal in space. In this report RAW disposal is considered as a task that requires a practical solution in 
the foreseeable future.  

 

  

 



5 

Ra
di

oa
ct

iv
e 

w
as

te
 d

isp
os

al
 in

 sp
ac

e 
| 

 V
er

sio
n 

1.
0 

01
 M

ar
ch

, 2
01

6 

1 Nuclear and engineering aspects of radioactive waste disposal in 
space 
 

1.1 General description of radioactive waste problem and its  current state 
Owing to the nuclear-power industry development in the world, a large amount of radioactive waste 
has been accumulated and is being accumulated. It needs to be disposed in order to provide radiation 
safety of population [68]. 

Radioactive waste generates: 
• during operation and decommissioning of nuclear fuel cycle enterprises (radioactive ore pro-

duction and processing, manufacture of fuel units, power generation at NPP, spent nuclear fuel 
reprocessing); 

• during implementation of military nuclear programs, preservation and liquidation of defence 
sites and restoration of the areas contaminated due to activity of enterprises manufacturing 
nuclear materials; 

• during operation and decommissioning of the navy and civil fleet vessels with nuclear power 
installations and their service bases; 

• during use of isotopic products in the national economy and medical institutions; 
• as a result of carrying out of a nuclear explosion in the interests of the national economy, dur-

ing mining operations, performance of space programs and during accidents at nuclear facili-
ties. 

During use of radioactive waste in medical institutions and other research institutions RAW is gener-
ated in much less amount in comparison with nuclear power industry and military-industrial complex-
several tens of cubic metres per year. But use of radioactive materials is expanding, thus, increasing 
the waste volume. 

In 2006 IAEA counted that more than 200 thousand tons of spent nuclear fuel accumulated in the 
world. Annually, 10-12 thousand tons is added [1]. Increase of extremely dangerous RAW in the world 
makes up 25-30 t/year. Nuclear power (spent nuclear fuel) and military programs (plutonium in nu-
clear warheads, spent fuel of propulsion reactors in nuclear submarines, liquid waste of radiochemical 
industrial complexes) are the main sources of high-activity RAW. By 2000 about 2 thousand tons of 
plutonium [3, 88] has been accumulated in the world.  

Disposal of spent nuclear fuel and high-activity waste of its reprocessing is of a considerable concern. 
Such waste has been generated for more than half a century, but so far there has been no considerable 
progress in storage facility construction for it. The present developed approaches and techniques of 
RAW management are primarily based on the passive protection concept by creating a number of bar-
riers on the RAW route of penetration into biosphere (immobilization in corrosion-resistant materials, 
containerization, final disposal in competent geologic formations). The main problem of conventional 
technologies is consists in provision of reliable and long-term protection (during not less than a ten 
thousands of years) from entry into the environment of long-lived radionuclides making up RAW [86]. 

The meaning of term "radioactive waste" depends on the accepted concept of SNF management. Dur-
ing performance of the so-called open (once-through) nuclear fuel cycle irradiated fuel (after a certain 
decay cooling) is to be subject to disposal with no additional radiochemical reprocessing. In this case 
RAW is considered as all irradiated material including uranium, accumulated plutonium and so-called 
"minor actinides" - MA (neptunium, americium, curium, berkelium, etc.). Content of MA in the irradiat-
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ed fuel of power reactors is relatively low and makes up (0.7-2.5)⋅10–3 [86]. By their neutron-physical 
properties MA do not belong to well fissile nuclides, such as 235U and 239Pu, by their chemical proper-
ties they are fairly close to fission products from the group of rare-earth elements. That is why, during 
chemical reprocessing of irradiated fuel it was no use to extract them. Historically, from the very be-
ginning of nuclear reactors operation during irradiated fuel reprocessing, MA remained with the bulk 
of fission products, making up RAW of high specific activity. 

Actually, uranium with decreased content of 235U and accumulated transuranium nuclides can be re-
used (and are already reused) as a fuel in nuclear reactors. Nearly 95.6% of spent fuel volume, unload-
ed from the reactor, is the same uranium oxide that was contained in the fresh fuel. The rest part con-
sists of high-activity fission products (3.4%) and long-lived actinides, such as plutonium (1%) [21]. In 
the framework of the so-called closed nuclear fuel cycle RAW include a group of fission products ex-
tracted during irradiated fuel reprocessing and not to be used in the national economy. 

The minor actinides, accumulated in fuel, due to their specific nuclear and physical-chemical proper-
ties are also referred to RAW, though they may be subject to neutron fission. Thus, in within the 
framework of closed NFC, to the "radioactive waste" category the following products are referred to: 
radioactive fission products, minor actinides and a small number of uranium and plutonium in the 
form of waste of the irradiated fuel reprocessing. 

It is considered that extraction ratio of U and Pu from irradiated fuel reaches 99.5%, that is, 0.5% re-
mains in the waste composition. Recycling (U-Pu)-of fuel leads (and it is present during operation of 
European light-water reactors) to accumulation of transuranium elements (243Am, curium, berkelium, 
californium isotopes, etc.). Their effective disposal is another problem of MA management; considera-
tion of this problem is still in its initial stage. 

Table 1.1 – Possible content of main radionuclides in irradiated fuel of light-water-reactor (LWR)-
1000 [93] 

Nuclide Half-life, 
years 

Number, 
kg/t U Nuclide Half-life, 

years 
Number, 

kg/t U 
Actinides Fission products 
U-235  7.04·108  12.3  Se-79  6.5·104  1.7·10-2  
U-236  2.34·107  5.73  Sr-90  2.9·101  1.1  
Actinides Fission products 
U-238  4.47×109  929  Zr-93  1.5×106  9.1×10-1  
Pu-238  87.74  126·10-3  Tc-99  2.1·105  1.1  
Pu-239  2.41·104  5.53  Pd-107  6.5·106  2.5·10-1  
Pu-240  6.57·103  2.42  Sn-126  1.0·105  2.2·10-2  
Pu-241  14.4  1.47  I-129  1.6·107  2.2·10-1  
Pu-242  3.76·105  0.582  Cs-135  3.0·106  4.2·10-1  
Am-2412  4.32·102  0.616  Cs-137  3.0·101  1.4  
Am-242 1.50·102  0.264·10-3  Sm-151  9.3·101  1.5·10-2  
Am-243  7.38·103 120·10-3   
Cm-2421  162 days 6.10·10-3   
Cm-2431  28.5 0.245·10-3   
Cm-2441  18.1 45.7·10-3   
Np-237  2.14·106     

Notes: 
1) Decay cooling 0.5 year; 
2) Decay cooling 10 years. 
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As a result of irradiated fuel reprocessing, RAW contains the bulk of fission products and a small part 
of residual fission products (U, Pu and MA). As an example, table 1.2 shows the composition of ele-
ments contained in RAW after reprocessing of irradiated uranium fuel of the light-water reactor and 
extraction of uranium and plutonium (99.5%). [86] 

Table 1.2 – Content of nuclides in actinides in spent uranium fuel of LWR-1000 reactor after its 3-year 
decay cooling and separation of 99.5% U and Pu [86] (normalized to 1) 

Nuclide  Content Nuclide Content 
238U  0.9809 241Am 0.503·10-2 
237Np  1.095·10-2 242mAm 1.325·10-5 
238Pu  0.188·10-4 243Am 0.245·10-2 
239Pu  0.649·10-3 242Cm 0.366·10-5 
240Pu  0.249·10-3 243Cm 0.892·10-5 
241Pu  0.137·10-3 244Cm 0.533·10-3 
242Pu  0.645·10-3 245Cm 0.264·10-4 

 

The following issues shall be considered for selection isotopes for launching into space: specify the 
waste representing biological hazard and time intervals, the waste representing no interest to produc-
tion, medical, agricultural and  scientific activities, thus, they are not to be remained for a long-term 
storage. The RAW danger lies in the fact that despite their activity decreases with time, but it still re-
mains high during hundreds of thousands and millions years (figure 1.1).  

 

Figure 1.1 — Change of nuclide radiotoxicity during long decay cooling [86] 

It is difficult and apparently impossible to guarantee high reliability of radioactive waste repository 
integrity maintaining with containers with radionuclides, which can penetrate in the environment de-
spite their slow migration. The following fact can confirm the danger of such a situation: inhalation of 
less than 0.1 mg of plutonium is lethal. [68]  

Depending on toxicity of radioactive elements they are divided in four groups according to minimum 
significant total activity (MSTA) [89, 90]: 

 
 



 

8 
Ra

di
oa

ct
iv

e 
w

as
te

 d
isp

os
al

 in
 sp

ac
e 

| 
 V

er
sio

n 
1.

0 
22

 F
eb

ru
ar

y,
 2

01
6 

Group A – isotope with particular high radiotoxicity (MSTA-1·103 Bq), for example: 229Th, 232Th, 232U, 
237Np, 240Pu, 243Am, 245Cm, 246Cm, 248Cm. 

Group B – isotopes with high radiotoxicity (MSTA - 1·104 and 1·105 Bq), for example: 24Na, 32P, 
56Mn,90Sr, 106Ru, 122Sb, 129I, 132I, 134Cs, 134mCs, 136Cs, 137Cs, 144Ce, 210РЬ, 210Po, 206Bi, 212Bi, 223Ra, 224Ra, 
226Ra,227Th, 230Th, 234Th, 230U, 233U, 234U, 235U, 238Pu,239Pu, 241Am,242Cm. 

Group C – isotopes with medium radiotoxicity (MSTA - 1·106 and 1·107 Bq), for example: 14C, 22Na, 36Cl, 
38Cl,54Mn, 55Fe,59Fe, 60Co, 64Cu, 69Zn,82Br, 89Sr, 91Y, 90Y, 91mY,94Nb, 95Nb, 93Zr,95Zr, 97Zr, 96mTc, 99Tc,105Ru, 
125Sb, 131Cs,132I,133I, 134I, 141Ce, 170Tm, 203Pb, 210Bi,231Th, 239Np. 

Group D – isotopes with low radiotoxicity (MSTA - 1·108 and 1·109 Bq, and 83mKr, 85mKr and 135mXe), for 
example: 3H, 33P, 35S, 41Ar, 53Mn, 59Ni, 71Ge, 74Kr, 76Kr, 77 Kr, 97Tc, 103mRh, 151Sm. 

The danger degree of radioactive element is determined by its maximum permissible amount allowed 
for operation without sanitary and epidemiological service permission. The main radionuclides, repre-
senting radioactive danger in SNF, are given in table 1.3. 

Table1.3 – Radionuclides governing spent fuel activity and toxicity.[68] 
Time interval, year Governing radionuclides 
Up to 100 Fe-55, Co-58, Ni-59, Sr-90, Ru-106, Sb-125, Cs-

134,137, Ce-144, Pm-147, Eu-154,155 
100-1000 Sm-151, Co-60, Cs-137,Ni-59,63 
1000-10000 Pu-239,240, Am-241 
104-105 Np-237, Pu-239,240, Am-243, C-14, Ni-59, Zr-

93, Nb-94, Sn-126 
>105 I-129, Tc-99, Pu-239 

 

As it can be seen on figure 1.1, the irradiated fuel radiotoxicity during first 300-600 years is governed, 
mainly, by medium-lived fission products and later - by transuranium elements and long-lived fission 
products. Among long-lived fission products radionuclides shown in table 1.4 play the most significant 
role. 
 

Table 1.4 – Long-lived radionuclides - fission products (including 90Sr and 137Cs), governing radioactive 
waste degree of danger [86] 

Nuclide T1/2, year Nuclide T1/2, year Nuclide T1/2, year 
79Se 6.5⋅104 99Tc 2.1⋅105 129I 6.5⋅107 
90Sr 29 107Pd 6.5⋅106 135Cs 2.3⋅106 
93Zr 1.5⋅106 126Sn 1.0⋅105 137Cs 30 

 

Thus, isotopes with high and particular high radiotoxicity and half-life not less than 103 years may be 
considered as potential candidates for injection into space. Their separation from the total volume of 
RAW is a challenging and costly task [68]. That is why, nuclear engineers shall specify this list. But it 
has not been done yet, as there are no published works by nuclear physics specialists on this issue.  

1.2 RAW main aspects and management stages 
Radioactive waste (RAW) of nuclear power industry management is one of the key issues determining 
acceptability and development scale of this power generation industry[86]. The selection of RAW 

 



9 

Ra
di

oa
ct

iv
e 

w
as

te
 d

isp
os

al
 in

 sp
ac

e 
| 

 V
er

sio
n 

1.
0 

01
 M

ar
ch

, 2
01

6 

management specific strategy is a complicated task; its solution is determined by technical, economic, 
environmental, legal and political criteria.  

For now, IAEA has stated a set of principles [63], aimed at the radioactive waste management ensuring 
human health and environmental protection now and in the future with no excessive burden to the 
future generations: 

1) human health protection. The radioactive waste management shall be performed to ensure ac-
ceptable level of human health protection. 
2) environmental protection. The radioactive waste management shall be performed to ensure ac-
ceptable level of environmental protection. 
3) protection beyond national boundaries. The radioactive waste management shall be performed 
to consider possible consequences for human health and environment beyond national boundaries. 
4) protection of future generations. The radioactive waste management shall be performed to en-
sure predictable consequences for health of future generations. not exceeding present acceptable cor-
responding levels of consequences. 
5) burden to future generations. The radioactive waste management shall be performed not to im-
pose excessive burden to future generations. 
6) national legal frame. The radioactive waste management shall be performed within relevant na-
tional legal frame providing for a clear allocation of responsibilities and provision of independent reg-
ulating functions. 
7) radioactive waste generation control. The radioactive waste generation shall be maintained at 
the minimum practically feasible level. 
8) interdependencies of radioactive waste generation and their management. The interdepend-
encies of all radioactive waste generation stages and their management shall be properly considered. 
9) safety of installations. Safety of installations for radioactive waste proper management shall be 
provided during their service life. 

1.2.1 RAW as a part of nuclear fuel cycle 
The nuclear fuel cycle (NFC) is a set of activities to provide operation of nuclear reactors. They are per-
formed within the system of enterprises interconnected by the nuclear material flow. The enterprises 
include uranium mines, uranium ore processing, uranium conversion, fuel enrichment and fabrication 
plants, nuclear reactors, spent fuel storage facilities, spent fuel reprocessing plants and related interim 
storage facilities and radioactive waste repositories. 

At present, there are two methods of RAW and SNF (for example, [30,68]) management depending on 
the type of nuclear fuel cycle.  

One of them (closed NFC) is a reprocessing after a short-term (5-10 years) or longer (30-50 years) 
storage to isolate valuable elements (figure 1.2). The isolated uranium and plutonium return to the 
nuclear cycle. All activation and fission products are delivered to disposal as high-activity waste. The 
other (open or once-through NFC) provides for direct disposal of RAW without reprocessing after in-
terim storage and conditioning (figure 1.3). 

For civil purposes both open and closed NFC are used, for military purposes NFC functions in the 
closed mode only. 

The initial stages of open and closed NFC are identical, they differ at the final stage connected with SNF 
transportation, storage, reprocessing, RAW management and their disposal. 
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Among advantages of closed NFC is return to power industry of expensive fissile materials - uranium 
and plutonium providing fuel for nuclear power industry during millennium at any increase of re-
quirements. Moreover, volumes of highly radioactive waste intended for eternal burial are much less 
after SNF reprocessing, than volumes of spent fuel assemblies (SFA) without their reprocessing [68]. 
Globally, about 10% of nuclear fuel used at NPP is supplied for reprocessing to isolate uranium and 
plutonium for their further reuse.  

 

Figure 1.2 – Closed nuclear fuel cycle in nuclear power industry  
(SFA – spent fuel assemblies, RAW - radioactive waste) 

 

 

 

Figure 1.3 – Once-through (open) nuclear fuel cycle 

At present, there are only a few plants where such reprocessing is performed in industrial scale: in 
Marcoule and La Hague (France), in Windscale (Great Britain), Chelyabinsk-65 (RF). The plant in Mar-
coule is considered to be the "cleanest" one with the particularly stringent control as its effluent enters 
the Rhone. 

The main disadvantages of closed NFC are as follows: availability of environmentally hazardous radio-
chemical production and possibility of uncontrollable plutonium-239 dispersal and other fissile com-
ponents of nuclear weapon. It is one of the reasons why neither of three plants, constructed in the USA 
for SNF reprocessing, is in operation at present.  

The open NFC scheme is much shorter and simpler as compared with the closed variant. A radiochem-
ical plant, the main source of environment contamination with radionuclides, is absent, that is there is 
no the most radiation-dangerous production. Radioactive substances in their solid state  are perma-
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nently in the sealed package, they are not "smeared" over enormous areas as solutions and gases in 
case of scheduled and contingency emissions, etc. There are no problems related to construction and 
future decommissioning of the radiochemical plant: financial and material costs of the plant construc-
tion and operation including wage, power, heat and water supply costs, costs on a vast number of pro-
tection equipment and machinery, chemical reagents, aggressive, combustible and explosive substanc-
es (acids, alkalis, organic liquids), etc. There is no need to inject tritium under the earth, there are no 
problems with disposal of iodine, liquid and gaseous waste, emissions, etc. Finally, SFA "eternal" dis-
posal does not mean complete and exclusion of nuclear materials from the cycle. It is due to the fact 
that the "repository" for spent fuel is an artificial compact uranium and plutonium deposit and it can 
be "developed" any time in case of extreme necessity: with appearance of new approaches to use of 
nuclear materials, new SNF reprocessing technologies, with decrease of fission radionuclides, etc. The 
disadvantages of the open cycle are as follows: high cost of long-term storage facilities and landfills, 
difficulties related to provision of FA long-term isolation from biosphere (there is a real danger of ra-
dionuclides release in case of FUs destruction during their long-term storage), necessity of permanent 
armed guard of repositories (possibility of fissile nuclides theft from repositories by terrorists is quite 
real) and constant control of the stored materials state. 

It is apparent that any nuclear cycle is a costly and dangerous production. The selection of NFC optimal 
variant is a serious problem to the country and the whole world. 

The analysis of economic aspects of NFC various variants is given a great consideration in all interest-
ed countries. It was shown [68], that at the present stage, from the economic point of view, both vari-
ants of SNF management, that is, reprocessing with further eternal storage of radioactive waste or 
eternal storage of SNF without reprocessing are almost equivalent. That is why, when selecting of NFC 
variant, environmental, energy, social and medical practicability of closed or open NFC shall come to 
the fore. 

The main stages of RAW management are given in figure 1.4. 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 – The main stages of radioactive waste management 

During storage of radioactive waste they shall be stored to:  

• provide their isolation, guard and environment monitoring; 
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• if possible, facilitate actions at further stages (if there are any). 

In some cases, storage may be performed according to technical considerations, for instance, storage 
of radioactive waste containing, mainly, short-lived radionuclides,; they are stored for their further 
decay and disposal within authorized limits or high-activity radioactive waste may be stored prior to 
their disposal in geologic formations in order to decrease heat emission. 

Preprocessing of waste is a primary stage of waste management. It includes collection, chemical com-
position regulation  and decontamination; it may also include the period of interim storage. This stage 
is very important as in many cases during preprocessing it is possible to separate waste streams. 

Processing of radioactive waste includes operations aimed at safety or efficiency increase by changing 
characteristics of radioactive waste. Main processing concepts: volume contraction, removal of radio-
nuclides and change of composition. Examples: 

• combustible waste incineration or compaction of dry solid waste; 
• evaporation, filtration or ion exchange of liquid waste streams; 
• deposition or flocculation of chemical substances. 

Conditioning of radioactive waste consists of such operations when radioactive waste is shaped to be 
acceptable for transportation, shipping, storage and disposal. These operations may include radioac-
tive waste immobilization, their placement in containers and additional package. The standard meth-
ods of immobilization include solidification of liquid low-activity and medium-activity radioactive 
waste by their inclusion in cement (cementation) or bitumen (bituminization) and vitrification of liq-
uid radioactive waste. Then immobilized waste, depending on their nature and concentration, may be 
packed in various containers, including ordinary 200-litre steel barrels and thick-walled containers of 
elaborate design.  In many cases, processing and conditioning are performed together. 

The very technology of waste isolation, their concentrating, pressing, containment in cement, bitumen 
or glass blocks is a separate branch of nuclear industry. The incineration technology that makes it pos-
sible to reduce volume of waste by 20-100 times, is even more complex and costly. Fume gases are pu-
rified using adsorption and filtration methods, ash, contaminated with radionuclides is subject to ce-
mentation, bituminization or vitrification. 

These branches are developing in parallel with nuclear power industry and "take away" a considerable 
part of capital investments. [83] 

Disposal, mainly, consists in radioactive waste placement in the disposal facility, ensuring proper 
safety without their further withdrawal and long-term monitoring of storage facility and maintenance. 
Safety is mainly achieved by concentration and containment providing for proper isolation of concen-
trated radioactive waste in the disposal facility. 

Different countries keep to various national programs providing for either SNF reprocessing, or dis-
posal, or "deferred solution", that is the long-term storage of spent FUs. 

At present, out of 34 countries only 5 states (India, Japan, England, Russia, France) reprocess spent 
nuclear fuel at their enterprises. The majority of countries, including Canada, Finland, Federal Republic 
of Germany, Italy, Netherlands, Sweden, Switzerland, Spain, the USA and China either store SNF, or 
supply SNF for reprocessing to other countries. Nevertheless, in May of 2001, according to the state 
energy strategy of the USA, it was prescribed to "develop SNF reprocessing technologies and final 
management that are cleaner and more effective..." [59]. 
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The selection of a certain fuel cycle in a specific country depends on the criteria used during evaluation 
of solutions of the accumulated and future waste containment (including SNF). 

There are five such criteria: 

1) degree of risk for human health and environment; 
2) cost of SNF reprocessing, construction of storage facilities, etc.; 
3) compliance with the legislation of the country when SNF is imported from abroad; 
4) compliance with objectives of non-proliferation of nuclear weapon and nuclear materials; 
5) community awareness. 

As for radiochemical reprocessing, if SNF management is a high-tech industry, radiochemical pro-
cessing is a superhigh-tech industry accessible to a few highly-developed nuclear states. SNF repro-
cessing costs are also high. Moreover, the modern level of reprocessing technologies makes it possible 
to extract from SNF only fuel components, uranium and plutonium (incomplete closed fuel cycle), the 
major part of SNF radioactivity remains in reprocessing high-activity waste. Disposal of this waste is 
quite a difficult problem. 

Implementation of SNF high-level reprocessing with spent nuclear fuel separation into fractions of in-
dividual radionuclides will become possible only in the future [93].  

SNF chemical reprocessing is designed in terms of safety. Comparing degrees of risk in case of internal 
accident and external influence at NFC enterprises, the experts consider SNF chemical recovery to be 
the most hazardous of all cycle stages. That is why, many experts think that the modern technology 
level of SNF chemical recovery does not comply with the environmental safety requirements, so it is 
advisable to place spent fuel units in long-term storage. Besides, SNF reprocessing is related to genera-
tion of a large amount radioactive waste (during reprocessing amount of waste increases but their 
specific activity decreases) [68]. That is why, nowadays open uranium fuel cycle is considered as pref-
erable one. [88] 

The level of interim storage technologies, achieved by now, provides possibility of SNF storage for not 
less than 50 years. It is expected that in the short term, owing to technological progress it will become 
possible to increase these periods up to 100 and more years. That is why, many states with operating 
NPP on their territories are trying to delay implementation of fuel cycle final stages by placing fuel for 
interim storage or decision making regarding the final stage or expecting its implementation.   

On the basis of all the above, it may be stated that modern nuclear power industry operates according 
to the incomplete fuel cycle, which stops at the stage of SNF interim storage or high-activity waste of 
its reprocessing [93]. 

Isolation of valuable components from SNF is a hyper technology; its development was extremely cost-
ly and became possible because it was developed as the most important production of the nuclear 
weapon complex. This is the most valuable part of scientific and technical, intellectual wealth of nucle-
ar states. At present, it is very difficult to start SNF reprocessing activities, train relevant personnel 
and scientific and industrial infrastructure from the ground up. As a result, there are many countries 
ready not only to give their SNF, but pay for it as they do not know what to do with it.[92] 

Besides, economic efficiency is nearly always is a matter of scale. The minimum capacity of a repro-
cessing plant for it to become cost-effective is 1000 tons a year. The British and French enterprises 
have the above mentioned capacity. The planned capacity of the Russian plant RT-2 is 1500 tons per 
year. The annual SNF unloading from standard 1000 MW power unit is about 25 t/year. It means that 
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a commercial plant shall service at least forty units. Such PP scales are present only in three countries - 
the USA, France and Japan (there is only half-power present in Russia so far, but the total power of re-
actors manufactured in Russia and abroad is at the required level). There are about thirty countries-
members of the "nuclear power club". Their number will probably increase, probably. to fifty by the 
middle of the century, but the overwhelming majority will have PP of moderate scale - within ten units. 
That is why, only the largest nuclear states will be able to develop SNF reprocessing and maintain the 
relevant infrastructure. The number of such countries will never be more than ten; the rest will have 
to buy their services as, starting from the middle of the century nuclear fuel recycling will become one 
of the largest power branches. 

The English plant "Thorp" in Sellafield was constructed entirely by the expense of advance payments 
of Japanese and European companies; then it started to reprocess their fuel. SNF storage facilities were 
constructed using profit from reprocessing. The plant reprocesses 900 t of SNF per year; the domestic 
fuel makes up only 30%. This plant was formally opened by Queen Elizabeth. 

1.2.2 Transportation experience 
Transportation of radioactive substances and nuclear fissile materials is an important component of 
the nuclear fuel cycle. 

Transportation is a connecting link of manufacturing activity of enterprises (NPP, NFC enterprises, re-
search nuclear centres, marine plants of the navy and civil fleet, etc.) managing radioactive materials. 
The list of transported radioactive substances is rather wide: nuclear fissile materials, radioactive sub-
stances, spent nuclear fuel and radioactive waste, fresh nuclear fuel, uranium and plutonium in various 
chemical compounds (various physical state and with varying degree of enrichment by fissile nu-
clides), isotope sources, etc. Their transportation is performed by ground, water and air transport. 

The transportation process of nuclear materials is the weakest link in terms of susceptibility to unau-
thorized actions in comparison with stationary facilities. Protection of nuclear materials on transport 
vehicles, unlike stationary facilities, has no multi-structural guard system, so a conventional set of 
equipment and technical facilities for advance hazard detection, its evaluation, access delay and retali-
atory measures cannot be implemented. 

Since the nineties of the 20th century, with terrorist activity enhancement, it became apparent that it 
was necessary to take additional measures to protect transport vehicles, carrying nuclear materials. 
To achieve this, the program was developed to elaborate transportation safety automated system for 
nuclear materials with its phased introduction. 

Annually, about 10 million of packages with radioactive substances of different type are transported in 
the world. Protection of radioactive substances transportation is important due to potential risk of 
damage to the community, environment and property during their transportation, handling operations 
and interim storage. The presence of such risk is caused by the possible failure of transport or loading 
facility, impact of breaking mechanical and heat loads on the package during transportation that may 
lead to dispersion of radioactive substances in the environment and personnel irradiation above al-
lowable values due to violation of rules provided for safe handling of packages. 

Performing operations related to transportation of radioactive substances and toxic substances the 
following factors represent danger: ionizing radiation, creating the radiation dose exceeding values 
specified by radiation safety standards RSS-99 for category A personnel, directly involved in handling 
operations and for category B personnel during transportation and interim storage of packages; radio-
active pollution of surfaces of the carriage, equipment and other loads on the transport vehicle; radio-
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active substances that in emergency situation may enter the environment and create pollution and 
concentration levels of radionuclides in water and ambient air that exceed allowable values. 

Radiation safety during transportation of nuclear fissile materials shall be ensured by complying with 
the following requirements: compliance with the specified requirements and quality assurance during 
development, design and manufacture of transport containers; performance of a required set of tests 
for containers; control of radiation characteristics of transported radionuclides; control of container 
technical state; compliance with loading standards and conditions of radioactive substances location 
in the container, control of neutron absorbers and other protection elements proper installation; radi-
ation control of transport vehicle surface pollution; control of transport vehicle technical state and op-
erability, its equipping with necessary fire extinguishing facilities, control of radiation situation and 
emergency protection facilities; compliance with safety rules during handling operations; compliance 
with standards and rules of packages loading onto the transport, compliance with set limitations for 
positional relationship of packages; performance of a set of organizational and technical measures to 
ensure safe transportation including the transport vehicle optimal route selection and schedule, exclu-
sion of unauthorized access to packages. 

Transportation of spent nuclear fuel from NPP to the reprocessing plant includes four stages: 

1) loading of containers at NPP and preparation for transportation; 
2) transportation; 
3) fuel unloading at the reprocessing plant; 
4) delivery of empty containers to NPP. 

As a rule, containers are not services during transportation. The latest models of large railway con-
tainers are equipped with auxiliary systems of forced cooling. They are activated automatically if the 
temperature rises in the container. 

Operations of container reception and unloading at the reprocessing plant are much similar to opera-
tions at NPP. After radiation survey to detect possible leakages of radioactive content, the container is 
delivered for washing to prevent contamination of pool water during next operation, that is, unload-
ing. Unloading of containers at the reprocessing plants is performed in pools under the sheet of water. 

1.2.3 Degree of risk during spent fuel transportation 
During accident risk assessment leading to radioactivity release and its consequences shall be consid-
ered. In 1973, for discussion at the meeting of Atomic Energy Commission (USA), devoted to safe 
transportation rules of radioactive materials, there were presented probability estimation data, hazard 
categories and accident consequences that could happen during transportation of spent nuclear fuel. 
The emergency hazard category was defined depending on the transport vehicle speed at the moment 
of accident and fire duration (according to statistical data). The accident risk, estimated in the number 
of accidents per mileage is given in table 1.5 [62]. 

Table 1.5 – Accident risk for different categories of their severity, accident/mile [62] 
Minor Medium Severe Very severe Extremely severe Total value 

2х10-6 3х10-7 8х10-9 2х10-11 1х10-13 2.3х10-6 
 

Data about a number of accidents, considering their severity and related to a total number of transpor-
tations in the nuclear fuel cycle with account of transportation distances are given in table 1.6. The 
number of transportations is given as it was registered in 2000 [62]. 

 
 



 

16 
Ra

di
oa

ct
iv

e 
w

as
te

 d
isp

os
al

 in
 sp

ac
e 

| 
 V

er
sio

n 
1.

0 
22

 F
eb

ru
ar

y,
 2

01
6 

Table 1.6 – The number of accidents during one year during spent nuclear fuel transportation [62] 
Total number 
of transpor-
tations 
per year 

Total route 
length, 
miles 

Accident category 

Minor Medium Severe Very  
severe 

Extremely 
severe 

12764 8.53х106 17 2.6 0.07 0.00017 0.0000009 
 

It should be noted that risk calculation during spent fuel transportation is a rather difficult task. The 
initial data of several spheres are required to assess risk: statistics, technology, meteorology, radiation 
safety (biology and medicine), namely: accident statistics during transportation; failure rate of con-
tainers during accidents; degree of radioactivity release from containers; nature of radioactivity 
transport into environment; population distribution; dose conversion factors for radionuclides. There 
may be different approaches to initial data determination, affecting the final result. But most experts 
think that if all specified requirements to the design, technology and operation of containers are com-
plied with, the probability of severe radiological danger during spent fuel transportation is low. 

RAW transportation calls for a large scope of organizational work performance. Thus, it took 25 days 
to transport SNF from Hungary to RF. It took more than four years to prepare it. The number of in-
volved companies and state organizations - 24, the personnel number - more than 100 with no account 
of persons providing physical protection [46]. Much time was spent on preparation of governmental 
agreements, acquisition procedures of certain licenses and permits are very lasting, the regulatory sys-
tem is complicated. 

1.2.4 Liabil ity of the parties during RAW management 
According to the hands-on experience [42], the following liability of the parties is established at differ-
ent stages of RAW management. 

During RAW radiochemical reprocessing, the reprocessing plant authorities are held liable for physical 
protection. 

During container immobilization and filling, the processing plant authorities are held liable for physi-
cal protection. 

At the transportation stage the cargo carrier (consignor or consignee) is liable for physical protection. 

 During interim storage and preparation for launch, the authorities of a lunch performing organization 
are liable for physical protection.  

The term "physical protection" means a set of organizational measures, engineering and technical fa-
cilities and activities of security units to prevent subversive acts or theft of nuclear materials and radi-
oactive substances. 

 

1.3 RAW disposal methods 
The reliable isolation of radioactive waste, its performance methods and techniques is one of the prob-
lems of biosphere protection from nuclides effect. RAW disposal requires long-standing and multiple-
factor studies. Various variants of the problem solution are still being discussed.  
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During the whole history of nuclear industry the following disposal and removal methods of radioac-
tive waste (as a rule, MAW and LAW) have been approved [84]:  

1) waste disposal on the World ocean bottom;  
2) disposal in stationary above-ground and near-surface storage facilities;  
3) disposal in rock cavities;  
4) liquid RAW injection in rocks with large open porosity (sands, gravelites, cavernous limestones, 
etc.).  

For HAW and SNF storage, belonging to the category of special HAW, the following storage and dispos-
al methods were used:  

1) disposal on the World ocean bottom;  
2) storage in near-surface or underground specially constructed storage facilities;  
3) storage in at-reactor water pools or independent water storage facilities (underground water stor-
age facility CLAB);  
4) liquid HAW injection in underground rock horizons with large open porosity (in Russia this method 
is called the injection in deep geologic formations).  

The specific features of HAW and SNF are as follows [84]:  

1. Due to presence of fissile materials (uranium, plutonium, etc.), these products are able to heat up to 
high temperatures (hundreds of degrees).  High radioactivity promotes radiolysis (decomposition un-
der radioactive irradiation) of water and other chemical components with generation of highly explo-
sive nitrogenous, hydrogen and other compounds.  Underestimation of this factor may lead to rather 
complicated emergency situations with radionuclide emissions in the environment. The accident of 
this type took place in 1957 in Chelyabinsk-65, when waste heating up in the tank caused a high-
power steam and gas explosion.  

Thus, storage of HAW, SNF and splitting-up of nuclear materials (plutonium, highly enriched uranium) 
requires special engineering structures allowing control and regulation of the storage temperature 
conditions.  

2. In essence, these materials form a specific technogenic deposit (any geologist would be happy to 
find so compact and concentrated deposit components), it may be developed if it is needed or with 
appearance of new technologies.  
3. These materials shall be protected from unauthorized access as they may serve as a basis for pro-
duction of nuclear and radiological weapon for acts of terrorism and blackmail.  

During radioactive waste storage and disposal the multibarrier protection is used including artificial 
(engineering) and natural barriers of physical and chemical protection.  

The following elements serve as engineering, physical and chemical protection: FU or vitrified mass 
jacket, container shell, accumulator between the glass block (for example, polyethylene that absorbs 
neutrons, thus, reducing heating up and the level of radiation effect on the container material); the en-
gineering structure shell (canyon, bunker, trench, mine, well, etc.).  

Rocks of different types, soil, water mass serve as natural physical and chemical protection.  

In each case, depending on the waste type, volume, etc., different disposal methods are used or will be 
used.  
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Radioactive waste has a major advantage over conventional industrial waste: radioactive elements de-
cay and self-destruct, while stable toxic elements exist eternally. As an example, figure 1.5 shows the 
time history of spent nuclear fuel radioactivity after radiochemical reprocessing.  

 

 

Figure 1.5 – Time history of reprocessed SNF activity/68/ 

 

It is obvious that activity of both fission products and actinides, remained in fuel, decreases with time, 
but not according to a simple exponential dependence (accumulation of daughter radioactive ele-
ments). In 1- thousand years the activity will fall to the radioactivity level of uranium ores, that is, the 
equivalence principle is complied with: the same activity that was extracted during uranium ore pro-
duction will return to Earth's crust [68].  

Practically all experts, dealing with RAW management problems, consider the concept of radioactive 
waste disposal in deep geologic formations as the most acceptable one. At that, for safety substantia-
tion the analogue method is used with existence of uranium deposits in the Earth interior, including 
those, where nuclear processes were present. For example, Oklo deposit, where ~ 200 mln. years ago 
during 500 thousand years at the depth of ~ 3.5 km a natural nuclear reactor acted, heating surround-
ing rocks up to 600°С. Nevertheless, about 3 bln. years ago life germed, co-exists and develops near 
very dangerous substances.  

In literary sources acceptable disposal depths (500-1000 m) are mostly discussed that, first of all, is 
determined by the construction efficiency factor of such structures. The implementation of this con-
cept is a very responsible, costly and long-lasting task. The main problem to be solved is isolation of 
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radioactive materials from possible RAW contact in a matrix or container with water, which is a pri-
mary conveying medium to transfer radionuclides in human environment.  

The selection of HAW repository construction site is determined by many factors. For instance, in the 
USA according to statutory requirements and federal regulations, 117 factors shall be identified to 
evaluate the construction site for such structure, including:  

• seismic activity and tectonic stability;  
• chemical composition of waters, water exchange intensity, water flow velocity, distance to 

groundwater discharge area and a number of other hydrogeochemical indices;  
• availability of rock types suitable for permanent structure construction with consideration of 

their shielding properties;  
• proximity of water and mineral resources that may be involved in operation and become the 

reason for unintentional penetration of humans into the repository in the future;  
• proximity to the system of national parks, populated areas, etc.  

To prevent unintentional intrusion upon this site (territory) in the remote future, the system of per-
manent markers and monuments to warn future generation about disposal site location. The signs are 
to be place on the area surface, they shall be visible from the ground and air. Special records will be 
available in public libraries, computer information centres, placed in capsules, etc. and will be spread 
around the world to reduce probability of losing all records about this place. All these activities will be 
planned attracting archaeologists, linguists, etc.  

The duration of selection and safety substantiation of such sites location, their further construction 
continues for a few tens of years, the cost of inputs may total hundreds of millions dollars only at the 
stage of geological engineering survey.  

Even with presence of such structures there still remains the problem of HAW storage in solid state. 
First of all, it is connected with the intensive heating up. For instance, according to the project data of 
the repository construction in Yucca Mountain area, the temperature near container will be about 
230 ºС and will exceed boiling temperature of water for more than 300 years. In many projects this 
feature is used as a factor for further compaction of filling material between containers and facility 
walls; for example, sodium salt cam be used as a filling material.  

It should be mentioned that even well designed special engineering structures, used for storage of 
HAW in vitrified mass and packed in containers, shall be located at a considerable depth from the 
earth surface. For example, in Sellafield region (England) the storage facility is planned to be located at 
the depth of ~ 800 m (Tararaeva et al., 1993), or even greater depth (2000 - 4000 m) in specially 
drilled large-diameter wells or mines. 

1.3.1 Geological disposal  
At present, the search of suitable locations for deep final waste disposal is carried out in several coun-
tries; such storage facilities were expected to come into service after 2010. The international research 
laboratory in Swiss Grimsel deals with RAW disposal issues. High-activity and medium-activity waste 
containing up to 99% of radioactivity, is planned to be disposed in granite massifs.  

Waste after SNF reprocessing in France will be included in the glass mass poured in steel containers 
with 30 cm thick walls. The calculations showed that in the course of the first 1000 years more than 99 
% of the radioactivity contained in glass would decay. For this time, the carbon steel container wall 
corrodes for not deeper than 4 cm. 15 cm thickness will be enough to provide the container integrity 
according to external loads conditions. Thus, accepted dimensions ensure the package integrity. The 
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container mass with vitrified waste is 8.4 t. They are located in mines at more than 1000 m deep hori-
zontally and surrounded with bentonitic filling more than 1 m thick. It is expected that RAW storage 
safety will be ensured for more than 100 thousand years. The estimated value of this disposal is about 
3 bln. dollars.[68] 

It is considered that even in the most unfavourable situations migration of radionuclides through ben-
tonite is only possible by means of diffusion and they may reach the rock walls in 100 000 years, that 
is only particular long-lived radionuclides will be able to break through the bentonite barrier. Permea-
bility of the surrounding rocks (granite) shall be from 10-6 to 10-12 m/s. 

In November, 2000, in Switzerland the IRIG group meeting was held, organized by PRI company. The 
representatives of nuclear power companies of Switzerland, the National committee of Italy on R&D in 
nuclear and alternative energy sources, RAW management organizations of Czech Republic, Slovenia 
and Netherlands participated. IRIG group recognized the need to construct the international storage 
facility in the future with consideration of safety, environmental and economic issues. But it was noted 
that as there is no imperative need in SNF and/or HAW storage facilities, the concept of the interna-
tional storage facility may be developed gradually with consideration of scientific and social problems 
and in cooperation with IAEA without need to advance national programs. In the future, IRIG group 
activities shall be aimed at development of already performed by IAEA determination of political and 
legal conditions required for organization of regional waste storage facilities and timely preparation of 
discussion in the country offering the site for the storage facility. The group activity shall be based on 
the fact that concept of the international storage facility may be implemented, if the offer of some 
country would be supported by the full awareness and interest of its population. 

Sweden is discussing its intentions as for direct disposal of spent fuel using KBS-3 technology as the 
Swedish parliament considered it safe enough. At present, in Germany discussions are held concerning 
search of site for RAW permanent storage with active protests by residents of Gorleben village, 
Wendland region. This site, till 1990, was considered perfect for RAW disposal owing to its proximity 
to borders of the former German Democratic Republic. Now RAW are at temporary storage in Gorleb-
en, the decision about its final disposal has not been taken yet. The U.S. authorities selected Yucca 
Mountain, Nevada, but this project was intensely opposed and fiercely discussed. There is a project of 
high-activity RAW international storage facility construction; Australia and Russia are proposed as 
possible disposal sites. But authorities of Australia oppose this proposal. 

Let us consider the approach to waste disposal in the USA. In the whole world this country is seen as a 
sample, other nuclear states closely monitor American project to regulate their policy in this sphere. 

In the USA policy of nuclear waste management was formulated in 1982, during president Reagan 
governing, when Nuclear Waste Policy Act was adopted. These are the most important provisions of 
this act: 
1) geologic disposal is provided for high-activity waste without reprocessing; 
2) responsibility for the disposal site selection, construction and operation is placed upon Department 
of Energy (equivalent of Russian Ministry of Nuclear Energy); 
3) Nuclear Waste Fund was established to finance all operations in disposal sphere; 
4) all nuclear power complex enterprises pay a special tax to the Fund; 
5) military waste disposal is paid by the Federal Government. 

Another possible provision of this document says that since 1997 all responsibility for radioactive 
waste of commercial (civil) nuclear plants is transferred to the United Sates Federal Government. 
Thus, the Yucca Mountain project originated. 
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It was planned that the site survey would continue until 2001. The following documents were pre-
pared and published within this research period: "Applicability appraisal" (preliminary information 
about applicability or inapplicability); "Environmental effect". Since 2002 to 2004 licensing process 
was to take place. The procedure resembles the "trial", with "members of the jury" (three experts re-
sponsible for licensing), the "accused" - Yucca Mountain, the "barrister" - Department of Energy, and 
the "prosecutor" - anyone, even a private person. The important moment that during licensing process 
experts shall testify upon oath. The law says that if someone tell lies and it is revealed, he will have to 
pay 10 thousand dollars as a penalty every day since the moment of lies till the day it was revealed. 
The money has to be paid from the personal finances and it has no statute of limitations. 

The project is implemented by Department of Energy. In the works on a project 1500-2000 people 
participate representing 6-7 large subcontracting organizations (United States Geological Survey, Na-
tional Nuclear Laboratories Los Álamos, Sandia, Livermore, etc.). It goes without saying that supervi-
sion is a must for such an important multi-billion project. The general supervision for the project is 
performed by a few independent organizations, such as: 
1) the United States Congress; 
2) Nuclear Regulatory Commission; 
3) Nevada state government; 
4) Nevada state district governments where works are performed; 
5) Technical Inspection Commission on Nuclear Wastes, appointed by National Academy of Sciences, 
etc. 

The quality surveillance of scientific production is performed by Science Application International - no 
report may be issued without QA of this organization. Moreover, due to the possible conflict of inter-
ests of Federation and state, Department of Energy shall assign means to Nevada state for their inde-
pendent research and supervision of federal organizations' activities. 

Many countries have expanded national programs aimed at research of different rock types properties, 
their ability to contain waste during hundreds of thousands years, at finding optimal disposal methods 
and conditions. Exchange of gathered information and international cooperation may significantly ac-
celerate elaboration of the long-term policy and promote construction of centralized waste storage 
facilities in some countries. 

In western Europe, under EEC supervision, the plan of radioactive waste management was developed 
and implemented; the plan provides for performance of works according to several unified projects 
and programs. For instance, "Tagir" project was developed to evaluate methods of radioactive waste 
management and disposal, "Mirage" project provides for study of radionuclides migration in geo-
sphere. The third EEC program includes projects for construction of laboratory underground storage 
facilities and the list of tasks for these laboratories. Under EEC supervision three laboratories are to 
work: in Belgium - in argillaceous formations, in France - in granites, in FRG - in salt mines of Asse 
where the laboratory has already been established.  

As a result of the preliminary evaluation and detailed study of different rock types, the following rocks 
were defined as the most applicable ones for disposal: salt formations (Spain, Canada, Netherlands, the 
USSR, the USA, FRG, Switzerland), anhydrites or unhydrous plasters (Spain, Switzerland), sedimentary 
rocks - shales and clays (Belgium, Great Britain, Spain, Italy, the USA, France), crystalline rocks like 
granites (Austria, Great Britain, Denmark, Spain, the USSR, the USA, France, Czechoslovakia), volcanic 
rocks (India, Canada).  
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In 2002 representatives of the states, interested in use of the international storage facility, united in 
Association of regional and underground storage (ARIUS). There are many potential advantages in this 
approach: cost optimization, safety and reliability enhancement, reduction of negative impact on the 
environment [52]. At present, ARIUS includes organizations from eight countries. The main objective 
of the association is to develop potential solutions of the waste problem stated in IAEA recent investi-
gation. It is a matter of regional storage facility construction for partner countries or international 
storage facility that may be provided by one of the nuclear states. 

The idea of regional storage facility construction formed the basis of SAPIERR project. Within its 
framework the possibility of waste disposal problem regional solution for small nuclear states of EU is 
under study. The final results of SAPIERR project were presented at the working session in Brussels at 
the end of 2005.  

But some countries, including ARIUS members, also showed their interest to the proposal of Russia to 
provide a long-term storage facility for foreign spent nuclear fuel on its territory. This option is based 
on the possible construction of the SNF storage and, probably, disposal centre in Krasnoyarsk.  

At present, both politicians and the community in different countries tend to national waste disposal 
schemes. It makes it possible to provide tight control of safety and environmental consequences of the 
project implementation. The international project will get support only if the country, constructing the 
international storage facility on its territory, will guarantee that standards will not be lowered. 

In the 1990-ies, a few variants of radioactive waste conveyor disposal in the subsoil were developed 
and patented. The technology was to be as follows: a large-diameter start well is drilled up to 1 km 
deep, the capsule, loaded with radioactive waste concentrate, weighing up to 10 t, is lowered inside; 
the capsule shall self-heat and in the form of the "fire ball" melt the terrestrial rock. After the first "fire 
ball" has been deepened, the second, then the third, etc., capsule is lowered into the same well, thus, 
forming, a certain conveyor.  

The project of Institute of Theoretical Physics and Institute of Physics of the Earth (Russia) provides 
for use of heat emission of capsules to melt down the filling material (sulphur, glass, etc.) of ultradeep 
well and their self-lowering in the depth by 2-3 metres per day. The melted mass will cool down, fenc-
ing RAW off from the outside world with thicker and thicker layer. 

The project "Remix & Return" seems to be more realistic. According to this project, high-activity RAW, 
mixed with waste from uranium mines and processing plants to get the initial level of uranium ore ra-
dioactivity, then shall be placed in empty uranium mines. The advantages of this project are as follows: 
absence of high-activity RAW problem, return of the substance to its original location, employment of 
miners, provision of disposal and processing cycle for all radioactive materials. 

 

1.3.2 Waste disposal  on the ocean floor 
This method has a great disadvantage, that is, containers with waste may be easily damaged and it's 
difficult to control them. Besides, in 1972 International Marine Pollution Convention was adopted that 
prohibits such disposal methods. Ukraine is a member of this Convention too; 

There are projects of RAW disposal in oceans, among them - disposal under abyssal zone of the sea 
floor, disposal in subduction zone, when waste shall lower slowly to the earth's mantle, disposal under 
a natural or artificial island. These projects have their evident advantages and will make it possible to 
solve the unpleasant problem of RAW disposal at the international level, but despite that, for now they 
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are frozen due to restrictive provisions of the maritime law. Another reason for that is in Europe and 
North America they are seriously concerned about leakage from such storage facility that may lead to 
environmental disaster. The real possibility of this danger was not proved but prohibitions became 
even more stringent after RAW had been dropped from ships. But in the future the states that failed to 
find other solutions of the problem would have to think about construction of RAW ocean storage fa-
cilities. 

1.3.3 RAW destruction by nuclear explosion 
The project of radioactive waste disposal by peaceful nuclear explosion was developed in Russia [106]. 
Central Institute of Physics and Technology of RF Ministry of Defense (Sergiev Posad) and Federal Nu-
clear Centre Arzamas-16 developed conceptual problem-solving proposals. They consist in use of un-
derground nuclear explosions for RAW disposal.  

RAW disposal is proposed to be performed on Novaya Zemlya archipelago, in old tunnels of the Cen-
tral Nuclear Test Site of RF Ministry of Defense. The so-called "clean" nuclear charges, developed in 
Ministry of the Russian Federation for Atomic Energy and not belonging to the weapon category shall 
be used. According to the scientists' calculations, one nuclear explosion with 100 kg of TNT equivalent 
yield at 600 m deep of the permafrost may transform in vitreous mass up to 100 tons of radioactive 
waste. Three such explosions may solve RAW problem for Northern Fleet for good.  

According to the project of Russian scientists, there is no need to construct neither plants, nor new 
storage facilities on Novaya Zemlya archipelago as there are enough old mine tunnels there. They shall 
be properly prepared and filled with spent FUs, reactors from nuclear submarines, radioactive waste 
of nuclear enterprises, various large-size polluted metal structures. The space between them shall be 
filled with different materials that are able to decrease nuclear radiation fluxes and improve fibre glass 
quality. The explosion itself is to do the rest. At 600-700 metres deep and at 3.5 kilometres from the 
tunnel opening, according to the experts, the vitreous substance is formed during the explosion, which 
itself becomes the most effective and reliable barrier on the path of nuclear radiations.  

Central Institute of Physics and Technology of RF Ministry of Defense (Sergiev Posad) developed the 
business plan for its implementation. The costs on nuclear waste disposal on Novaya Zemlya archipel-
ago by vitrification were initially measured as 36 million dollars for two years of works. In time, the 
price of nuclear waste disposal on Novaya Zemlya archipelago increased and made up 150-350 million 
dollars. It is, nevertheless, cheaper, than when the traditional approach is used. But this work also in-
cluded the project international examination, transportation of spent fuel to the explosion site and 
performance of social programs. The Russian method of radioactive waste disposal, using the under-
ground nuclear explosion, according to the experts of Sergiev Posad, will make it possible for Russia 
not only to solve its environmental problem, but also earn means for disposal of foreign NPP waste 
products. According to the calculations of the project authors, it may make up to 5 billion dollars per 
year.  

RAW destruction by nuclear explosions does not take place due to political reasons, Nuclear Weapons 
Non-Proliferation Treaty and nuclear weapon test ban. It is impossible to prove that the nuclear explo-
sion will be used only for peaceful purposes. 

1.3.4 Transmutation 
The reactor transmutation is "burning" of the most dangerous radionuclides in the field of intensive 
neutron irradiation. It is not necessary to introduce the elements to be destructed in the fuel: it is 
enough to run a pipe through the reactor for components of reprocessed FU or RAW pulp to go 
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through it. To obtain them, special transmutation nuclear reactors are required. This process of SNF 
reprocessing is possible as addition of several percent of HAW in the reactor does not deteriorate its 
characteristics significantly. 

As of today, two ways are considered to be the most realistic - either burning of undesirable nuclides 
in special fast reactors, provided rigidity enhancement of neutron spectrum in comparison with power 
reactors, or development of devices with high flux density of thermal neutrons. Technically, the first 
variant is easier and cost-effective as it is based on improvement of already existing fast reactors. 
High-flux thermal burners are attractive for use because associated transmutation is possible for a 
number of long-lived fission products, mainly 99Тс and 129I. At that, 99Тс may be almost completely 
transformed in stable valuable platinoid ruthenium [68]. 

In France, in 2020, construction of experimental stations will start. In 2040, industrial plants are to 
start. These developments are planned to be combined with development of new reactor technologies 
[31]. At present, France reprocesses fuel from Japan, Switzerland, Germany, Belgium and Netherlands 
[82]. The strategic fuel reserve is formed on the basis of reprocessed fuel. Complete reprocessing to 
separate uranium isotopes is not conducted according to economic considerations. In January, 2006, 
the president announced that Atomic Energy Commission (AEC) started to design the 4th generation 
reactor to be completed in 2020. AEC relies on fast reactors, which produce less RAW and use uranium 
resources more efficiently, including 220 000 tons of depleted uranium and reprocessed uranium 
available in France. 

Russia also develops fast breeder reactors. At II All-Russian scientific and technical conference "Atomic 
Siberia. XXI-th century" in Zheleznogorsk, the Krasnoyarsk Territory, Petr Gavrilov, a general director 
of FSUE "GKhK", Dr.Sci.Tech., the vice-president of Nuclear Society of Russia (NSR) presented the de-
velopment strategy of his enterprise [73]. Today this strategy includes construction of the dual-
purpose fast nuclear reactor by 2020. The reactor will generate heat and electric energy and also 
"burn" radioactive waste to stable isotopes.  

The modern isotopic separation technology of nuclides with mean and heavy atomic weight provides 
for separation of the material in gaseous, atomic or molecular state. In this case, this operation may be 
considered as potentially dangerous, as radioactive material is transformed in gaseous state requiring 
a reliable equipment pressurisation and remote service. That is why, the safest variant would be to 
develop transmutation technology without this potentially dangerous operation, that is, transmutation 
of long-lived fission products without their preliminary isotopic separation. But this transmutation 
process will be characterized not only by increased consumption of neutrons on transmutation of pre-
sent stable isotopes, but by other physical peculiarities [86].  

In Belgium, in 2015 the construction of MYRRHA – "Multipurpose Hybrid Research Reactor for High-
tech Applications" was to start. [20]. Its putting into operation is to take place in 2023 and it will be-
come the first step on the way of radioactive waste problem solution instead of postponing it. To test 
concepts, forming the base of this reactor, its developers are going to put into operation its demo ver-
sion called Guinevere. This reactor with undercritical parameters uses thorium-232 as a fuel, which is 
not fissionable by itself. But in presence of other neutrons from the external source (accelerator) it 
transforms in short-lived uranium-233, which is fissionable. The external accelerator power will be 20 
MW, but the reactor power, 600 MW, will make up for consumption of the auxiliary system. The es-
sence of a new thorium reactor design is impossibility of incidents like Chernobyl - Fukushima. Nucle-
ar reactors on thorium fuel are safer than on uranium fuel, as thorium reactors do not have the reactiv-
ity margin. If one of the components fails, the chain reaction will stop. There will be neither iodine poi-
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soning, nor heat carrier overheating: without external injection from the accelerator thorium will not 
transform in fissionable uranium-233 [20]. Thorium energy, unlike uranium energy, does not recover 
plutonium and transuranium elements. It is important both in terms of environmental issues and non-
proliferation of nuclear weapon (separation of weapon-grade actinides from uranium fuel makes it 
possible for states-"outcasts" and terrorists to produce their own nuclear weapon). 

As thorium energy is not possible without use of weapon-grade uranium, reactors on thorium fuel may 
directly use weapon-grade uranium (without its dilution with uranium-238 as in case with uranium 
fuel cycle).  

Parks Benjamin Lindley, one of the scientists-developer calculated that 20 MW accelerator as an ex-
ternal source of neutrons is not actually needed: It is sufficient to mix high-activity waste with thorium 
in a certain proportion and not only to obtain energy, but at the same time get only short-lived iso-
topes instead of uranium-235 living for billions of years. Certainly, there is no need to construct an ex-
pensive accelerator, thus, exerting a positive influence on economics of a project. 

In terms of RAW disposal, electronuclear plants are of unique nature: they make it possible to burn not 
only their own long-lived radioactive waste, but also deal with waste disposal from other NPP, includ-
ing that accumulated by the nuclear industry. According to different estimates, electronuclear systems 
will spend only a small part of their generated energy - from 1 to 10%, on transmutation of long-lived 
RAW, depending on the system configuration. It will make it possible to dispose accumulated weapon-
grade plutonium, minor actinides and fission products effectively [94].  

Figure 1.7 shows the existing fuel cycle with a complex and costly infrastructure, 1% of extracted ura-
nium efficiency of utilization and a new optimized cycle.  

 

Figure 1.7 – Existing and optimized fuel cycles [94] 
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The optimized cycle by an order improves efficiency of mined uranium utilization and simplifies the 
required infrastructure significantly, as in undercritical systems there is no need in fission products 
disposal and recycling of actinides due to absence of limitations on fuel burn-out as there are no con-
struction materials in the system active zone. As a result, the cost of electric energy, generated by 
them, is 2-3 times lower in comparison with coal-fired and gas electric power-plant, not to mention 
much higher ecological cleanness, complete absence of sulphur acid rains, etc. [94]. Implementation of 
this scheme will make it possible to reduce RAW amount considerably. Despite the fact that it is still 
only a strategy, the issue of technology development in this area is, beyond all doubt, is of great inter-
est. 

There are also theoretical studies devoted to use of thermonuclear reactors as "actinoid furnaces". In 
this combined reactor thermonuclear reaction fast neutrons disintegrate heavy elements (with energy 
generation) or get absorbed by long-lived isotopes with formation of short-lived ones. As a result of 
recent studies, conducted by Massachusetts Institute of Technology, it was demonstrated that only 2-3 
thermonuclear reactors with their parameters similar to international experimental thermonuclear 
reactor ITER can transform the number of actinides, generated by all light-water nuclear reactors. Be-
sides, each thermonuclear reactor will generate about 1 GW of energy.  

Physicists know many ways of nuclear waste reprocessing.. And they don't like the word "waste itself. 
One and the same substance may be waste for one reactor type and an excellent fuel for another.  

Such reactors (of different size and purpose) have existed for more than a decade, but they are few of 
them comparing with thermal reactors. There are also new projects of this type (in Russia, in particu-
lar, this area is given much consideration). But still it is not physics and not even engineering realiza-
tion of scientists' conceptions (it is more complex comparing with a conventional reactor) that serves 
as a stumbling block, but accountancy. 

The group of scientists, headed by Mike Kotschenreuther, from University of Texas at Austin, consider 
the undercritical hybrid fusion-fission plant will be the best solution. Briefly, its structure is arranged 
in the following way: Compact Fusion Neutron Source (CFNS) is in the centre. The "blanket" around 
CFNS is a nuclear reactor, where transuranium waste of traditional light-water NPP is placed as a fuel. 
The key element of CFNS tokamak, that is the whole transmutation complex (Fusion–Fission Transmu-
tation System – FFTS) is a diverter. This is a part taking a flux of particles and radiation, radiating from 
the plasma column hanging in the magnetic trap centre. 

The specialists from University of Texas developed their own variant called Super X. It surpasses its 
analogues five times in terms of digesting strong energy fluxes coming from the fusion reactor centre. 
It makes it possible to construct FFTS: a miniature plant, able by itself to cope with spent fuel of 10-15 
light-water reactors of conventional NPP, according to data of the university press release. 

The conception of combination thermonuclear and nuclear reactors in one facility to transform NPP 
spent fuel is not new. But representatives of University of Texas consider themselves to be the first 
ones to show how to construct this hybrid-rescuer, being feasible in terms of engineering and econo-
my. Three scientific groups in the USA and Great Britain, working at their tokamak projects, have al-
ready interested in Super X diverter. If there are means to proceed with Kotschenreuther,'s research, 
the scientists' next steps shall be the extended numerical modelling, engineering project and FFTS pro-
totype development.  

 

 



27 

Ra
di

oa
ct

iv
e 

w
as

te
 d

isp
os

al
 in

 sp
ac

e 
| 

 V
er

sio
n 

1.
0 

01
 M

ar
ch

, 2
01

6 

Summing up ways of long-lived RAW processing, transmutation method, it may be concluded that 
there are no fundamental blocks on the way of nuclear energy technology disposal from long-lived 
high-activity RAW repositories in the future. 

To achieve this, a certain progress shall be made in electronuclear and thermonuclear technologies. 
For this, a required generation of additional neutrons may be provided, development of high-flux 
blanket systems will make it possible to perform transmutation in a fast and effective manner. The key 
component of this process is a radiochemical reprocessing technology of transmutated materials.  

Development of this technology elements with use of pilot plants for demonstration of effective trans-
mutation of fission product long-lived radionuclides will make it possible to substantiate the following 
thesis: wide use of nuclear power based on the fission process of heavy nuclides by the present gener-
ation will not create any problems with radioactive waste for further generation [86]. 

The safest solution of RAW final disposal problem as of today IAEA sees in their disposal in reposito-
ries at 300-500 m depth in deep geologic formations, using the multibarrier protection and mandatory 
solidification of liquid radioactive waste.  

Annex 1, on the basis of materials [31], contains the analysis of advantages and disadvantages of dif-
ferent methods of RAW disposal. 

Annex 2, on the basis of materials [59], contains the comparative analysis of approaches used by Great 
Britain, Sweden, the USA, France, Germany, Japan and Canada in terms of SNF, RAW management and 
decommissioning of plants. 

1.3.5 RAW disposal in space 
RAW disposal in space seems to be an attractive idea as RAW is removed from the environment for 
good. The strategy of RAW injection into space has been lobbied by representatives of rocket and 
space industry in recent decades.  

It has been already mentioned that the whole scientific and industrial industry deals with RAW man-
agement issues. There is a number of projects dealing with high-activity waste reprocessing and dis-
posal. Significant means are spent on this; some print media assess the total annual appropriations for 
SNF management as 300 bln. dollars [17]. Many specialists are involved in studies. To gain their inter-
est, the space disposal project shall have undeniable advantages in comparison with known methods 
of RAW disposal. Such advantages have not been revealed so far. That is why, at present, there are no 
supporters of RAW disposal in space conception among experts of this industry. But there are many 
opposing this idea. In the first place these are environmentalists; it is also obvious by comments on 
this issue in professional online communities. The public opinion tends to this attitude and it cannot be 
underestimated.  

Such projects have significant disadvantages, one of the most important is a possible launch vehicle 
accident, as was, in particular, mentioned by Ye. P. Velikhov [78]. It is complicated by the fact that no 
international agreements have been come to on this problem. The analysis of these issues is presented 
in further sections of this report. 

1.3.5.1 Isotopic composition of disposed RAW 
The analysis of information [4, 6, 8, 41, 70, 81, etc.] about RAW nuclides that are proposed for disposal 
in space shows that the following isotopes may be considered as possible ones: 237Np, 243Am, 99Tc, 129I 
(table 1.7).  
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Table 1.7 
Isotope Т1/2, years Specific activity, Bq/g Content in SNF, 

kg/t /68,88/ 
Toxicity group /90/ 

99Tc 2.1·105  6.286·108 1 C 
237Np 2.14·106 2.613·107 0.5 А 
243Am 7380 7.391·109 0.12 А 
129I 1.6·107 6.545·106 0.2 B 
     
135Cs 2.3·106 4.269·107 0.4 C 
79Se 6.5·104 2.581·109 1.7·10-2  - 
93Zr 1.53·106 9.315·107 9.1·10-1  C 
107Pd 6.5·106 1.906·107 2.5·10-1 - 
126Sn 1.0·105 1.052·109 2.2·10-2 - 

 

Isotopes 135Cs, 79Se, 93Zr, 107Pd, 126Sn, despite their high activity, are neither high-toxic, nor extremely 
high-toxic [90], so they are not subject to disposal in space.  

The elements, specified in table 1.7 are not necessarily considered as waste be the scientific and tech-
nical community. Some of them may appear useful to the society in the near future. [68, 93, etc.]. The 
applied usefulness of each of them is still under study, there are positive results present, some of them 
are given below. 

Technetium-99 

The technetium world production reaches a few tons per year. [68].  

Technetium is a heavy, refractory and chemical-resistant metal. Metallic technetium is easy for me-
chanical treatment. In its free state, it is a silver-brown metal and it grows dim at humid air. At low 
temperatures it demonstrates superconductivity, its critical temperature is the highest of all critical 
temperatures of metals making up, according to different data, 11.2 or 8.2 °К. 

Technetium is used for its unique properties and favourable nuclear physical characteristics of its 
main isotope 99Тс (a long half-life, soft beta radiation). 

Pertechnetate-ion in oxygen-containing media (in concentration of a few milligrams per litre) is one of 
the strongest corrosion inhibitors for low-carbon steel. Paints with addition of technetium prevent the 
ship's bottom from foaling. Its exceptional corrosion resistance and small section of neutron activation 
allow to use this element as a construction material in reactor construction and precision instruments 
industry. It may be used as a catalyst and superconducting material. High melting temperature makes 
it possible to use technetium in high-temperature thermal elements. Having no γ-radiation, 99Тс is β-- 
standard in radiometry and dosimetry. Radionuclide 99Тс may be used as a permanent source of β-
particles in various radionuclide instruments. Superconductivity of technetium and its alloys makes it 
possible to use them as a construction material for superconducting magnets. Technetium is also used 
for manufacture of high-temperature thermocouples and as a catalyst for dehydrogenation processes 
of alcohols and hydrocarbons. 99Тс is used for preparation of β-sources, applied in radiography, and 
for inspection of radiometric and dosimetric instruments.[68] 

During a few years Scientific Research Institute for Atomic Reactors (SRIAR) in Dimitrovgrad, Russia. 
has been dealing with a problem of metallic technetium-99 use [74]. After irradiation of technetium-99 
in reactor SM-3 and further complex chemical separation and cleaning, stable monoisotope rutheni-
um-100 was obtained. Using the proposed method allows to solve two problems simultaneously: to 
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get rid of dangerous radioactive waste technetium-99 and obtain the sufficient amount of rare metal 
ruthenium-100. This is a very interesting metal belonging to platinoids, so their properties are much 
alike, but at the same time it has own specific properties. It is extremely resistant to aggressive media, 
very hard, superconducting at low temperatures and has high melting temperature (2250°С), multiva-
lent (9) and forms a number of compounds having unique properties. Ruthenium is used in electrical 
engineering and electronics, metallurgy and medicine, chemical industry and as a selective catalyst 
and for equipment protection from powerful oxidizing agents. Its dioxide is used for thin corrosion-
resistant coatings, some compounds are used as piezoelectric materials, other may be used as dyes. 
The scope of ruthenium application is expanding with demand for it growing every year. The SRIAR 
specialist presented theoretical justification of possible ruthenium production technology, the project 
needs only financing and maintenance support. 

Neptunium-237 

The world production of neptunium reaches hundreds of kilograms per year. 

Neptunium-237 is a nuclide able for nuclear chain fission. Critical mass of Np237 -is 90 kg. It has a very 
low level of spontaneous fission - less than 0.05 fissions/s kg. High critical mass value (almost double 
relative to enriched uranium-235) and high cost of production make it unattractive for weapon appli-
cation. 237Np is the main source for 238Pu production. Plutonium-238 is widely used in medical instru-
ments and at manned space stations as isotope energy source with low gamma radiation and, thus, 
requiring no special protection. 

 

Americium-243 

Americium is silver-white ductile metal. It resembles rare-earth metals. Americium grows dim slowly 
at dry air and room temperature. 

243Am is used for radiochemical studies and accumulation of distant transuraniums up to fermium.  

Isotope  241Аm (group of radiation danger B) is used in various instruments (flaw detectors, densime-
ter, thickness gauges, etc.) as a source of soft γ-quanta for production of energy sources with low heat 
power and α-radiation sources used to discharge static charges for X-ray fluorescence excitation dur-
ing analysis. 241Аm is also used for curium-242 production. 

According to the price list of 1980, one gram of Am241 cost 150 dollars. In thirty years it was about 
4500. The conclusion is evident: demand for element-95 grows rapidly and exceeds the supply greatly 
[50].  

Since 1990-ies, due to drastic reduction of nuclear arsenals, the conceptions emerged as for plutonium 
and curium disposal in space, despite the fact that many of their isotopes have long half-life and high 
radiotoxicity. Brief description of properties and scopes of application of these isotopes is given below. 

Curium 

There are 14 known curium isotopes with 238 - 250 mass numbers, the most long-lived of them is 
247Cm (α-radiator, half-life is T1/2=1.64×107 years). 

Curium is a silver metal with density of 13.51 g/cm3 and melting temperature of 1345°С. 
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The study of curium chemical properties is quite complicated because of its high radioactivity. Solu-
tions of curium salts, due to its radioactivity, heat considerably, water decomposes to hydrogen and 
oxygen. The radiation is so powerful that solutions of curium salts glow in complete darkness as in-
tensely as radium. 

Curium, certain isotopes of curium, to be more precise, are produced in nuclear reactors. By subse-
quent capture of neutrons by nuclei of target elements accumulation of curium atoms occurs. After cu-
rium accumulates in sufficient amount, it is separated using chemical processing methods, concentrat-
ed and produce curium oxide. Production of curium in sufficient amount may solve the production 
problem of compact space reactors, nuclear-powered aircraft, etc. 

Curium is used for production of micronuclear charges. Curium-242 in the form of oxide (density 
about 11.75 g/cm3 half-life of 162 days) is used for production of compact and extremely powerful iso-
tope energy sources (energy release is about 1169 W/cm), 1 gram of metallic curium releases about 
120 W. Peculiarity, convenience and safety of heat sources on the basis of curium consist in the fact 
that curium is a practically pure alpha radiator. Integrated energy of alpha decay of 1 gram of curium 
per year is about 480 kWh! Production of high-power neutron sources for "burning" (launch) of spe-
cial nuclear reactors is one of the most important scope of curium application. In recent years, engi-
neers and manufacturers have paid much attention to the other, heavier isotope of curium - curium-
244 (half-life - 18.1 years) and it is as pure as alpha radiator (energy release is about 2.83 W/gram). 
Curium-245 (with half-life of 3320 years) is very perspective for construction of compact nuclear reac-
tors with ultra-high energy release, the methods of this isotope cost-effective production are under 
study. 

As it was already mentioned, in the process of heavy nuclei fission by neutrons tremendous energy is 
generated; it cannot be compared with any other chemical reactions. The energy, generated due to ra-
dioactive nuclear decay, is not that popular so far, but it is more than obvious. If each fission event of 
235U is accompanied by release of about 200 Mev, energy of alpha particles, emitted by, 242Cm, for in-
stance, radioactive decay makes up about 6.1 Mev. It is 35 times less, but such decay occurs spontane-
ously at constant rate and is not subject to influence of physical or chemical factors. Use of this energy 
does not need complex and bulky instruments, moreover, 242Cm is practically a pure alpha radiator, 
that is why, no heavy radiation protection is needed for operations with it. A gram of 242Cm emits 
1.2·1013 α-particles each second, releasing 120 W of heat energy. That is why, 242Cm is almost always 
.incandescent and it requires continuous heat removal for operations with it. The integrated energy of 
one gram of curium alpha decay per year (about 80% of total energy) comes to 480 kWH, which is a 
quite impressive number. To get the equivalent amount of energy from combustion reaction, about 38 
kilograms of butane are to be burnt in 138 kilograms of oxygen. Even if calculations are done by 
weight, it is nearly 200 thousand times more, volumes are even difficult to compare: a gram of curium 
in the form of oxide Сm2O3 takes up 0.1 of cubic centimetre. 

It is obvious that consumers of 242Cm may be found in the spheres, where the energy source low eight 
and compactness are particularly valued. It may be the sphere of space research, for instance. Radioi-
sotope sources on the basis of 242Сm (in combination with thermoelectric or other energy converters) 
are able to develop power up to several kW. They are acceptable both for automatic and manned space 
stations. However, due to comparatively short half-life (162 days), the stable operation duration of this 
source lasts for only a few months. But it is quite enough for the terrestrial-space and moon research.  

As intensive α-radiator, 242Cm may be used in neutron sources (mixed with beryllium) and for genera-
tion of external beams of α-particles. The latter are used as a means of atom excitation in new methods 
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of chemical analysis based on alpha-particle scattering and excitation of characteristic X-radiation. By 
means of this plant, the direct chemical analysis of the moon surface using method of alpha-particle 
scattering. 

It is interesting to note that as a result of 242Сm radioactive decay, other α-radiator – 238Pu forms, 
which may be then separated chemically and obtained as a radiochemical pure substance. 238Pu is used 
not only in space current generators, but also in pacemakers. Thus, time-expired curium generators 
may serve as an additional source to obtain isotopically pure 238Pu. 

In recent years, more and more scientists' attention is drawn to other heavier curium isotope with 
mass equal to 244. It is also an α-radiator, but with longer half-life – 18.1 years. Respectively, its ener-
gy release is less - 2.83 W per gram. So it is easier to work with: during study of chemical and physical 
properties radiation effects have less influence. 244Cm may even be held in hands, but with gloves on 
and in absolutely sealed compartment. There is another important consequence: this isotope may be 
obtained in large quantities (kilograms). 

It is considered that in radioisotope generator for space and oceanic research 244Cm may be substitut-
ed for 238Pu. Generators, operating on 244Сm, are less durable than those, operating on plutonium, but 
their specific energy release is almost five times higher. However, 244Cm emits about 50 times more 
neutrons (spontaneous fission) than 238Pu. Owing to this fact, curium generators can hardly be used as 
pacemakers. But in other independent energy sources 244Cm can substitute plutonium. Besides, curium 
is not as toxic as plutonium. The ultimate capacity of curium generators (determined by critical mass) 
is about 10 times more than of plutonium generators: 162 and 48 kW respectively. 

But 245Cm, a heavier and more long-lived isotope, is of the greatest interest for application. It half-life 
make up 3320 years. This isotope is also an α-radiator, but its perspective is determined by other 
property of the nucleus - its ability to be fissionable under action of neutrons like fissile isotopes of 
uranium and plutonium. The ability of 245Cm nuclei to be fissionable by thermal neutrons is three and a 
half times more than any of applied fissile isotopes. It means that for chain reaction it is required much 
less 245Cm than 235U or 239Pu. 

The methods for obtaining 245Cm in sufficient amount are being developed now, but scientists have 
found themselves in a vicious circle with this issue. During 242Pu and 243Am radiation in reactor with 
high density of neutron fluxes simultaneously with 244Cm even heavier isotopes always form. 245Cm is 
among them. But the useful property of 245Cm, for which it is obtained, that is, its large fission cross-
section on thermal neutrons, appears to be harmful in this case. Nuclei of 244Cm, having captured neu-
trons, transform in 245Cm, but under action of the same neutrons these nuclei break into fragments. 
Neutrons, serving as fusion instruments, become the instrument of destruction themselves. As a result, 
in the mixture of curium isotopes, there is only a few percent of 245Cm. Given, that these isotopes shall 
be broken into, it becomes clear, why 245Cm can not be used as a fissile material so far. 

A few words shall be said about the most long-lived isotope 247Cm. Its half-time is estimated as 14-16 
million years. Recently, its traces have been detected in the earth's crust, in some radioactive minerals. 
The mass number of this isotope is expressed by formula (4n + 3), that is why it is logical to assume 
that it is a parent of a known actinouranium family (235U family). 

High specific heat power of 242Сm (120 W/g) and 244Сm (3 W/g) isotopes and relatively low intensity 
of γ-quantum emission make it possible to use them in compact, relatively lightweight sources of heat 
and electric energy. Isotope heat sources 242Сm and 244Сm are more competitive than heat sources 
where 238Рu is used. Advantages of the former are: higher heat power and possibility of direct radia-
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tion from 238U, and also ability to transform heat energy in electric energy (thermoide method). In cas-
es, requiring heat sources for long operation, isotope 244Сm appears to be more applicable. 242Сm may 
serve as a source of pure 238Рu. 

Plutonium 

Reactor plutonium, accumulated to the end of the campaign, has the following isotope composition: 
60% 239Pu, 25% 240Pu, 10% 241Pu, 3% 242Pu, 2% 238Pu.[93] 

The great bulk of plutonium, which is at the stage of storage at radioreprocessing enterprises and in 
bound form in not reprocessed fuel, is a serious raw-material base for nuclear power industry based 
on mixed uranium-plutonium fuel. 

The international cooperation program is based on the thesis that "disarmed" plutonium shall not get 
into international terrorists' hands and not be charged in nuclear warheads of Russia and the USA. The 
West, fearing of weapon-grade uranium and plutonium spreading to "terrorist regimes", agreed to fi-
nance the program of weapon-grade uranium and plutonium reprocessing. The agreement is not fol-
lowed, though, because of lack of financing, disagreements over technical concept (either to burn plu-
tonium only in thermal (the USA) or in thermal and fast reactors (Russia)) and because of environ-
mental risk threat. That is why, so far (2003) there is no conversion plant built neither in the USA, nor 
in Russia.[88] 

Various plutonium disposal methods are under study aimed at transforming it in the form excluding 
its military use, but it should be noted that no country has the acceptable disposal concept so far. Burn-
ing (transmutation) of plutonium and transplutonium elements in the nuclear reactor is the most pop-
ular variant. 

The main purpose of plutonium disposal is conversion of weapon-grade plutonium, extracted from 
deactivated nuclear warheads in the forms not accessible for nuclear weapon production. Plutonium 
shall become as inaccessible as plutonium present in highly radioactive SNF, thus, implementing "the 
spent fuel standard" introduced by National Academy of Sciences (the USA). To do this, plutonium is 
mixed with gamma radiation source, for example, high-activity radioactive waste. This process, "im-
mobilization", transforms plutonium in the product, similar to SNF, which is highly radioactive and 
difficult to work with. Another method, "radiation", -is a development of mixed uranium-plutonium 
fuel (MOX) with its further burning in power reactors. MOX - radiation and immobilization - are com-
parable in terms of costs on "the spent fuel standard" accomplishment. 

At present, isotopes are not considered only as the component of science and technology, but also as 
the  article of commerce, including international commerce [88].. The following radioactive chemical 
elements are included in commodity heading "Radioactive chemical elements, radioactive isotopes and 
their compounds, mixtures and waste containing these products": technetium, promethium, polonium 
and all elements with higher atomic number, such as astatine, radon, francium, radium, actinium, tho-
rium, protactinium, uranium, neptunium, plutonium, americium, curium, berkelium, californium, ein-
steinium, fermium, mendelevium, nobelium and lawrencium. 

The following compounds are considered to be the most important: 
• radium salts used as radiation source for treatment of cancer diseases and some physical ex-

periments; 
• compounds of radioactive isotopes. 
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Artificial radioactive isotopes and their compounds are used in industry for metal radiography, meas-
urement of sheet metal thickness, measurement of liquid level in containers, vulcanization accelera-
tion, initiation of polymerization or grafting of organic compounds, production of luminous paints, for 
clock dials, tools, etc., in medicine for diagnostics or treatment of some diseases (cobalt-60, iodine-131, 
gold-198, phosphorus-32, etc.); in agriculture for sterilization of agricultural products, for seed sprout-
ing prevention; for study of fertilizers use or their absorption by plants, for genetic mutations in order 
to improve species and breeds (cobalt-60, caesium-137, phosphorus-32, etc.); in biology for research 
of functioning and development of organs of animals and plants (tritium, carbon-14, sodium-24, phos-
phorus-32, sulphur-35, potassium-42, calcium-45, strontium-90, iodine-131, etc.); in physical or chem-
ical studies. 

The analysis of situation with high-activity and high-toxic RAW shows that the only isotope, undoubt-
edly suitable for disposal in space and its possible utility value in the foreseeable future is radioisotope 
of iodine-129. Nevertheless, the possibility that its new properties or technologies shall be discovered 
in time as it was in the case with above mentioned elements, which will make a valuable raw material. 
It should be noted that disposal in space is not the only possible disposal method of 129I, for example, in 
[68, 88, 94] different methods of this isotope transmutation are proposed. 

At present, 430 nuclear reactors operate in the world, about ten thousand of tons of spent nuclear fuel 
(SNF) are unloaded [68]. Considering this and data from table 1.5 regarding 129I, about 1 ton of 129I will 
accumulate in SNF every year. Its content in the total mass of accumulated SNF may be not more than 
40-60 tons [94]. As RAW composition and its activity depend on the reactor type and design, nuclear 
fuel type and heat carrier, used cleaning systems, the amount of accumulated 129I will be defined more 
precisely. 

Long reliable isolation of 129I in the composition of solidified radioactive waste is problematic due to 
high migration characteristics in biosphere caused by increased volatility, complex chemical behav-
iour, variety of water-soluble forms and low coating efficiencies in comparison with the most spread 
minerals and soils [94].  

Main properties of isotope 129I: 

Lustrous dark-grey non-metal. In gaseous state - of violet colour. 
Density (under normal conditions) – 4.93 g/cm³ 
Melting temperature (Тmelt) – 113.5 ºC 
Boiling temperature (Тboil) – 184.35 ºC 
Type of decay – β- 

Half-life – Т1/2=1.57·107 years 
Radiation energy Eβ = 0.150 MeV 

When heated at atmospheric pressure, it is sublimated, when cooled, it crystallizes omitting the liquid 
state. 

Due to low value of Тmelt, for injection into space 129I shall be immobilized, for example, in the form of 
potassium iodide – KI, representing colourless cubic crystals with melting temperature Тmelt(KI) – 
686°C and density 3.115 g/cm3 (at 20°C). 

It should be noted that technological process of 129I isotope separation from RAW mass has not been 
developed so far. In this case, this operation may be considered as potentially dangerous, as radioac-
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tive material is transformed in gaseous state requiring a reliable equipment pressurisation and remote 
service [68 ,86]. 

1.3.5.2 Sealed power container 
At present, a great number of containers for radioactive materials is used for different purposes [30]: 

• nuclear fuel transportation; 
• for radioactive isotopes used in medicine; 
• RAW transportation, storage and disposal. 

Containers and/or packages, depending on their purpose, shall comply with different requirements, 
for example: 

• transportation container shall be easy for waste to unload; 
• storage container shall comply with requirements of efficiency when arranged in the storage 

facility; 
• disposal container shall be reliable to store waste (for example, not to be corrodible) during 

the whole period required for decay. 

In the process of the container design different transportation means shall be considered (road, rail-
way, water or air). The most important requirements for containers to be complied with relate to safe-
ty and radiological protection, integrity maintenance in case of accident. Thus, the package shall com-
ply with requirements of normative documents regarding resistance to fall, leakages, leaching water-
proofness and fire resistance. 

Transportation requirements include permissible levels of dose equivalents (from 0.5 mrem/hour to 1 
rem/hour on the surface of transporting container (TC) depending on the category), permissible out-
side surface contamination according to Radiation Standards-97 and maximum permissible radionu-
clide transporting activity. They also include requirements related to container handling, use of lifting 
mechanisms and stacking of containers. 

Selecting the type of container for design or application, it is necessary to consider that at present, 
there are no criteria for the final product of RAW reprocessing specified in Ukraine. That is why, issues 
of RAW material compatibility with the container material, the container operation life issues shall be 
carefully analysed in the safety analysis report. 

Testing of the ability to withstand emergency conditions during transportation is the most difficult 
one. It includes tests for mechanical damage, thermal test and water immersion test. 

In Oak Ridge laboratory (the USA) there is a test bench for fall test of containers weighing up to 100 t 
from 46 m height, in FRG there is a test bench for fall test of 100-t containers and fire test, in France - 
fire test bench at up to 1000°С during 1.5 h. 

France and FRG are the most successful countries in terms of transporting containers development. In 
France transportation is performed in containers TN ("Transnuclear") and LK ("Lemaire"). In FRG con-
tainers are developed by GNS company. The containers made in the USA, Russia and Japan are success-
fully used. 

 

For the container used for RAW disposal in space it is planned to apply the multibarrier variant of 
RAW package, minimizing probability of its penetration into biosphere in emergency situations. 
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After radiochemical reprocessing, the substance containing 129I (KI), may be conditioned by vitrifica-
tion before packing in the next package. Then conditioned salts will be packed in small bimetallic 
packages by 100-150 g batches. The packages, in their turn, will be located inside the steel container in 
the mesh structure acting as a damper. The container body performs many functions: provides me-
chanical strength of the whole structure, its tightness, possibility of mounting on LV and radiation pro-
tection. 

The package is of a cylindrical shape (figure 1.2). For their manufacturing and fitting the existing tech-
nology of manufacturing and fitting of FUs for NPP with proper modifications. The container may be 
cylindrical and spherical. For now it is the most natural decision according to arrangement considera-
tions of the container "integration" in the final stage structure and strength criteria. 

Tantalum-tungsten alloy (internal layer, 0.5 mm thick) with melting temperature 3050°С and rheni-
um-molybdenum alloy (external layer, 0.5 mm thick) are used as materials for the package bimetallic 
shell. Free internal space of the container is filled with silicon based powder providing space fixation 
of packages inside containers and damping of mechanical loads. Steel is proposed to be used for manu-
facture of the strong container body. The main characteristics of specified materials, required for esti-
mates, are given in table 1.8 [81, 95, 96]. 

 

Table 1.8 – Mechanical, radiation and physical characteristics of materials used for capsule and con-
tainer manufacture 
Material Ta-W Re-Mo Steel SiO2 
Density, g/cm3 16 14 7.8 1 
Weighted mean atomic number 74 58 26 6 
 

50

25

0,5

0,5

 

Figure 1.8 – Drawing of package for KI 

The technological shell of each package shall be made of heat-resisting alloy protecting package from 
damage under thermal and mechanical action. 
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Table 1.9 – Mass summary of fitted package 
Package element Weight, g 
Shell 70.1 
Potassium iodide KI 62 
TOTAL 132.1 
 

Package size (by outer dimensions) is 24.5 cm3. Internal volume – 19.9 cm3. Mean density of fitted 
package is 5.392 g/cm3. Mean density of package in the volume of corresponding parallelepiped is 
4.22 g/cm3. During filling of v volume outside package with damper (plus 0.1 cm per side), average 
specific weight makes up (132.1 g + 8.8 g) / 2.7 ∙ 2.7 ∙ 5.2 cm3=3.72 g/cm3. 

For packages the maximum radiation levels are set for surfaces (items 5.3.3 and 5.3.4 CP-053-04 and 
items 531 and 532 of IAEA Codes of Practice-96), and at 1 m distance from surface (as specified in item 
5.3.2 of CP Rules-53-04 and items 530 and 526 of IAEA Codes of Practice-96) [57]. To provide neces-
sary protection of personnel and population during SNF transportation, according to IAEA regulations 
for safe transportation, the radiation level for containers with spent nuclear fuel at all points of the 
container external surface shall not exceed 200 mrem/h, at 2 m distance - 10 mrem/h. 

In the process of protection material selection, its mass, impact strain and fire behaviour, technological 
properties, cost, etc. shall be considered. 

In our case, shell thickness of steel container shall be selected based on design considerations, tight-
ness and safety requirements. As β-radiation energy of 129I is low enough (0.150 MeV [97]), the radia-
tion level on the container surface in normal conditions will be close to background radiation level.  

The container design shall guarantee radiation and environmental safety during operation and in case 
of possible emergency situations. Considering possibility of partial or complete container depressuri-
zation, the multibarrier protection system is provided to prevent 129I contact with environment. It is 
based on selection of radioactive material in the form of potassium iodide with melting temperature, 
many times exceeding Тmelt of elementary 129I (conditioning), its binding in the inert matrix (immobili-
zation) and putting of a comparatively small amount (about 60-70 g) of this material in a sealed heat-
proof two-layer metal container (primary package).  
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2. Rocket and engineering aspects of radioactive waste disposal in 
space 
The subject of this section is evaluation of RAW isolation in space concept implementation using exist-
ing launch vehicles or launch vehicles to be developed in the near future. The following variants were 
considered for evaluation: 

•  existing medium launch vehicle "Zenit-3SLBF" (with about 14 t of carrying capacity into low 
earth orbit), equipped with upper stage "Fregat"; 

• heavy launch vehicle "Mayak" ( with up to 70 t of carrying capacity into low earth orbit). 

2.1 Safety requirements 
There are precedents of radioactive materials injection into space. They are connected with necessity 
of spacecraft energy supply, these needs are constantly growing due to expansion of tasks to be solved 
and useful life increase. In the Soviet Union about 30 nuclear power plants were launched into orbit 
[18]. Some of them are still at 700-800 km from the Earth.  

On 21 April, 1964, the launch attempt of American navigation satellite "Transit-SB" with nuclear pow-
er plant SNAP-9A on board failed. It resulted in destruction of NPU active zone in atmosphere and 
temporary increase of radioactive background on a large territory [110]. 

On 18 September, 1977, AES "Kosmos-954" 10361/1977 090А) with NPU on board was injected into 
earth orbit  Its flight was regular till the end of October, when AES lost direction and got out of control 
of ground services. The team that was sent on SC board to withdraw satellite onto "disposal orbit" did 
not reach and its uncontrollable descent started. The situation worsened in the beginning of January, 
1978, when it got depressurized. It  accelerated its descent and on 24 January it entered the dense at-
mospheric layers. Unburnt fragments fell in the north-west of Canada, in the region of Great Slave Lake 
causing radioactive contamination on the territory about 100 thousand square kilometres. It caused a 
great scandal, which made the Soviet Union stop satellite launching with on-board NPU. During that 
incident it was the first time when the Soviet government recognized SC launches with "small nuclear 
reactors on board". 

After AES "Kosmos-954" incident works aimed development of on-board systems ensuring radiation 
safety were intensified. SC launches with NPU recommenced in 1980 and passed more or less success-
fully during two years until another trouble. On AES "Kosmos-1402" (13441/1982 084А), launched on 
30 August, 1982, a situation similar with "Kosmos-954" took place. The apparatus also entered the 
earth atmosphere and burnt over the southern part of the Atlantic ocean. But unlike "Canadian inci-
dent", introduced modifications allowed to avoid radioactive fallout, because the backup system of 
NPU radiation safety dissipated reactor radiation zone in atmosphere. In April, 1988, communication 
with AES "Kosmos-1900" (18665/1987 101А) launched on 12 December, 1987, was lost. Up to the 
middle of September of the next year it was descending slowly threatening with new troubles to some 
region of the Earth. The US National Space Surveillance Control Services were involved to trace SC or-
bit. Fortunately, on 30 September, 1988, just a few days prior to reentry, the protection system acti-
vated automatically on the satellite and took it away to safe "disposal orbit".  

The last launch of Soviet SC with on-board NPU took place on 14 March, 1988. Though the flight 
passed successfully, it was resolved to abandon operation of apparatuses with NPU. The main reason 
for that was pressure of the USA and international organizations, demanding from the Soviet Union "to 
stop space pollution" [18]. 
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In 1997 the USA launched interplanetary station Cassini into space. The station launch was intensely 
opposed by environmentalists and a few former employees of American space agency NASA due to 30 
kg of plutonium contained in radioisotope thermoelectric generator on station board. In case of the 
launch error or manoeuvres near the Earth's atmosphere, that plutonium would be dispersed over a 
vast territory, up to 5 bln. people could suffer radiotoxic injury [9, 85]. 

The experience of SC operation with radioactive sources on board testifies the priority of environmen-
tal safety issues at all phases of works related to injection of extremely dangerous waste into space [5]. 

Use of existing and perspective injection systems will require the judicious selection of flight proce-
dure, composition of standard and emergency rescue equipment, layout and spacecraft design and 
special protective measures that in combination shall exclude the possibility of direct contact of dis-
posed RAW with the Earth biosphere at all standard or emergency situations.   

But first of all, during design of the apparatus meant for RAW disposal into space, safety concept shall 
be considered. This apparatus shall comply with radiation safety requirements for space nuclear and 
isotope power sources. In recommendations of UNO Scientific and Technical Sub-Committee regarding 
use of space for peaceful purposes [5,13], the following is specified: 

"Important safety systems shall be designed, mounted and operated in compliance with the general 
concept of "defence in depth" meaning, for example, presence of serially located barriers to provide 
containment of radioactive materials of nuclear power sources. Isotopic generators shall be protected 
by a system of shells withstanding heat and aerodynamic loads during return to the upper atmosphere 
under all possible orbital conditions, that is during entry from highly elliptical or hyperbolic orbit, if 
this is the case. When hitting the ground, the system of protective shells and physical form of isotopes 
shall guarantee absence of radioactive material emission (in soluble, volatile, aerosol form or as mi-
croparticle) in the environment. 

The adopted concept of multibarrier technical protection of the Earth's biosphere from injected into 
space radioactive substances, may be realized in the spacecraft design in the following way: Solidified 
radionuclide concentrates are put in heat-resistant and hermetically sealed packages. Packages with 
RAW, are in turn, put in a sealed power container equipped with combined radiation protection from 
heavy and light metals. These operations are performed at radiochemical enterprises. The sealed pow-
er container design shall provide safety of the personnel, population and environment during its 
transportation with RAW and handling at the launch base, that is, have strength and radiation protec-
tion characteristics specified by the nuclear and radiation safety standards. 

The sealed power container, filled with primary packages with RAW, is placed in disposal orbiter (DO), 
which, in its turn, is a part of the LV final stage. At present development of a sealed power container is 
quite a feasible task, provided tight cooperation of nuclear and space-rocket technology specialists. 
Depending on the type of disposed RAW, the ratio of loaded RAW mass to the loaded container mass, 
according to estimates [4], is within 1:5 – 1:15 range. 

To comply with requirements of RAW apparatus rescue in case of any emergency situations with injec-
tion equipment [13, 5], including the launch vehicle explosion during launching and flight with subse-
quent burning of fuel components, a sealed power container with RAW is inserted into a special aero-
dynamic capsule fitted with an effective system of thermal protection and amortization to take up con-
siderable thermal and impact dynamic loads.  
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To withdraw this capsule from the launch vehicle in emergency situations, a reliable emergency re-
covery system, developed for piloted launches, is used. The capsule shape shall ensure a steady flight 
in the Earth's atmosphere in all possible ranges of velocity and altitude. In case of water landing the 
capsule shall retain positive buoyancy. To facilitate search operations performed by the ground search 
and rescue service, it shall be provided with radio and light impulse beacons. It is also necessary to 
provide maintenance of the aerodynamic capsule with a sealed power container with RAW at launch-
ing site and in emergency landing situations.  

The apparatus design may be sophisticated by thermal control on-board system introduction, if it is 
required to provide disposal in space of radionuclides with high level of their own heat emission.  

In this report, at the stage of space launch system configuration formation, the variant of the spacecraft 
with radioactive waste isolation in circumsolar circular orbits with a radius of about 180 mln. kilome-
tres between the Earth's and Mars's orbits. This variant requires the minimum additional characteris-
tic velocity - 4.5 km/s, does not require high accuracy, launches may be conducted at any time, the 
flight duration is about 6 months. The preliminary estimate shows that circumsolar orbits within the 
specified range will be sufficiently stable to provide complete safety of the Earth.  

Thus, for RAW injection into space it is necessary to develop a special space launch system of in-
creased safety and high rate of launching with acceptable environmental and cost characteristics. Dur-
ing development of requirements and project studies related to such system, specialists in space-
rocket and nuclear technology, ecology, economy, legal and international relations shall participate. 
[5]. 

It is obvious that solution of this task in full scope is possible only within the framework of interna-
tional cooperation.  

The launch base shall provide the possibility of: 
• arrangement of infrastructure for handling radiation-dangerous objects; 
• selection of flight path (route) ensuring that areas of stage fall in emergency situations at the 

launch phase are out of densely populated areas; 
• personnel emergency evacuation in case of radiation accident; 
• territory guarding, RAW, in the first place, from potential terrorists; 

Analysing possibility of safe use of space launch systems for launching spacecraft with RAW into space, 
the following issues shall be considered [4,5]:  

• for SLS additional "measures" enhancing reliability and safety of injection shall be provided, 
including backup of vital systems and units, use of on-board fire and explosion diagnostic and 
prevention equipment, etc.;  

• during LV launching emergency outcome shall be assumed; in this case, exclusion of radionu-
clide contact with the Earth's biosphere in emergency launches shall be provided by on-board 
equipment of spacecraft with RAW. Construction of space-launch system shall provide for 
emergency situation counteracting, complying with the above mentioned condition at any 
moment during flight up to ascent into the final orbit of RAW disposal;  

• LV launch routes shall be equipped with ground monitoring equipment able to well determine 
the point of capsule with RAW fall along the whole injection route in case of emergency 
launches;  

• selection of launch azimuths shall be performed based on safety control along the injection 
route, selection of AES support (parking) orbit based on radiation safety control of orbital unit 
with RAW and exclusion of possibility with fragments of "space garbage". The parking orbit al-
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titude shall provide time sufficient for counteracting in off-nominal situations, for example, 
RAW evacuation by a special (off-nominal) SC in emergency situations not allowing to execute 
the flight program to the final disposal orbit;  

• mass launches of injection equipment shall not cause environmental disturbances, near-Earth 
space contamination by separable structural fragments.  

The most critical requirements for the spacecraft structure, providing RAW injection into space, 
are requirements for strength and thermal resistance in the following cases: 

• explosion of LV or stages used in the composition of space launch system (SLS) during launch-
ing and flight with subsequent burning of fuel components; 

• collision of natural or man-made objects in flight orbital near-Earth phase; 
• return of rescued capsule in the Earth's atmosphere at large entry angle and high velocity, up 

to the second cosmic velocity; 
• fall of spacecraft with RAW onto rocky or frozen ground. In [4] impact velocity - up to 100 m/s 

and impact load - up to 100-150 g values were estimated; 
• spacecraft hitting on water surface, with guaranteed buoyancy control. 

2.2 Disposal orbit selection 
In accordance with standards of international law (see section 4), at present, RAW injection into near-
Earth and circumlunar orbits is not possible. It is valid for other planets too. 

Disposal on the Sun requires excessive energy consumption: bringing of additional characteristic ve-
locity in support near-Earth orbit about 24 km/s [6,8]. Required additional characteristic velocity for 
SC injection beyond solar system is 8.75 km/s, thus, reducing payload of launch vehicles by 4-5 times 
in comparison with the variant studied in this report.  

The centuries-old disposal of radioactive waste in space is determined by selection of orbits remaining 
stable for the whole period of natural decay of radioactive elements. According to the specialists, heli-
ocentric orbits between the Earth and the Mars, the Earth and the Venus appear to be sufficiently reli-
able "disposal" sites [6]. The orbits out of the ecliptic plane, where probability of the container colli-
sion with the natural or man-made object reduces significantly, are of interest too.  

At present, the most acceptable variant of RAW disposal orbits in space in terms of environmental 
safety and required costs [4], is the injection in artificial Sun satellite (ASS) with radius about ~1.15 
a.u. (180 mln. kilometres between orbits of the Earth and the Mars).  

The first variant was selected due to the following considerations. In all orbits there is a danger of con-
tainer with RAW destruction during collision with cosmic bodies. During this scenario implementa-
tion, dispersed RAW under action of the solar wind, which is a continuous plasma stream, spreading 
radially from the Sun at average velocity of 400 km/s, will be carried into the solar system periphery. 
There were no ions flying up the solar wind traced [5]. If this event occurs in the orbit between the 
Earth and the Venus, radiation contamination of near-Earth space an the Earth itself. The process dy-
namics requires separate studies. 

To compare energy consumption, injection into inner relative to the Earth circumsolar orbit and in 
section 2.2.4 the sequence of injection into the Earth-Sun system libration points were studied. 

 

 

 



41 

Ra
di

oa
ct

iv
e 

w
as

te
 d

isp
os

al
 in

 sp
ac

e 
| 

 V
er

sio
n 

1.
0 

01
 M

ar
ch

, 2
01

6 

2.2.1 Launch base selection 
Let us consider variants of RAW injection into circumsolar orbit of launch vehicle on the basis of LV 
"Zenit-2S/2SB". Such SLV exist in the following configurations:  

• with upper stage DM-SL – launch from "Baikonur" launch base or planetary rocket floating 
platform (by the type of launches according to "Sea Launch" program); 

• with upper stage "Fregat-SB" (with droppable tanks) –  launch from "Baikonur" launch base. 

Use of US "Fregat-SB" as a launch vehicle is more  advantageous in terms of energy in comparison with 
US DM-SL use. Launch from equator, that is, the launch with the maximum initial velocity at the ex-
pense of rotation of the Earth, at practically no limitations regarding regions of stage I fall and PF, also 
offers some energy advantage in comparison with use of the launch base in middle latitudes ("Baiko-
nur") Thus, use of US "Fregat-SB" in SLV composition during launch from the equator would be opti-
mal in terms of energy. At the same time, energy gain is not that important [4] to be the determining 
factor of the task complex solution: according to the expert evaluation, weight saving of the final pay-
load makes up not more than 100 kgf (about 4%). Besides, this SLV configuration has not been calcu-
lated so far, possible limitations of "Fregat-SB" integration in SLS "Sea Launch" have not been studied.  

Among estimated difficulties there is coordination of project risks with international organizations 
regulating the World Ocean use.  

The project cost is another important factor of launch base selection procedure: launches from "Bai-
konur" is about 1.5 time cheaper than launches from the sea platform.  

It is not possible to give expert evaluation regarding all problematic issues of SLV new configuration, 
that is why, the variant of existing configuration of SLV "Zenit-3SLBF" (with preliminarily developed 
variants of "Fregat-SB" energy characteristics enhancement) when performing launches from "Baiko-
nur" launch base. 

 

2.2.2 General sequence of object injection into the orbit of the artif icial  Sun 
satell ite 
To make the spacecraft leave the Earth's exobase (exobase radius is 925 000 km) and become the Sun 
artificial satellite, it is required to be brought to parabolic or hyperbolic geocentric velocity.  

The parabolic or escape velocity value, that is, minimum initial velocity required for SC to leave the 
Earth's exobase, is calculated based on the following relation: 

𝑣𝑒𝑠𝑐 = 𝑣𝑐𝑖𝑟𝑐√2 , 

where vcirc  is circular velocity of geocentric orbit with radius R, calculated by the formula: 

𝑣𝑐𝑖𝑟𝑐 = �𝜇
𝑅

 , 

where µ is the Earth gravitational potential. 

Geocentric escape velocity vesc from the Earth's exobase is called the additional velocity as "vectorial" 
addition to the Earth velocity VE results in heliocentric velocity Vesc. The vector of heliocentric escape 
velocity Vesc completely determines heliocentric movement out of the Earth' exobase. 
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Depending on the value of heliocentric escape velocity Vesc, heliocentric orbits may be elliptical, para-
bolic, hyperbolic and rectilinear.  

Within the framework of this project elliptical heliocentric orbits are studied. In this case, the space-
craft, having escaped the Earth's exobase, transforms in the artificial Sun satellite (ASS). The following 
cases are possible: 

1) Vesc > VE and ASS orbit will be located out of the orbit of the Earth (outer orbit); 
2) VE = Vesc and ASS orbit overlaps with the orbit of the Earth; 
3) Vesc < VE and ASS orbit will be located inside the orbit of the Earth (inner orbit); 
4) vesc = VE, and vesc is directly opposed to VE; then Vesc = 0 and the orbit degenerates into the radial line 
of fall on the Sun lasting 64 days. 

The fall on the Sun is not studied in this project.  

As calculations showed, the direction of the spacecraft escape out of the Earth's exobase is determined 
by the initial Earth orientation in space at the moment of launch, that is, by the launch data and time. 
Depending on the launch data and time under the same initial data both ASS outer orbit (between the 
orbits of the Earth and the Mars) and ASS inner orbit (between the orbits of the Earth and the Venus). 

The following definition shall be introduced: 

Heliocentric coordinate system (ОXsYsZs) – right orthogonal inertial c/s. The beginning is in the centre 
of the Sun, axis ОХs has vernal equinox direction γ; plane ХsYs is in agreement with ecliptic plane; axis 
ОZs – adds up the system to the right.  

In figure 2.1 trajectories of the Earth's and ASS motion in outer and inner heliocentric orbits during 
one earth year in ecliptic plane projections are shown.  

Numbers stand for positions of objects at point of time T=365 days: 

1 – ASS position in outer orbit; 
2 – Earth's position; 
3 – ASS position in inner orbit. 
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Figure 2.1 – Trajectories of the Earth's and ASS motion in outer and inner heliocentric orbits during 
one earth year in ecliptic plane projections 

As it can be seen on the graph, ASS in the outer orbit is behind of the Earth, in the inner orbit it is 
ahead of the Earth. Both orbits have point 2, common with the orbit of the Earth. 

That is why, for object injection into ASS orbit that would guarantee complete safety of the Earth in 
terms of collision, an additional manoeuvre shall be performed: 

• for the outer orbit – in the orbit aphelion accelerating burn is required to rise the orbit perihe-
lion; 

• for the inner orbit – in the orbit perihelion deceleration burn is required to lower the orbit ap-
helion. 

 

2.2.3 Sequence of RAW injection into outer relative to the Earth disposal orbit 
In this section the sequence of Raw injection into circumsolar circular orbit with radius about 
180 mln. km (∼1.15a.u.) between orbits of the Earth and the Mars (outer relative to the Earth) is pre-
sented. Besides, results of the additional calculation of orbital motion parameters and velocity con-
sumption for injection from the parking to the inner relative to the Earth circumsolar orbit.  

The injection sequence was selected using general theory presented in section 2.2.2, in assumption to 
use SLV "Zenit-3SLBF" with updated upper stage "Fregat-SB" with launch from "Baikonur" launch 
base.  

-2.00E+08

-1.50E+08

-1.00E+08

-5.00E+07

0.00E+00

5.00E+07

1.00E+08

1.50E+08

2.00E+08

-2.00E+08 -1.50E+08 -1.00E+08 -5.00E+07 0.00E+00 5.00E+07 1.00E+08 1.50E+08 2.00E+08

3

2

1

внешняя

внутренняя

Орбита Земли

направление движения

Хs, km 

Ys, km 
motion direction 

Inner 

Outer 

Orbit of the Earth 

 
 



 

44 
Ra

di
oa

ct
iv

e 
w

as
te

 d
isp

os
al

 in
 sp

ac
e 

| 
 V

er
sio

n 
1.

0 
22

 F
eb

ru
ar

y,
 2

01
6 

The sequence of injection includes the following stages (table 2.2): 

• injection of upper stage "Fregat-SB"into the parking elliptical orbit hp×hа = 200 km×340 km 
high by continuous operation of engines of the first two SLV stages; 

• formation of intermediate orbit hs×hа ≈230 km×3966 km by the first ignition of US cruise en-
gine in the neighbourhood of the parking orbit perigee with fuel burnout from outboard tanks 
with their further dropping; 

• formation of the departure geocentric orbit (elliptical heliocentric) at the end of the second ig-
nition by means of fuel use from primary tanks; 

• formation of heliocentric near-circular orbit of RAW disposal by additional ignition of US "Fre-
gat-SB" engine or space launch vehicle in the orbit aphelion formed by the previous ignition.  

The altitude of parking orbit was selected based on the acceptable time of US life time if further injec-
tion stages are not performed (off-nominal situation). The life time of this orbit as artificial Earth satel-
lite (prior to reentry) in case of ONS will not be less than 14 days (with the maximum level of solar ac-
tivity and limit deviation of aerodynamic characteristics). 

The initial data used for calculation of the departure trajectory are given in table 2.1 state vector in the 
launch coordinate system and characteristics of the launch point. 

Table 2.1 – Initial data used for calculation of the departure trajectory 

Name Value 
Time from GI, s 9380.230 
Launch point coordinates1 

B 
L 

45°56′36″ 
63°39′11″ 

Initial height1 Н0, m 119.5 
Launch azimuth А0 64°11′52.52″ 
State vector in the launch c/s 
X, m 
Y, m 
Z, m 
Vx, m/s 
Vy, m/s 
Vz, m/s 

6830295 
-5174503 
3654838 
3760.88 
-8360.59 
3502.80 

Note. 
1) The launch point is set on the earth ellipsoid. 

 
Table 2.2 – Characteristics of injection sequence into the outer relative to the Earth heliocentric orbit 

Parking orbit: 
Injection time ~ 700 s 
Perigee, apogee altitude  ~200km×340km 
Inclination 51.4 degree 
Throw-weight 13500 kgf 
Departure geocentric orbit  
(formed by two ignitions of US engine) 
Application of velocity impulses In perigee 
Engine firing duration: 
at first ignition (fuel consumption from droppable tanks); 
at second ignition (fuel consumption from primary tanks); 

 
~500s 
~900s 
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Table 2.2 (continued) 

Perigee, apogee altitude: 
at first ignition; 
at second ignition  

 
~230 km×3966 km 
~460km × ∞ 

Inclination  51.3752 degree 

Eccentricity  1.017833 

Total velocity consumption (at launch from the parking orbit) ~3.3 km/s 
Geocentric escape velocity vesc (at the boundary of the Earth's exobase 
with radius 925000 km) 

 
1.378 km/s 

Time of movement to the Earth's exobase boundary (from the launch 
time from the parking orbit) 

 
~6 days 

Heliocentric orbit 
Perihelion, aphelion altitude of the initial orbit  ~1 a.u. × 1.15 a.u. 
Time of movement to aphelion (from the moment from the Earth's 
exobase escape) 

 
~200 days 

Velocity consumption for circular orbit formation ~1 km/s 
Perihelion, aphelion altitude of the final orbit  1.15 a.u. × 1.15 a.u. 
Final orbit circularization period ~457 days 
Payload throw-weight 2.3 ton-force 

As calculations for initial data, given in table 2.1, showed in case of launch from Baikonur launch base 
in 9h UTC ASS outer orbit will; be formed with perihelion in the orbit of the Earth and aphelion about 
1.15 a.u.   

At launch in 21h UTC the ASS inner orbit will be formed with aphelion in the orbit of the Earth and with 
perihelion about 0.87 a.u.  

Calculations were performed for launch dates - 22 December, 2013, when the Earth is in the neigh-
bourhood of its heliocentric orbit perihelion and on 22 June, 2013 - in the neighbourhood of the orbit 
aphelion.  

Parameter calculation of US with RAW orbital motion towards the boundary of the Earth's exobase 
shall be performed using the following evaluation model: Earth's field 4×0 (in the potential expansion 
of the Earth's gravity field zonal harmonics up to the fourth order inclusive were considered), gravity 
disturbing action of the Sun and the Moon. 

In table 2.3 parameters of transfer and final orbits (outer and inner), formed by the injection trajecto-
ry for analysed launch dates and time. 

Table 2.3 – Parameters of transfer and final orbits (outer and inner), formed by the injection trajectory 

Name 22/06/2013  22/12/2013 
9h UTC 21h UTC 9h UTC 21h UTC 

Time of escape out of the Earth's exobase, 
days 6.238 6.137 6.140 6.094 
Geocentric escape velocity vesc, km/s 1.3051 1.3871 1.3776 1.4053 
Initial orbital period, days 403.92 331.67 412.38 329.91 
Perihelion×aphelion of transfer orbit Rπ×Rα, 
mln. km 

151.74×16
8.21 

128.27×15
2.40 

146.8× 
177.53 

132.30×1
47.26 

Ignition time for supplement injection into the 
circular orbit since the launch time, days 183.339 178.608 215.652 151.942 
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Table 2.3 (continued) 

Characteristic velocity consumption for sup-
plement injection into the circular orbit, km/s 0.7322 1.3539 1.3236 0.8361 
Final orbital period, days 435.492 290.01 472.173 303.79 
Orbit inclination, degree 1.63 1.62 1.31 1.81 
Semimajor axis of the final orbit, mln. km 168.21 128.27 177.53 132.30 
Eccentricity ∼0 ∼0 ∼0 ∼0 
Circular velocity. km/s 28.0888 32.1654 27.3417 31.6714 
Minimum distance to the Earth, mln. km 16.10 18.82 25.46 14.79 

 

Thus, for ASS injection into the circumsolar circular orbit between orbits of the Earth and the Mars 
(outer relative to the Earth) additional 0.73÷1.32 km/s of characteristic velocity is required for accel-
erating burn in the orbit aphelion. Injection time till the complete formation of the target orbit will 
make up 7.2 months.  

For ASS injection into the circumsolar circular orbit between orbits of the Earth and the Venus (inner 
relative to the Earth) additional 0.84÷1.35 km/s of characteristic velocity is required for deceleration 
burn in the orbit perihelion. Injection time till the complete formation of the target orbit will make up 
6 months. Consequently, RAW injection into the heliocentric orbit between the Earth and the Venus 
(~0.85 a.e.) is not saving in terms of payload weight in comparison with heliocentric orbits ~1.15 a.u. 

The launch date and time shall be selected based on the compliance with the following requirements: 

1) provide optimal direction of escape out of the Earth's exobase at a given velocity; 
2) exclude possibility of the critical encounter with the Moon during movement to the boundary of the 
Earth's exobase. 

In case of unfavourable position of the Moon relative to the spacecraft motion direction to the bounda-
ry of the Earth's exobase under the action of  lunar-solar perturbation, the orbit plane of the latter 
turned through an angle of ±30°. The Moon will not "capture" the spacecraft as the minimum distance 
between the spacecraft and the Moon at the maximum unfavourable conditions, such as the Moon on 
the route, the Moon orbit inclination 28°36′, distance from the Moon to the Earth 360 thous. km – will 
be not less than 130 thous. km, it 2 times exceeds the radius of the Moon's exobase  

For a long-term forecast of the object motion in the circumsolar orbit it is required to develop a dedi-
cated software. 

 

2.2.4 RAW injection into the Earth-Sun system libration points 
Variants of RAW storage in libration points of the Earth-Sun system may also be of interest.  

In figure 2.2 calculated libration points of two-body system are presented. 

Points L1, L2, L3 are called collinear libration points, points L4, L5 – triangular libration points. It should 
be added that triangular libration points L4, L5 are stable, whereas collinear libration points L1, L2, L3  
are unstable. It means that if at the initial moment the satellite is located not in point L4, but in its 
neighbourhood and having a low velocity, it will remain in this neighbourhood. In neighbourhood of 
any of points L1, L2, L3 any arbitrarily small velocity will make the satellite leave this neighbourhood. 
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Triangular libration points L4 and L5 are also called trojan: this name originates from the Jupiter's tro-
jan asteroids representing the most striking example of these points manifestation. It is known that 
the Neptune, Jupiter and Mars have trojan asteroids in the orbit of the Earth no trojan asteroids (par-
ticularly because of complexity of observations) has not been detected for a long time.  

   

Figure 2.2 – Calculated libration points of two-body system 

 

For ASS injection into the triangular libration point of the Earth-Sun system let us consider US with 
RAW launch with the intermediate near-circular orbit Нcirc=200 km high and ∼0°inclination with par-
abolic velocity v=11.0145 km/s.  

The launch date, 27/12/2013 was selected based on the Earth passing its perihelion. The launch time 
shall be selected so that the vector direction of escape velocity vesc out of the Earth's exobase with ra-
dius 925 000 km would be close to the opposite direction of the Earth's velocity vector VE.  

Based on these data, the finer relative to the Earth heliocentric orbit of ASS with parameters 
Rπ×Rα=135.3×147.1 mln. km orbital period Т=335 days will be formed.  

In two complete circuits ASS will be ahead of the Earth at distance ∼ 148 mln. km in the neighbour-
hood of triangular libration point L4, that is, will take the position required for manoeuvre and over-
lapping ASS orbit aphelion. Accelerating burn ∆v=0.882 km/s will transfer ASS into the or-
bitRπ×Rα=147.1×152.1 mln. km with orbital period Т=365.24 days, practically overlapping the orbit of 
the Earth. 

ASS location after manoeuvre will be ahead of the Earth at distance ∼ 145÷ 153 mln. km in the neigh-
bourhood of triangular libration point L4.  

Injection time is 1.85 year. 

L3 

L4 

L5 

L1 L2 

60° 

60° 
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Total velocity consumption for object injection into the triangular libration point makes up 
∆V = 4.1476 km/s. 

The payload final weight (for upper stage "Fregat-SB") makes up Gf = 2.37 ton-force. 

In figure 2.3 dependencies of distance change between ASS and the Sun, ASS and the Earth for ASS in 
the inner orbit Rπ×Rα=135.3×147.1 mln. km with orbital period Т=335 days in the drift area in the 
neighbourhood of libration point L4 and during two complete circuits after manoeuvre.  

 

 

Figure 2.3 – Dependencies of distance change between ASS and the Sun, 

ASS and the Earth 

 

RAW injection into libration points L1 and L2 of the Sun-Earth system is considered as pointless as: 

1) to retain RAW in these unstable points regular correcting impulses are required; 
2) this space area is of scientific interest. In the first of these points a solar patrol may be present, near 
the second one there may be telescopes and stations for the Earth's magnetotail observation. 

Injection into point L3 is pointless as, in the first place, the point is unstable and invisible from the 
Earth, thus, complicating control and observation of the object, in the second place, injection sequence 
into point L3 is similar to injection sequence into libration points L4, L5, but with even longer drift. 

 

The calculation of energy potentials of perspective superheavy SLV "Mayak" (5 LV units "Mayak-S") for 
RAW injection into the disposal orbit was performed according to the same procedure with a set of 
assumptions related to absence of real LV. These assumptions are as follows: 
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1. Injection provides for delivery into the circular circumsolar orbit ~1,15 a.u. high. 
2. For injection procedure the transporting system from superheavy SLV "Mayak" fitted with two ad-

ditional upper stages (US) will be required. 
3. The first US is made on the basis of engine РД809К (vacuum specific impulse is 352 s). With pay-

load total mass in the support orbit making up 70 t, US mass=48 t, transferred load mass – 22 t. 
4. The second US is made on the basis of US "Fregat" as during use its LPT РДС5.92 (vacuum specific 

impulse is 333 s) the required fuel mass for impulse in aphelion makes up ~5.73 t, which is close 
to one of the US "Fregat" variants. With initial mass 22 t and final jettisonable mass of US "Fregat" 
~ 1.02 t, the total mass of delivered load will make up ~15.2-15.25 t. Modifications of US "Fregat", 
necessary for this task performance, will increase its final mass by 100-150 kg, respectively, the ac-
tual mass of delivered SC will make up ~ 15.1 t. 

Thus, into the heliocentric orbit, ~1.15 a.u. high,  SLV "Zenit-3SLBF" is able to deliver 2.3 t of 
payload, whereas superheavy SLV "Mayak" – 15.1 t. 

 

In 1994 representatives of Central Research Institute of Mechanical Engineering assumed that "the 
detailed plan of operations (for RAW injection into space) with substantiation of its safety, experi-
mental research results and demonstration tests may be developed during next two years" [70]. 20 
years passed, but the project has not been developed yet. 

The task complexity, need of attraction specialist and scientists of various fields of knowledge on the 
one hand and limited time and financial resources on the other hand make it possible to form the DO 
appearance and evaluate RAW mass that LV "Zenit-3SLBF" and perspective superheavy SLV "Mayak" 
are able to inject into disposal orbit. Evaluations of injected RAW mass are quite optimistic. This is due 
to the fact that further modifications related to need of characteristics confirmation (impact loads, 
aerodynamics, safety, reliability, etc.) may require  to introduce new design elements; long duration of 
flight requires energy supply during the whole flight to provide operation of CS, v, radio communica-
tion. The DO design process in terms of its designated purpose is close to design process of spacecraft 
(SC) with specific requirements. 

 

2.3 SLV "Mayak" use 
The sealed power container, filled with RAW, is placed in disposal orbiter (figure 2.4), which, in its 
turn, is a part of the LV final stage. 

DO appearance was developed considering maximum payload for LV "Mayak" 

DO includes: 

1. Emergency recovery system 
2. Aerodynamic capsule 
3. Upper stage  
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Figure 2.4 – Disposal orbiter 

 

The aerodynamic capsule (figures 2.5, 2.6) is used for protection of container with RAW from incident 
flow impact during reentry in the atmosphere in case of emergency situation.. 

To provide a stable reentry in the atmosphere, the segment shape of aerodynamic capsule was select-
ed. A sealed power container (figure 2.7) is fixed to the spherical bottom of the aerodynamic capsule, 
packages with RAW (figure 1.8) are put into the container in the quantity of 47918 pieces (38 layers 
by 1261 packages in each), the total mass of RAW makes up 6330 kg.  

Recovery system of "Soyuz" type 

Aerodynamic capsule 

Container with RAW 

Structure load-bearing elements 

Upper stage 
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Figure 2.5 – Aerodynamic capsule (AC) 

 

Structure load-bearing elements 

Container with RAW RAW 
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Figure 2.6 – Geometric characteristics of aerodynamic capsule 

 

The sealed power container design shall provide safety of the personnel, population and environment 
during its transportation with RAW and handling at the launch base, that is, have strength and radia-
tion protection characteristics specified by the nuclear and radiation safety standards. 

The container is a welded structure - a steel cylinder with two covers (figure 2.7).  

Based on design considerations and need of safe operation with the container for the personnel not 
using additional protection equipment against β-radiation,, the required thickness of the cylinder steel 
wall makes up 37.5 mm. Based on these data the structures of power container and aerodynamic cap-
sule were developed.  

It should be noted that evaluation of the container and capsule structural strength is of an expert char-
acter and requires specification at further development stages, in particular, for consideration of oper-
ating conditions in off-nominal situations. 
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Outline flow chart of container with RAW: 

1) The container is transported from the manufacturing plant to RAW reprocessing plant. 
2) A the plant packages with RAW (figure 1.8) are manufactured, put into the container, free space is 
filled with the powder based on silicon oxide, then the container is sealed. 
3) The container, filled with RAW, is transported to the launch site in Assembly, Integration and Test 
Building. 
4) In AITB a disposal orbiter is assembled. 

 

Figure 2.7 – Container with RAW 
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The aerodynamic capsule buoyancy, when it falls on water surface, shall be ensured structurally due to 
a large internal volume with average density making up 435 kg/m3. 

To facilitate search operations performed by the ground search and rescue service, it shall be provided 
with radio and light impulse beacons. It is also necessary to provide maintenance of the aerodynamic 
capsule with a sealed power container with RAW at launching site and in emergency landing situa-
tions. 

To withdraw aerodynamic capsule from LV in emergency situations, a reliable emergency recovery 
system, developed for piloted launches, is used (figure 2.8). In case of emergency situation ERS shall 
provide separation of the payload unit from LV and its withdrawal into the safe zone. 

 

 

Type 1 Type 1а Type 2 Type 2а Type 3 

Soyuz 1-11 Soyuz 12-40 Soyuz 6,19,22 Soyuz T Soyuz TM 

 Progress Kosmos ESA Proton – K(L) Soyuz TMA 

Figure 2.8 – Emergency recovery system 

 

2.3.1 ERS operation in emergency situations 
A few emergency situations are studied (figure 2.9). 

ERS operation in case of the launch abort: 
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1) ERS separates and withdraws aerodynamic capsule from LV at 1 km from the Earth; 
2) ERS performs turning to the angle required for aerodynamic capsule separation; 
3) aerodynamic capsule separates from ERS; 
4) aerodynamic capsule a parachute descent. 
ERS operation in case of emergency at the stage of injection into the intermediate orbit:  
5) aerodynamic capsule separation is performed; 
6) aerodynamic capsule performs ballistic descent in the atmosphere. 
ERS operation in case of emergency during flight in the intermediate orbit: 
7) separation from LV third stage takes place. 
8) aerodynamic capsule performs ballistic descent in the atmosphere. 

Possible ERS problems may result in catastrophic situations in the following cases: 

• fire/explosion at launching site: burning in oxygen medium can lead to melting of structural 
materials and RAW escape into the biosphere; 

• drowning in the ocean. In case of a sealed power container damage, 129I diffusion will occur 
pretty fast. As iodine is well soluble in water, poisoning of marine flora and fauna is possible on 
a global scale. Due to vapours, large land areas will be contaminated in time; 

• LV accident during flight and fall of Container with RAW in populated areas, on the territory 
with increased risk of technogenic accident (for example, chemical, power, metallurgical and 
other production plants). 

Possible natural emergency situations at the site of RAW location (landslides, soil slides, flooding, 
earthquake, tsunami, etc.) in terms of safety provision require special investigations.  
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Figure 2.9 – ERS flow chart 

 

2.3.2 Payload composition 
In table 2.4 the approximate mass of structural elements and systems used for RAW injection into 
space based on the total mass of LV "Mayak" payload – 15.1 t. The considerable part of the payload 
mass with a direct injection sequence accounts for structures and systems of rescued capsule required 
only at those flight stages, when the container with RAW shall return to the Earth in case of off-
nominal situations. This conclusion was obtained during investigation [4]. 

 

Table 2.4 – Approximate mass of structural elements and systems used for RAW injection into space 
and included in the payload composition injected by LV "Mayak" 

No. Name Mass, kg Notes 

1 Aerodynamic capsule 4090 

Based on design considerations: fairing (calcula-
tion of wafer-type shell with thermal protection 
coating) and bottom (calculation of spherical 
smooth bottom with thermal protection coating)  
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Table 2.4 (continued) 

2 Control system 90 Based on statistical data 

3 Parachute system 150 Based on design considerations  

4 Unaccounted structural el-
ements 200 

Damping elements (crash-systems), radio bea-
cons, light signals, ERS, TCS, docking unit for tow-
ing in off-nominal situations using a special 
(stand-by) SC, fastening elements, etc. 

5 
Container for RAW (wall 
thickness - 37.5 mm, see 
section 1.2 ) 

3555 
Geometrical parameters of the container are based 
on arrangement and alignment within the aerody-
namic capsule composition 

6 Filler 685 
Provides immobility of primary packages and in-
creases GCS shell resistance to load, for example, 
in case of container flooding 

7 Mass of primary packages 
with RAW  6330 47918 packages with RAW, RAW mass 

0.469х6330=2969 kg, see table 1.7 

Total 15100   
 

It is obvious that for 60 tons of iodine-129 (corresponding to 78 t of potassium iodide - KI) injection 
into space not so many launches (78000/6330/0.469 ≈ 27) will be required. But the cost of injection is 
comparatively high (section 3.1 ). It may be reduced, for example, by exclusion of HAW deep radio-
chemical reprocessing.  

Such situation is hypothetically possible. For instance, a certain small state gives SNF for reprocessing 
and, according to effective rules, has to take HAW containing uranium, plutonium and neptunium (sec-
tion 1.1 ) back. It has a suitable disposal site, but HAW problem shall be solved.  

It may also be assumed that power industry specialist have their own view of what RAW shall be in-
jected into space. That is why, evaluation of SLS ability of suchHAW injection is of common sense. 

Considering a number of assumptions regarding RAW composition, IAEA and Radiation Standards-97 
requirements, calculation results given in [108], wall thickness of container with RAW shall not be less 
than 420 mm.  

Based on all these factors, the formation of another variant of DO structure appearance was per-
formed. Illustrations of design studies are shown in figures 2.10 - 2.13. 
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Figure 2.10 – Disposal orbiter with HAW containing uranium, plutonium and neptunium 
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Figure 2.11 – Container with HAW containing uranium, plutonium and neptunium 

 

pcs. 
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Fig .2.11а – Package with RAW (175 pcs.) 

 

 

Fig. 2.11б – Row arrangement (38 rows) 
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Figure 2.12 – Аerodynamic capsule with HAW containing uranium, plutonium and neptunium 

 

Container with RAW RAW 
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Figure 2.13 – Geometric characteristics of aerodynamic capsule with HAW containing uranium,  
plutonium and neptunium 

 

Table 2.5 shows approximate mass values of structural elements and systems used for HAW, contain-
ing uranium, plutonium and neptunium, injection into space based on the total mass of SLV "Mayak" 
payload – 15.1 t. 

 

Table 2.5 – Approximate mass of structural elements and systems used for HAW, containing uranium, 
plutonium and neptunium injection into space and included in the payload composition injected by LV 
"Mayak" 

No. Name Mass, kg Notes 

1 Aerodynamic capsule 4090 

Based on design considerations: fairing (cal-
culation of smooth shell with thermal pro-
tection coating) and bottom (calculation of 
spherical smooth bottom with thermal pro-
tection coating)  

2 Control system for rescue task so-
lution 90 Based on statistical data 
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Table 2.5 (continued) 
No. Name Mass, kg Notes 

3 Parachute system 150 Based on design considerations  

4 Unaccounted structural elements 200 Including protection from neutron radiation, 
fastening elements, etc. 

5 Container with RAW (wall thick-
ness - 420 mm, [7]) 10570 

The container mass with waste is deter-
mined as the remainder of the payload total 
mass of injected LV (including RAW mass = 
35 kg) 

Total 15100   
 

In this case, the amount of injected into space HAW, is too small (35 kg per one launch), injection cost 
is too high (section 3.1 ) to attract a potential investor.  

The comparison of HAW masses that SLV "Mayak" is able to inject into heliocentric orbits, shows that 
the container required mass directly depends on the composition of injected RAW. The mass, in its 
turn, directly influence on the amount of RAW injected into space. That is why, the list of these iso-
topes shall be defined by nuclear engineers. Otherwise, it is not possible to optimize DO structure. 

 

2.4 SLV "Zenit-3SLBF" use 
Based on calculations given in section 2.2 , energy parameters of "Zenit-3SLBF" allow to inject payload 
of about 2.3 t into the circular heliocentric orbit.   

The design of aerodynamic capsule and systems included in the payload composition of injected SLV 
"Zenit-3SLBF" will not be radically changed in comparison with analogues for SLV "Mayak" described 
in section 2.3 .  

The mass analysis of structural elements (table 2.4) confirms the impossibility of SLV "Zenit-3SLBF" 
use for RAW direct injection into space (with mass of only aerodynamic capsule equal to nearly 4 
tons).  

The situation may change, if the flight profile includes a "space tug" performing RAW transportation 
from fairly high orbits, where to RAW will be injected by separate launches. It may be a subject for 
special studies. 

 

2.5 List of possible emergency situations 
The depth of the project development does not allow to perform the complete safety analysis related 
to radiation accident threat. Such studies are to be performed in the future.  

The initial events of possible emergency situations are connected with: 

• external influences of technogenic origin; 
• external influences of natural origin; 
• socio-political situation (for example, terrorism, wars); 
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• failures of technical equipment at RAW delivery stages: from a radiochemical plant to the dis-
posal orbit; 

The last hyphen of this list and associated analysis shall provide for consideration of the following (in-
complete) list of possible accidents that may develop into radiation ones:  

• fall of container with RAW on dry land during container fitting, during transportation to GC 
and LC during injection into space; 

• fall of container with RAW, during transportation, on LC (if LC is located on the ocean surface), 
during injection into space; 

• fall of container with RAW and spacecraft on the ground, during air transportation; 
• fall of container with RAW and transporting spacecraft on the ground with fire development at 

the fall site;  
• fall of RAW from a loading crane on the ground, berth, structural elements during transporta-

tion; 
• fire at transport vehicle (a car, railway carriage, aircraft, ship) at the location site of container 

with RAW; 
• sinking of the ship transporting container with RAW; 
• fire, tipping of the ship and fall of container with RAW in sea water. 
• LV accident during flight and fall of container with RAW in populated areas, on the territory 

with increased risk of technogenic accident. 

The given list is actually one of the initial data sections for designing of RAW disposal orbiter and its 
components. In nuclear power industries these are called "design" accidents. The word "design" here 
means that at the design phase technical solutions shall be developed for this set of emergency situa-
tions, minimizing either risk of their development into radiation accidents, or their consequences. 

The accidents consequences shall be evaluated for each situation, including possible radiation related 
consequences (boundaries of environmental media radiation pollution, levels of possible radiation 
pollution, liquidation of consequences). 

 

The general conclusion based on the materials of this report section: it is efficient to use SLV of 
heavy/superheavy class for RAW injection into space. SLV "Zenit" may be used in the transportation 
system where a "space tug" and technology of DO orbit staging are used (not mentioned in this report). 
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3 Cost aspects of radioactive waste disposal in space in comparison 
with alternative variants 
The attractiveness of any new market (or its segment) to a company is defined by a few key factors:  

1) profitability of the company at this market;  
2) relationship of the company product marketability and the company competitive strength with its 
main competitors' competitive strength and product marketability;  
3) existing and perspective demand for the company product or services at this market;  
4) obstacles of entry into a market. [109] 

Commercial attractiveness of any project is defined, in the first place, by its profitability. Selecting this 
or that RAW management, this aspect is of not the least importance and with safety issues out of the 
context - it becomes determining. 

To determine the project profitability it is necessary to define estimated costs and revenues of the to-
tal cash flow. 

 

3.1 Costs 
Injection into the orbit is a substantial budget part of the space project cost. Let us evaluate it, consid-
ering the results obtained in sections 1 and 2. Considering present situation at the market of launching 
services, the cost of "Mayak" family heavy LV launch may be preliminarily be estimated as 120 mln. US 
dollars (this is the cost of LV "Energiya" launch in the beginning of 1990-ies). Injection of~78 tons of 
KI (~60 tons 129I) will require 27 LV launches (78000 kg/2969 kg ≈ 27). It should be noted that 60 
tons of 129I isotope is to be extracted from already accumulated for than 50 years spent nuclear fuel; its 
amount in annually unloaded SNF is comparatively small and makes about 1 t. 

In table 3.1 shows the estimated cost of 27 LV launches for RAW injection into the disposal orbit by 
the most expensive positions. The strict economic evaluation is not possible for now as many indices 
remain undefined. That is why costs by estimated cost items are given with consideration of cost of 
possible analogues.  

The notes to table 3.1 contain cost items required for the project implementation as a whole but with 
no quantitative evaluation of these items, which is not possible for reasons beyond one's control. They, 
mainly, belong to the nuclear and engineering part of the project. 

Table 3.1 – Estimated cost of 27 launches of heavy LV "Mayak" 

No. 
Item Cost item* Cost, mln. US dollars 

Non-recurring Recurring 
1 R&D, process preparation** 500…2000  
2 Launch base further equipping or construction** 500…2000  
3 Tests for safety and reliability confirmation*** (2 launches + 

ground tests) 300  

4 Transportation of a sealed power container with RAW 27 x 2.3 
mln.  62 

5 Launch vehicle + upper stage, 27 х (120+67) mln.  5049 
6 Disposal of orbital stage without upper stage (aerodynamic 

capsule, sealed power container, rocket and parachute parts of 
emergency recovery system, control system), 27 x 25 mln. 

 675 
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Table 2.5 (continued) 

No. 
Item Cost item* Cost, mln. US dollars 

Non-recurring Recurring 
7 Launch insurance (10% of (item 5+item 6))  572 
 TOTAL 1300…4300 6358 

Notes. 

*) The following project costs are not included: 

non-recurring: 

1) international project expertise; 

2) legislative and legal backing of launches for radioactive waste disposal in space; 

3) technology development of spent nuclear fuel (SNF) head end reprocessing and separation of target 
isotopes from head end reprocessed SNF; 

4) project development and construction of SNF head end reprocessing plant; 

5) project development and construction of radiochemical plant for separation  of target isotopes; 

6) infrastructure development of RAW safe interim storage; 

recurring: 

7) SNF head end reprocessing; 

8) separation of target isotopes from reprocessed SNF; 

9) disposal of RAW generated during separation of target isotopes; 

10) preparation of target isotopes for disposal in space (conditioning, immobilization, placing in primary 
package, sealed power container fitting); 

11) search, evacuation and/or rescue of aerodynamic capsule in case of emergency launches and liquida-
tion of harmful consequences; 

12) ensuring launch base and infrastructure of RAW safe interim storage functioning; 

13) insurance of accident risks with escape of radiation into the Earth's atmosphere; 

14) management and marketing; demand making at the market. 

**) Production and economic performance of LV "Energiya" ground complex development, construction 
cost of "Angara" LV ground complex, Bayterek. 

***) Tests of capsule and container, RAW management methods development, emergency situations devel-
opment. 

Thus, more than a half of cost items for project on the whole cannot be evaluated. 

Based on data from table 3.1 let us calculate cost of 1 t of RAW disposal in space without considering 
expenses of undefined cost.  

Cost with account of only recurring costs will make up  
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6358 mln. US dollars/60 t = 106 mln. US dollars/ton. 

Cost with account of recurring and non-recurring costs will make up 

(6358+(1300…4300)) mln. US dollars/60 t = 127.6...177.6 mln. US dollars/ton. 

In regard to isotope 129I the last figure will reduce very slowly as its amount in annually unloaded SNF 
is comparatively small (about 1 t) and above mentioned 60 t are to be extracted from already accumu-
lated SNF.  

Considering a set of target isotopes that require a sealed power container with wall 420 mm thick, to 
provide protection from their radiation, mass of such RAW at one-launch sequence of delivery in the 
disposal orbit makes up 35 kg (see section 2) Respectively, in this case cost of on-disposal orbit de-
livery of 1 t of RAW with account of recurring costs only for self-injection, without account of ex-
penses of undefined cost, will make up  

(2.3+120+67+25+0,1(120+67+25)) mln. US dollars/0.035 t = 6728.6 mln. US dollars/ton. 

 

3.2 Revenues 
To define a potential revenue from realization of service at the market is possible based on mid-
market price of analogous service. As alternative variants of RAW disposal service provision 2 ap-
proaches may be considered: disposal in geologic formations and transmutation. 

Transmutation technologies require development of new physical power plants, which are being de-
veloped now. So economic calculations regarding these are premature for now.  

The analysis of available information about cost of different RAW disposal methods allows to systema-
tize it by the criterion of 1 t disposal cost (or in some cases, 1 m3). The results are summarized in table 
3.2. In the column "Source", where it is possible, bibliographical reference, the organization or person 
being the source of this evaluation. 

As it can be seen from table 3.2, HAW disposal price by injection into space exceeds the price of all var-
iants of RAW disposal. Comparison with HAW geologic disposal would be correct. Disposal in space is 
by two orders of magnitude more costly that HAW geologic disposal. 

Thus, the project predictable profitability will be negative. In other words, the project will be 
unprofitable due to absence of demand for services as other variants of disposal are radically 
cheaper. 

Table 3.2 – Estimated cost of different variants of RAW disposal 

Disposal method 

Cost 
of 
1 ton (1 m3) disposal, 
mln. US dollars 

Source 

1. Geologic disposal, SAPIERR project 0.10 – 1.50 

[53], I. Rybalchenko, VNIPIET 
(All-Russian Scientific Re-
search and Design Institute 
for Energy Technology), Rus-
sia, 2005 

2. Geologic disposal, Great Britain*  (0.1) [59,69], I. Jackson, Great Brit-
ain, 2008 
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Table 3.2 (continued) 

3. Geologic disposal, Yucca Mountain (USA) 
0.66 
 
0.75 

[1], U.S. Department of Ener-
gy, 2007, 
[38], Nuclear engineering 
handbook, 2009 

4. Geologic disposal, Switzerland 0.12 [68], MSU, 2006 

5. Geologic disposal  1 

[30], NASU (National Acade-
my of Sciences of Ukraine) 
NPP IPB (Institute for Nuclear 
Power Plant Safety Problems) 
2005 

6. Geologic disposal 0.06-0.07 

[106], 12 RF MOD CRI (Cen-
tral Research Institute), 
VNIIEF (All-Russian Scientific 
Research Institute of Experi-
mental Physics), 1997 

7. Geologic disposal of LAW (0.002-0.006) [10], O. Kronda, National Uni-
versity of Kyiv, Ukraine, 2009 

8. Geologic disposal of MAW (0.01-0.07) [10], O. Kronda, National Uni-
versity of Kyiv, Ukraine, 2009 

9. Geologic disposal of HAW  (0.4 - 1.4) [10], O. Kronda, National Uni-
versity of Kyiv, Ukraine, 2009 

10. SNF storage facility in prospect wells,  
Nevada (USA) 0.0284 

[84], TPU (Tomsk National 
Research University of Re-
source Effective Technolo-
gies) 

11. Disposal in wells 0.26-0.3 

[30], NASU (National Acade-
my of Sciences of Ukraine) 
NPP IPB (Institute for Nuclear 
Power Plant Safety Problems) 
2005 

12. Geologic disposal on Novaya Zemlya ar-
chipelago with use of peaceful nuclear explo-
sions 

0.36-(1.5-3.6) 

[106], 12 RF MOD CRI (Cen-
tral Research Institute), 
VNIIEF (All-Russian Scientific 
Research Institute of Experi-
mental Physics), 1997 

13. Formation fracturing and injection of 
low-activity liquid waste mixed with cement  (0.00004-0.00005) [62], Russia 

14. Disposal in space 108 - 183 [8], A. Gafarov, Russia, 2002 

15. Disposal in space + launch base (2 bln. US 
dollars)  175 – 275** 

[6,41,70], TsNIIMash (Central 
Engineering Research Insti-
tute), 1994; NGTU (Novosi-
birsk National Technical Uni-
versity) 

Notes. 

*) The planned revenue for 1 m3 of foreign RAW disposal ≈ 345 ths. US dollars. 
**) This sum includes cost of preparation of extremely hazardous and long-lived waste for space isolation, 
costs for search, evacuation and rescue of ballistic capsule in case of emergency launches and liquidation 
of harmful consequences in case of such an improbable event as scatter of ampoules. 

To determine the market attractiveness by competitiveness, it is necessary to study the project com-
petitiveness by price and technical customer characteristics and customer satisfaction. The competi-
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tiveness by price is absent as it was shown above. The competitiveness by technical characteristics is 
not defined due to substantial difference in technical approaches. The competitiveness by customer 
satisfaction is not achieved as disposal in space does not solve RAW disposal problem as a whole, but 
is proposed for disposal of highly toxic, long-lived HAW of no value in the future. Besides, at present, 
other HAW are to be disposed in geologic formation without subjecting to deep radiochemical repro-
cessing. Among strategic plans of nuclear physicists there is a possibility of extraction of valuable 
components from RAW. To do this, economic situation, new technologies, development of new physi-
cal power plants shall be considered; they are developed not only by application engineers, but with 
involvement of scientists in fundamental knowledge area. Raw injection into space does not make it 
possible to extract valuable components from RAW in the future.  

Characteristics of realized and perspective demand define possibilities of service realization and ac-
quisition of income.  

On the one hand, there is no acute necessity in development of radiochemical technologies for extrac-
tion of certain isotopes to inject them into space as the cost of such technologies is rather high. That is 
why, there is no demand for HAW injection into space now. On the other hand, this situation may 
change in the future. The demand forecast depends on how proposed alternative projects will be able 
to manage RAW stream in the future.  

At present, nuclear power industry is developing the most dynamically in China, India and Russia. New 
power units are also being constructed in the USA, Canada, Japan, Iran, Finland and other countries. A 
number of countries have announced their intentions to develop nuclear power industry, among these 
- Poland, Vietnam, Byelorussia and others. Altogether, more than 60 applications for construction of 
power units are being considered now. More than 160 projects are under way. But three large nuclear 
catastrophes occurred at nuclear power units, made the developed countries seek alternative power 
sources, Germany, in particular, totally abandoned nuclear power industry.  

The strategic orientation of nuclear power industry development lies in nuclear fuel cycle closure. 
Elaboration of the closed fuel cycle allows to solve two main tasks. The first one is to provide nuclear 
power industry with a reliable source of raw materials by involvement of uranium and then thorium-
238 in a fuel cycle. The second one is solution of separation problem, volume minimization and final 
isolation, which are not applied now, radioactive products generated in the process of nuclear power 
industry functioning. Cycle closure will make it possible to ensure the most comprehensive use of nat-
ural nuclear resources (uranium, thorium) and artificial fissile materials generated during operation of 
nuclear reactors (plutonium, etc.) and RAW minimization. 

Considering these factors, a substantial growth of demand for RAW disposal cannot be predicted. Until 
all possibilities of disposal on the Earth are exhausted, the variant of RAW injection into space will re-
main dead. Demand for RAW disposal in space may also arise due to implementation of some force-
majeure circumstances (for example, a large-scale disaster related to traditional RAW storage facili-
ties).  

On the whole, demand forecast for HAW injection into space is negative. Despite this, there is a num-
ber of scientific organizations promoting such projects. The list of potential cooperation and custom-
ers of the project is given in section 6. 

The attractiveness of market is also defined by absence of entry into a market obstacles.  There are 
many legislative obstacles for HAW injection into space project, they are described in section 4. The 
superhigh environmental risk is also a significant obstacle for this project implementation. 
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Thus, the project of HAW injection into space, according to given estimates, is not competitive, unprof-
itable and has no perspective demand and also has a number of legislative and environmental obsta-
cles for its implementation. 
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4 Legal issues of RAW disposal in space 
The analysis of production and economic issues of the problem of long-lived and extremely hazardous 
RAW isolation in space shall be preceded by a thorough study of its international legal issues [105].  

RAW injection into space due project features (space and radioactive materials) falls within jurisdic-
tion of two international regulatory bodies: the UN and IAEA. It does not mean that international 
commitments related to, for instance, non-proliferation of nuclear weapon, environmental and sani-
tary norms and regulations are not to be complied with, features of national legislations are not to be 
considered. For instance, in Russia RAW injection into space is prohibited by law, thus, creating seri-
ous problems for provision of such services provision in cooperation with Russian enterprises, not 
mentioning the possibility of LV launching on the territory of RF, selection of LV flight path over its 
territory. 

 

4.1 The United Nations Organization 
The UN plays a major role in the policy of legal regulation of international cooperation in the explora-
tion and utilization of outer space for peaceful purposes [33]. The retrospective of the UN participation 
in legislation of space activities allows to evaluate the scale of problems solved by the UN, and role of 
this organization during implementation of "RAW injection into space" project. 

Existing regulatory framework in space area consists of intergovernmental agreements concluded 
back in the 1960-1970-ies. Then it implied that all space activities will be performed only by states. 
Such understanding had every reason: only large countries during that period could afford costly 
works for production of space objects and their operation, space activities were directly connected 
with national-security and defence interests. For commercial purposes results of space activities were 
not used. But in the end of the last century commercialization process of space activities started. Hav-
ing seen benefits from use of space hardware and technologies, the private business joined in explora-
tion of outer space. The state sector also started to pay more attention to commercial aspects of use of 
outer space for peaceful purposes. 

Space industry revenues, which in the middle of the 1990-ies made up tens billions of US dollars, be-
came the largest world economic branch. In 1996 commercial activity total revenues for the first time 
exceeded state expenditure on space. In the mid 2000-s annual world space market gain made up 30-
40 bln. dollars [33]. 

Scales of international cooperation in space area grew. With participation of the UN special regional 
space science and technology centres were established. The first of them was constructed in India and 
is meant for Asia-Pacific Region (APR) territory. With assistance of the European Space Agency prepa-
ration activities were performed for establishing of the similar centre for Central Eastern Europe. In-
ternational projects of space object launching were implemented. In 1998 construction of the Interna-
tional Space Station started. But the international legal regulation system of space activities was de-
veloping much slower than activities. 

The United Nations Organization was dealing with peaceful use of outer space after launch of the first 
artificial Earth satellite by the Soviet Union in 1957 [33].  

At present, organizations belonging to the UN system are implementing more than 200 projects and 
programs related to space activities. General Assembly of the UN annually adopts resolutions on inter-
national cooperation in space, considering its political and legal, scientific and technical aspects. These 
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documents are adopted based on reports of the Committee for Special Political Affairs and Decoloniza-
tion Affairs (the Fourth Committee) of the UN. General Assembly of the United Nations Organization 
regularly adopts other resolutions on separate issues of cooperation in space. 

The UN Secretary General is authorized with a number of powers. His area of responsibility embraces 
collection and dissemination of information about space activities of states including data about phe-
nomena constituting danger to life and health of astronauts and maintenance of register of launched 
space objects with free access to it. 

Among special UN organizations participating in development of international cooperation in the ex-
ploration and utilization of outer space for peaceful purposes the following may be called: FAO (the 
Food and Agricultural Organization), ITU (the International Telecommunication Union), WMO (the 
World Meteorological Organization), IMO (the International Maritime Organization ), ICAO (the Inter-
national Civil Aviation Organisation) and UNESCO (the United Nations Educational, Scientific and Cul-
tural organization). Within their competence they participate in space activities along such directions 
as use of remote sensing of the Earth from outer space technologies, telecommunications, satellite me-
teorology and space science. 

In 1958 General Assembly of the UN established the temporary Committee on the Peaceful Uses of 
Outer Space. In 1959 it was reorganized into a standing body - the Committee on the Peaceful Uses of 
Outer Space. Initially, it included 24 countries, now its number has reached 67 states. The Committee 
consists of two subcommittee (scientific and technical and legal) and holds annual sessions. It acts as 
an organization centre of international cooperation in the area it covers. 

In 1958, further to this committee, under the UN Secretariat  Office for Outer Space Affairs was estab-
lished (since 1993 its headquarters is located in Vienna). The Office performs double function: pro-
motes discussions arrangement and helps developing countries use of space hardware and technolo-
gies. 

The Committee makes decisions on a consensus basis, to reach it often becomes a problem. At the 
same time principle of unanimity is required for taking in account the interests of all participants in 
space activities. 

The legal framework of cooperation in space area is defined by five large international documents. The 
first one, signed in 1967, is the Treaty on Principles Governing the Activities of States in the Explora-
tion and Use of Outer Space, including the Moon and Other Celestial Bodies (Outer Space Treaty). This 
document, as of 1 January, 2007, was signed and ratified by 98 countries. 27 states signed it, but did 
not ratify. 

The Outer Space Treaty rules a general legal framework of use of outer space for peaceful purposes 
and establishes frameworks for space law development. Clauses of this document define the necessity 
of exploration and utilization of outer space in the interests of all mankind on the basis of equality of 
states. The treaty provides for freedom of research in space and prohibits appropriation of outer space 
by states (including the Moon and other celestial bodies), conducting space activities in accordance 
with international law (including the UN Charter) prohibition of injection in the orbit, placement in 
space and installation on celestial bodies of objects with nuclear weapon or other types of mass de-
struction weapon, utilization of the Moon and other celestial bodies for peaceful purposes only. At the 
same time the Treaty of 1967 contains such provisions as: 

• international responsibility of states for national space activities; 

 



73 

Ra
di

oa
ct

iv
e 

w
as

te
 d

isp
os

al
 in

 sp
ac

e 
| 

 V
er

sio
n 

1.
0 

01
 M

ar
ch

, 2
01

6 

• international responsibility of states for damage caused by space objects; 

• cooperation and mutual assistance of states in exploration and utilization of space; 

• preservation of jurisdiction and control in space over space objects; 

• commitment of states to avoid pollution of outer space. 

Clause IX of the Outer Space Treaty establishes two interrelated commitment [105]: 

• conduct activities in outer space with due consideration of relevant interests of all other states; 

• study and utilize outer space and celestial bodies to avoid their pollution. 

In international law the term "pollution" includes both intentional and unintentional actions entailing 
chemical, biological, radioactive an other kinds of environmental pollution in quantities endangering 
its natural balance. 

Another important document, signed in 1968, "The Agreement on the Rescue of Astronauts, the Return 
of Astronauts and the Return of Objects Launched into Outer Space (Rescue Agreement). It was ratified 
by 89 countries. 24 countries signed this document, but did not ratify it. This document is a develop-
ment of clause 5 of Outer Space Treaty providing for commitment to help astronauts in case of an acci-
dent, disaster or forced landing and to return astronauts and objects launched into outer space. 

In 1972 the Convention on International Liability for Damage Caused by Space Objects (Liability Con-
vention) was signed. This document for the first time regulated liability for damage caused by the ac-
tivity not prohibited by international law. Namely: deprivation of life, bodily damage or other damage 
of health, property destruction or damage of states, physical and legal person or intergovernmental 
organizations. The amount of compensation is defined in compliance with international law and prin-
ciples of equity recovering situation that would exist if the damage had not been caused. 

In 1976 the Convention on Registration of Objects Launched into Outer Space (Registration Conven-
tion) was concluded. Before its adoption states sent data about their space objects to the UN by their 
own will, following the call of resolution No. 1721 (В) adopted by General Assembly of the UN as of 20 
December, 1961. After the Convention had been adopted, delivery of such information became manda-
tory. This innovation was aimed at simplifying the identification process of space objects. Member 
states committed themselves to register all space objects launched from their territory and organiza-
tions conducting such activities. 

In 1984  the Agreement Governing the Activities of States on the Moon and Other Celestial Bodies (the 
Agreement on the Moon), signed in 1979, came into effect. It was signed and ratified by 13 countries 
(four countries signed it, but did not ratify). After landing of American astronauts on the Moon in 1969, 
Poland and Argentina proposed their draft regulations related to human activity on the Moon and oth-
er celestial bodies. In 1972 the Soviet Union also presented draft Moon treaty to the United Nations 
Committee on Space. The difficulties in this document adoption and narrow circle of joined in coun-
tries are related with disagreement of many states to consider the Moon as "common heritage of the 
mankind". Respectively, there are different opinions regarding the idea of establishing the internation-
al operating mode and distribution of potential goods among states. 

Clause VII, paragraph 1, of the Agreement says that in the process of exploration of the Moon and other 
celestial bodies member states shall take measures against imbalance of their formed environment 
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caused by introduction of unfavourable changes or harmful pollution or by some other way. Owing to 
the last supplement, all actions able to cause such consequences may be prohibited. 

The regulation sources of space activities may also be considered five resolutions adopted by General 
Assembly of the UN in different years. Some of them served as a "starting basis" for a number of above 
mentioned documents [103]. 

Processes in exploration and utilization of outer space require improvement of old and adoption of 
new standards of international space law. It may be solved by adoption of the comprehensive Conven-
tion on space law. Within its framework many goals would be achieved: confirmation of previously 
adopted agreements on space, adding legally binding character to the principles functioning on a rec-
ommendation basis today, liquidation of gaps in legal regulation. 

The Convention supporters assert that the main acting principles of space activities may also be trans-
ferred into a new document. It may be ensured by the existing in the committee consensus principle in 
the process of decision making and also a "batch methods", according to which the decision on a ques-
tion shall be coordinated with the decision on others. The precedents of IAEA or the International 
Atomic Energy Agency establishment prove that signing of universal "space" convention could lead to 
establishment of international space organization in the future. 

Development of space transport systems and launching technologies allowed to develop aerospace 
objects that may be used in air space and outer space. In this connection the issue about the right for 
these objects to pass through air space of states. It was a matter of spacecraft movement, including 
shuttles on their route to space or back to the Earth. 

Legal regimes of air space and outer space are not the same. Air space over dry territory of the state 
and its territorial waters falls under this state sovereignty with the national legislation applying to it. 
Outer space is used in the interests of all mankind and its legal status is regulated by international law. 

The Outer Space Treaty does not define outer space. There is no boundary between air space and out-
er space fixes by international law. In December, 1966, General Assembly of the UN requested the 
Committee on the Peaceful Uses of Outer Space to study variants of the outer space definition. Most 
committee members are inclined to set a boundary between air space and outer space at the height of 
the spacecraft minimal orbit passing, that is 100-120 km above sea level.  

The USA support a "functional" approach. In accordance with this approach, it is not necessary to set 
an agreed boundary between two spaces, it is sufficient to distinguish between aviation and space ac-
tivities depending on the type of a spacecraft used. However, within the functional approach frame-
work it is extremely difficult to regulate damage liability from space activities or prohibition on de-
ployment of nuclear weapons in space. 

Attempts to define a boundary between air space and outer space using indices of air density, presence 
of gravity or chemical compositions of gases in a certain volume of space were not supported. 

Another circle of contradictions is s question of geostationary Earth orbit (GEO) utilization. It is a ques-
tion of a circular orbit above the Earth's surface at about 35 870 km high, where a satellite orbit plane 
is parallel to the Earth's equatorial plane. The satellite, situated in GEO, is permanently accessible to 
ground stations.  Three satellites in GEO are enough for maintenance of the global telecommunications 
network. That is why, a geostationary orbit is important to television broadcasting, communication 
and meteorology. 
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GEO belongs to limited natural resources and this fact generates debates about fair distribution of sat-
ellite location zones and their operating radio frequencies. The International Telecommunication Un-
ion deals with these issues. Clause 33 of the International Telecommunication Convention, 1982, de-
fines that frequencies and orbits of geostationary satellites belong to the resources to be used efficient-
ly and economically to ensure fair access for different countries with consideration of special needs of 
developing countries and geographical position. 

In December, 1976, in Bogotá, the capital of Colombia, equatorial countries (Colombia, Ecuador, Congo, 
Indonesia, Kenya, Uganda and Zaire) adopted declaration on their national sovereignty prevalence for 
the Earth's geostationary orbit. They declared that GEO depends on the Earth's gravitational field and 
due to this fact corresponding segments of geostationary orbit shall be considered as extension of na-
tional territories they are situated over. Most developing countries supported the "necessity to consid-
er interests of equatorial countries regarding geostationary orbit". 

The USSR and then Russia, on the contrary, asserts that a part of outer space, where orbits of geosta-
tionary satellites lie, is inseparable from outer space as a whole. That is why, it falls under relevant 
provisions of the Outer Space Treaty of 1967, including the provision prohibiting national appropria-
tion of outer space by no means. Accommodation of geostationary satellites in outer space by states 
does not imply any proprietary rights for respective points of satellite location or separate parts of 
outer space. The opinion that declaration of Bogotá contradicts the Outer Space Treaty prevails, but 
owing to absence of a clear definition and delimitation of outer space, the problem remains unsolved 
up to now. 

Nuclear power sources (NPS) of two types are used in space activities. First of all, these are radioiso-
tope generators based on conversion of ionizing radiation, irradiated during radioisotope decay, into 
various forms of energy. Besides, nuclear reactors, obtaining heat energy at the expense of control 
over uranium-235 fission reaction control. 

Use of nuclear materials as a power source allows to perform long-lasting space flights and complicat-
ed operations in outer space. At the same time? their use is connected with NPS danger in case of acci-
dents and collisions in outer space at spacecraft launch and landing. 

Issues of NPS use were included in the agenda of Committee on Space for the first time after Soviet 
satellite "Kosmos-954) with a nuclear reactor on board had fallen on the territory of Canada in 1978. 
The USSR covered 50% of expenses spent by Canada for search and disposal of radioactive elements. 
Fortunately, the satellite fell in desert sparsely populated areas. 37.1 kilograms of spent nuclear fuel 
were, mainly, dispersed in the atmosphere with only grams reaching the earth surface. 

In 1978 the Scientific and Technical Subcommittee of the Committee on Space formed a working group 
on NPS use on space objects. In 1981 it presented its recommendations to the International Commis-
sion on Radiological Protection (ICRP) about standards and regulations of radiological countermeas-
ures during all phases of spacecraft flight. 

As a result of complex preparatory work, the Committee on Space formulated recommendatory "Prin-
ciples Relevant to the Use of Nuclear Power Sources in Outer Space" They were approved by the reso-
lution of General Assembly of the UN on 14 December, 1992. These principles are under development 
now. From time to time these or those countries bring up issues of their necessary modification and 
addition. 
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Since the end of the 1990-ies the danger of spacecraft (including those with nuclear power sources on 
board) collision with space debris is increasing. In the report of the Committee on Space Research 
(COSPAR) of the International Council of Scientific Unions (ICSU) and the International Astronautical 
Federation in 1988 it was noted that in the orbits of the Earth there are more than 3.5 bln. of techno-
genic space bodies more than 1 mm in size and total mass exceeding 3000 tons. According to data of 
the International Academy of Astronautics  [104] as of 1998, out of 8600 objects located in near-Earth 
orbits only 500 may be considered as active. 

The problem of technogenic contamination of outer space is often used in international negotiations 
practice as a method of competition. States are trying to dictate requirements to one another as for 
complying with standards of space activities, launches, fires of all. They regularly repeat their attempts 
to dictate their own standards as obligatory for all ones. 

Environmental problem of outer space have been discussed since the 1970-ies. This problem may be 
solved only by efforts of the world community by means of cooperation of space states. Outer space is 
a unique resource and its utilization shall be performed in the interest of all countries. Nine of space 
states will not be able to solve the problem of outer space tehnogenic contamination independently 
because of financial expenses. 

The Inter-Agency Space Debris Coordination Committee (IADC), existing in the present form since 
1993, performs functions of one of international forums on issues relating to cooperation in all aspects 
of space debris problem. Great Britain, Germany, Italy, France, China, Russia, Ukraine, the USA, India, 
Japan and the European Space Agency participate in its activities. IADC efforts are aimed at consensus 
achievement regarding methods of outer space contamination reduction. The guidelines of this con-
tamination reduction were developed, different countries adhere to them on a voluntary basis. 

Recently, attempts have been taken to entrust the Legal Subcommittee of the Committee on Space with 
preparation of declaration concerning guidelines of space debris prevention, which would be legally 
binding by character. But due to absence of consensus, this issue is postponed. In February, 2007, the 
Scientific and Technical Sub-Committee of the Committee on the Peaceful Uses of Outer Space STSC) 
approved by consensus "STSC Guidelines on Space Debris Prevention". But these guidelines have not 
attained the status of legally binding ones. 

In December, 1998, on the proposal of the European Space Agency, World Commission on the Ethics of 
Scientific Knowledge and Technology (COMEST) of UNESCO formed a working group dealing with out-
er space ethics. It was entrusted with a task to formulate ethical principles that would help politicians 
make decisions regarding space activities. On 22 June, 2002 the relevant report was prepared. Its rec-
ommendations held a stringent, but not legal duty of states to apply established ethical principles at 
each stage of outer space research and utilizations. 

Undoubtedly, ethics, morals and law are three interacting, closely related categories. Human activity is 
based on ethical principles, often transformed into legally binding rules. Ethics serves as a basis for 
legislation, particularly, during development of new types of activity and during interpretation and 
application of existing legal norms. But unlike legal norms, ethical norms are adhered to on a voluntary 
basis. Otherwise, the border between these two institutions is erased, thus, breaking strongly proto-
cols of international law act adoption. These reasons stipulate differentiation of competence of 
UNESCO and the UN Committee on Space. 

In the future UNESCO and COMEST will continue to study ethics of space activities and inform about 
results of their work. But it is still difficult to predict how the guidelines, developed by them. will affect 
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law-making; legislation of the UN Committee on Space, the UN as a whole and outer space activity 
practice itself of states [33]. 

 

The analysis of above mentioned information with consideration of the UN precedents, shows that 
RAW injection into space requires solution of the following issues on the UN level: 

1) Selection of launch base for LV with RAW launching. Not every country can provide its territory 
for launch (for example, Russia). If launches to be performed from the territory of Kazakhstan, it 
would be necessary to overcome legal restraints on RAW importation existing in many countries, 
which territories shall be crossed during RAW transportation, the RF, in particular. If LV launch site is 
of extraterritorial nature, this issue coordination in the UN may last for decades, there are precedents 
to prove it. By virtue of the effective consensus principle, it may be assumed with confidence that a 
positive consolidated decision on this issue is hardly possible. 

2) The launch path shall be selected to cross the territories of the least possible number of states. 
Besides, danger of capsule with RAW with ND will necessitate to coordinate the flying mission with a 
majority of Earth's countries. 

3) Highly toxic radioactive materials represent one of the mass destruction weapon type; their injec-
tion into space is prohibited. To apply it, no modification of complex will be needed: only change of the 
flying mission, entry of capsule with waste in the atmosphere in a ballistic path and provision of cap-
sule with high-activity waste explosion over enemy territory. The fact that system of RAW injection 
into space may be used like this, will provoke utterly negative attitude to such project on the part of 
the world community and international organizations. Ukraine, as a state that abandoned nuclear 
weapon and joined non-proliferation regimes, in this case, may be accused of breach of the agreement. 
It is obvious that this fact requires new international legislation. Broad consensus on this issue is hard-
ly possible.  

4) RAW injection into space is, by definition, is a launching of garbage into space.  This process is 
regulated by the UN norms and necessitates to coordinate flying missions and disposal orbits at top 
level. Most likely, the project international expertise will be required to ensure environmental safety. 
It will be very difficult to obtain its approving decision due to risks relate to occurrence of off-nominal 
situations in DO equipment, capsule destruction in case of collision with space natural or man-made 
objects. 

5) The project ethical aspect due to not infrequent accidents of launch vehicles (including piloted 
ones) and tragedies of Three Mile Island, Chernobyl and Fukushima is steadily opposed by ecologists 
and community. It is difficult to expect other attitude of the UN on this issue. 

 

In accordance with the Convention on International Liability for Damage Caused by Space Objects [36], 
signed by Ukraine, the following provisions shall be considered during project implementation: 

clause 2. The launching State incurs absolute liability for damage caused by its space object on the 
Earth's surface or aircraft in flight; 

clause 1 defines the terms used: 
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a) term "damage" means deprivation of life, bodily damage or other damage of health: or property de-
struction or damage of states, physical and legal person or intergovernmental organizations; 
b) term "launch" includes launch attempt; 
c) term "launching State" means: 

− the State that organizes or performs spacecraft launch, 
− the state providing its territory or facilities for spacecraft launch; 

d) term "space object" includes components of space objects, its delivery facilities and parts. 

clause 5, paragraph 1 "Whenever two or more States jointly launch a space object, they shall be jointly 
and severally liable for any damage caused", paragraph 3 "State from whose territory or facility a 
space object is launched is regarded as a participant in the joint launching. 

 

Dispersion of highly toxic RAW on the Earth's surface will inevitably cause radiation contamination of 
the territory (more serious variant of Chernobyl zone). Radiation injury of population will cause dis-
eases and death of a large number of people. According to [9], reactor accident with 32.7 kg of 238Pu, by 
NAS estimates, can cause radiotoxic injury of up to 5 bln. people and only 450 g of 238Pu, provided its 
uniform distribution, is sufficient to cause cancer of all people living on the Earth. Taking into account 
possible scale of catastrophe, it could develop into the damage worth tens, if not hundreds of billions.  

 

Clauses 3 and 4 define liability for damage caused to space objects "elsewhere other than on the sur-
face of the Earth". 

 

RAW dispersion on orbits actively used by spacecraft could cause radiation damage of equipment lead-
ing either to useful life reduction, or performance loss.  

 

The UN core document regulating now injection of radioactive materials into space is "The Principles 
Relevant to the Use of Nuclear Power Sources in Outer Space" [13]. They prove and specify the provi-
sions stated above, define the procedure of information exchange about radiological danger, consulta-
tions, rendering aid and impose safety requirements, the essence of which is given in section 2. 

Principle 3 shall be noted (Guidelines and Criteria for Safe Use), which is formulated as follows: "In 
order to minimize the quantity of radioactive material in space and the risks involved, the use of nu-
clear power sources in outer space shall be restricted to those space missions which cannot be operat-
ed by non-nuclear energy sources in a reasonable way"  

 

Neither the Outer Space Treaty of 1967, nor the Convention on International Liability of 1972 do not 
contain requirements to provide insurance coverage of liability for damage that may be caused by the 
state space activities. This issue belongs to the competence of states. In accordance with national legis-
lation of the USA and Great Britain, the term of insurance coverage on damage to third parties is a nec-
essary element of licences to get permit for private companies to space activities. Development of 
space insurance requires establishment of new insurance funds - transnational pools (pool stocks) of 
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space insurance, cooperative insurance (in this case, an insurer, spacecraft owner, its manufacturer 
and operating party take the risk). 

 

4.2 The International Atomic Energy Agency 
The problem of RAW isolation in space, besides international space law, relates to issues of interna-
tional nuclear law [105]. IAEA contributes to this problem solution, it developed a number of recom-
mendatory standards regarding different aspects of RAW management. Among examples - the Code of 
Practice on the International Transboundary Movement of Radioactive Waste, approved by General 
Conference of the International Atomic Energy Agency in September, 1990. It prescribes that RAW 
movement shall be performed only after obtaining of permission by all participating states with ad-
vance notification and with the consent of consigning, receiving and transit states. 

The International Atomic Energy Agency (IAEA) is the main international organization dealing with 
radiation safety and, according to its statute provisions, is authorized to lay down safety regulations in 
consultation with the United Nations Organization and other special organizations. The central offices 
of the Agency are situated in Vienna. The main objective of the Agency is to "accelerate and enlarge the 
contribution of atomic energy to peace, health and prosperity throughout the world". IAEA coordi-
nates efforts, taken in the whole world, to improve nuclear safety, radiation safety, transportation safe-
ty, radioactive waste safety and emergency preparedness.  

IAEA performs to safety functions, described in its Statute (clauses III.А.6). These are:  

1. development and adoption of safety standards for health protection from radiation effect; 

2. support of these standards implementation by request of the member state. 

IAEA developed a comprehensive complex of safety standards for nuclear power spheres, radiation 
protection, radioactive waste management and radioactive waste transportation. In some cases it was 
done in cooperation with other international organizations. These standards are updated from time to 
time to ensure their urgency as guidelines in application of modern methods aimed at achievement of 
high-level safety.  

The Agency develops standards and rules that are usually considered by governments of the countries 
involved in operations with radiation and radionuclides. Let us remind that radiation safety legislation 
is a system of laws defining the policy of the state regarding safe use of nuclear power to population 
and environment and management its products, including radioactive waste. This principle of opera-
tion of a law includes use of specific numerical indices that may depend on specific conditions and 
change in time. 

Development of safety standards is supervised by the following advisory bodies: the Safety Standards 
Advisory Group (SRAG); the Nuclear Safety Standards Advisory Committee (NUSSAC); the Radiation 
Safety Standards Advisory Committee (RASSAC); the Transport Safety Standards Advisory Committee 
(TRASSAC); and the Waste Safety Standards Advisory Committee (WASSAC). 

Though safety control is a national responsibility, international standards and approaches to safety 
control contribute to achievement of coordination, ensure safe use of nuclear and radiation technolo-
gies and promote international technical cooperation and commerce.  The standards also support 
states in the process of their execution of commitments. One of the  common international commit-
ments is that a state shall not act in manner causing damage in the other state. Specific commitments of 
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contracting states are described in detail in the international conventions regarding safety. Interna-
tionally coordinated IAEA safety standards provide the verification basis for the states fulfilling these 
commitments. 

According to clause III of its Statute, IAEA is authorized to lay down safety standards for protection 
against ionizing radiation and control the utilization of these standards in peaceful activity of nuclear 
sphere. Publication related to regulating activities, through which IAEA lays down safety standards 
and measures, developed by ICRP and INSAG, are issued in Series of IAEA safety standards. This series 
covers nuclear safety, radiation safety, transportation safety and waste safety. 

By 2014 IAEA is going to introduce new rules nuclear materials protection. It is a question of the 
amendment to the Convention on the Physical Protection of Nuclear Material approved in 2005, but 
not ratified yet. The present test of the Convention regulates only international transportation of nu-
clear material, the amendment states its use, storage and domestic transportation. For now, 59 coun-
tries adopted the amendment, but 40 more countries shall adopt for it to come into effect [37]. 

 

4.3 Other international documents 
In recent years the principle of international law was formulated – the principle of holding no damage 
to environment [105]. It is vested in a number of environmental agreements, in section 5 of Final Act 
of the Conference on Security and Cooperation in Europe (1975) and in Charter of Economic Rights 
and Duties of States. But its full formulation is given as one of the principles of the XXI United Nations 
Conference on the Human Environment (Stockholm Conference) of 1972: the states will bear the 
greatest burden for large-scale environmental policy and action within their jurisdictions or control 
ensuring their activities are of no harm to environment of other states or areas out of national jurisdic-
tion. 

Issues of nuclear environmental protection are regulated by standards of the Treaty Banning Nuclear 
Weapon Tests in the Atmosphere in Outer Space and Under Water (1963), the Nuclear Weapons Non-
Proliferation Treaty (1968), the International Convention for the Safety of Life at Sea (1974) and the 
Protocol to this Convention (1978) (about operation of vessels with nuclear power installations), the 
International Convention on Standards of Training, Certification and Watchkeeping for Seafarers 
(1978), the Convention on Liability for Nuclear Material Sea Transportation (1981), the Convention on 
Nuclear Safety (1994), other international documents. 

In particular, the Geneva Convention on the High Seas (1958) states that every State shall take 
measures to prevent pollution of the seas from the dumping of radioactive waste and cooperate with 
the competent international organizations in taking measures for the prevention of pollution of the 
seas or air space above, resulting from any activities with radioactive materials.  

The Basel Convention on the Control of Transboundary Movement of Hazardous Wastes and Their 
Disposal was adopted on 22 March in 1989 by Plenipotentiary Conference in Basel, Switzerland, as a 
response to the community protest after in the 80-ies in Africa and other developing world regions 
imported deposits of toxic waste had been found. The main objective of the Basel Convention is to pro-
tect human health and environment against harmful effect of hazardous waste. It covers a wide range 
of waste that was defined as "hazardous waste" considering their origin and/or composition and 
properties (clause 1 and annexes I, III, IV and IX) and two types of waste classified as "other waste" 
(domestic waste and ash, clause 1 and annex II). 
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In 1995 at the third meeting of Conference of the Parties (COP) the amendment to the Convention on 
the Control of Transboundary Movement of Hazardous Wastes and Their Disposal was adopted ("Pro-
hibitive Amendment"). Prohibitive Amendment provides for export prohibition of all hazardous waste 
falling under the Convention of Hazardous Waste, that are intended for final disposal, reuse, recircula-
tion and recovery from the countries listed in annex VII of the Convention (Parties and other states 
being members of OECD, EU, Liechtenstein) to any other countries. As of 1 January, 2011 Prohibitive 
Amendment has not come into effect. At COP-9 in 2008 the unofficial discussions started to determine 
the way that would allow Prohibitive Amendment to come into effect considering concern and need of 
all countries in this context. 

Antarctic Treaty (1959) . prohibits radioactive waste dumping to the south of the 60th parallel of 
southern latitude. 

The London Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Mat-
ter (1972) was devoted to purposeful disposal of hazardous (including radioactive) waste in the ocean.  
The Annex to the Convention defines categories of waste prohibited for dumping (waste with high lev-
el of radiation or other radioactive substances with the same level, defined by a competent interna-
tional organization as prohibitive for dumping into the sea in terms of public health service), in Annex 
II - dumping of which requires special precaution (all other radioactive waste). The Convention does 
not regulate the disposal procedure of radioactive materials transported as cargoes. 

The Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive Waste 
Management was adopted on 5 September, 1997 and came in to effect on 18 June, 2001. It forms the 
legal framework of the international disposal project, if at least one participating countries signed this 
document. 

According to the Joint Convention, RAW shall be disposed in the country of its origin, if this disposal 
complies with requirements of safe waste management. However, under certain circumstances, safe 
and effective RAW management may be performed within the framework of agreements providing for 
use of objects of one of the parties to a treaty with a benefit for other participants. 

Clause 27 contains additional obligations of the parties conducting international transportation of 
spent fuel and radioactive waste.  

RAW transportation is prohibited south of 60° of southern latitude and to the countries having no 
technical, legal or administrative resources for safe waste management. The country of origin shall 
take the waste back, if their transportation cannot be completed. 

The procedural code of the International Transboundary Movement of Radioactive Waste (adopted on 
21 September, 1990) overlaps provisions of clause 27 of the Joint Convention and facilitates its inter-
pretation. The European Council Directive 92[3] Euroatom about organization and control of radioac-
tive material transportation among countries of the European Community or outside its borders 
(adopted on 3 February, 1992, came into effect on 1 January, 1994) extends the force of clause 27 of 
the Joint Convention on all EU member states. 

The Convention on the Environmental Impact Assessment in a Transboundary Context  (ESPOO/IAEA 
Convention was adopted in spring, 1991, in Finland) states all partners shall perform the environmen-
tal impact analysis of certain operations of RAW management at the early planning stage and consult 
with one another regarding all large projects that may have a significant negative impact on environ-
ment of several countries. All RAW storage and disposal facilities fall under force of this document. 
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The European Commission proposes to adopt a set of mandatory principles of radioactive waste stor-
age [15] for the European Union states. If the Commission's recommendations are approved, these 
principles will come into force as the minimal standards of RAW and SNF management in all 27 EU 
member states. 

The key elements, given in the European Commission' recommendations, are as follows: 

• The governments of the European Union member states shall develop and adopt the national 
legislation regarding radioactive waste management. 

• The European Union will not set specific dates for the states concerning construction and put-
ting into service of nuclear waste storage facilities. 

• Separate countries may join their efforts and establish joint RAW and SNF storage facilities in-
side the EU. Removal of nuclear waste out of the EU will be prohibited. 

The Euroatom proposal  as for the Council Directive on spent nuclear fuel and radioactive waste man-
agement ( the so called "Nuclear package") was for the first time published on 6 November 2002 in its 
final version - on 30 January 2003). According to the initial draft document, every EU state had to de-
velop and approve a clear-cut program of long-term RAW management and its disposal, having deter-
mined the time frame of this program stage. This program could include RAW and SNF transportation 
to the other EU state or third countries, provided transportation is in compliance with the EU legisla-
tion. The disposal in stable geologic formations (granite, salt and clay formations) was considered as 
the safest and the most economically sound solution in management of high-activity and long-lived 
waste. Besides, the schedule of storage facilities putting into operation was quite tight. 

The Euroatom proposal aroused many objections, first of all, against the unreal schedule. Some coun-
tries declared against the priority of regional storage facilities, others (Great Britain, in the first place) 
did not approve of the geologic disposal variant as a long-term SNF and RAW problem solution. As a 
result, the test changed and became a non-binding resolution. But in the EU attempts to develop the 
waste management directive are currently in progress. 

 

4.4 The Ukrainian legislation 
The Ukrainian legislation sees management of radioactive substances as their preprocessing, pro-
cessing, conditioning, transportation, storage and disposal of radioactive waste. Radioactive waste 
disposal is seen as the a placing of radioactive waste in the object intended for radioactive waste man-
agement without intention to use it [10]. 

The following Laws of Ukraine may be named in the system of legal regulation sources of environmen-
tal protection against radioactive pollution: "About Waste" as of 05/03/98, "About radioactive wastes 
handling" as of 30/06/95, "About Environmental Protection" as of 25/06/91, "About High Threat Lo-
cations" as of 18/01/2001. 

The intensive growth of space activities requires further legal regulation, in particular, of space envi-
ronment protection problems. Such regulation may be performed by introductions of additions to al-
ready effective international legal documents and by adoption of new documents concerning RAW 
disposal in space problems. IAEA and the UN shall participate in this process. These issues require the 
national regulation too.  
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The implementation of RAW disposal in space concept is possible only internationally and requires, 
first of all, solution of legal problems. In addition to unsolved legal issues, there is a number of direct 
statutory bars for RAW injection into space. At present, RAW injection into space is possible, provided 
100% of the injection system reliability is guaranteed; the launch is performed on the territory of the 
country generating RAW, the launch path passes over the territories of the countries participating in 
the project; 100% guarantee of RAW will not fall into the sea. At that, the UN document regulating now 
injection of radioactive materials into space, namely "The Principles Relevant to the Use of Nuclear 
Power Sources in Outer Space" will be violated. The RAW isolation in space is prohibited by the na-
tional legislation of many countries including the RF. Besides, the project is sure not to be supported 
by the general public and politicians. 
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5 Comparative evaluation of RAW disposal in space implementation 
variants 
The concept of RAW disposal in space lies in the following procedure. SNF or high-activity products of 
its reprocessing are provided with multibarrier protection, thus, minimizing probability of their con-
tact with biosphere in case of possible emergency situations and ensuring the acceptable radiation 
level on the protection outer surface. Afterwards, RAW in the combined containment shell is trans-
ported to the launch base and located on the launch vehicle final stage as a payload. Generally, the 
structures of the launch vehicle final stage are optimized (with consideration of multibarrier protec-
tion) to minimize probability of injected into space RAW contact with biosphere in case of emergency 
situations. The project emergency situations shall consider "the worst-case" scenarios like the carrier 
fire, explosion or combined failure of several safety systems during ballistic reel to the Earth due to 
faults at the injection phase. Finally, in case of accident-free space transportation, the capsule with 
RAW is delivered to the disposal site and left there for indefinitely long time. 

For each stage of this process there is a number of acceptable variants of minimum technical solutions 
(MTS). There are many variants of disposal objects, disposal sites and methods of delivery. The pur-
pose of this analysis is to minimize the number of combinations of possible variants for their further 
development. 

 

5.1 Brief characteristic of minimum technical solutions 

5.1.1 Disposal object 
The spent nuclear fuel can be subject to radiochemical reprocessing to extract uranium and plutonium 
(they return to the nuclear fuel cycle) and several tens of radioactive isotopes demanded in science, 
engineering and medicine. Up to now, all methods of such reprocessing implemented on an industrial 
scale, generate a large amount of high- and low-activity waste. For instance, after reprocessing of 1 t of 
RAW, approximately 1 t of high-activity waste is generated (after concentration by evaporation and 
vitrification) and a small amount of low-activity RAW 6 A dry (gaseous fluoride) method of SNF repro-
cessing allows to get less high-activity Raw, about 0.3 t per 1 t of SNF, but it has not been implemented 
on an industrial scale yet.7 

When developing concept of RAW disposal in space concept, the following may be considered as dis-
posal objects: 

• not reprocessed SNF after decay cooling and conditioning (variant A1); 
• high-activity waste of SNF "wet" reprocessing method (acid technology, variant A2); 
• high-activity waste of SNF "dry" reprocessing method (gaseous fluoride technology, variant 

A3). 

 

5.1.2 Disposal site 
RAW disposal site in space shall be complied with a set of requirements: 

• guaranteed exclusion of located objects penetration into near-Earth space and the Earth's bio-
sphere; 

• stability during hundreds of thousands years; 
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• low risk of object destruction due to meteorite hazard; 

The intermediate geocentric orbits shall ensure presence of object during at least 100 years without 
the risk of its fall on the Earth at the expense of deceleration in the upper atmosphere. 

Six variants of possible disposal site were analysed in the studies related to RAW disposal in space. 
These are4: 

• high geocentric orbit (variant В1); 
• lunar orbit (variant B2); 
• the Moon (soft landing, variant B3); 
• the Sun(variant В4); 
• heliocentric orbit at 0.85/1.15 a.u. from the Sun (variant В5); 
• disposal outside the solar system (variant В6). 

 

5.1.3 Method of delivery to disposal site 
At present and in the nearest decades the only real method of RAW delivery to the disposal site in 
space is use of launch vehicles (LV).  The main problems of this method are: it is difficult to ensure 
safety control during injection and high cost. 

Development of alternative methods of delivery, at least, into the intermediate near-earth orbit. In par-
ticular, the possible use of a cable system8 ("space lift") to deliver RAW in the near-earth orbit and its 
further reloading on the rockets for transportation to the disposal site. Though the low unit cost of de-
livery (as compared with LV) was announced, it is difficult to forecast the term of this system proto-
type appearance. 

Nevertheless, within the framework of this report three methods of delivery are analysed: 

• use of launch vehicles, one-launch sequence of delivery, when one LV is used for RAW trans-
portation from the Earth's surface to the disposal site (variant С1); 

• use of launch vehicles, multi-launch sequence of delivery, with RAW transfer into the near-
earth intermediate orbit (variant С2); 

• a combined sequence with cable (Space Lift) delivery of RAW to the near-earth intermediate 
orbit and with transfer onto LV for transportation to the disposal site (variant С3). 

 

5.2 Comparison technique of variants 
It is obvious by described above MTS (it is not comprehensive, though) that a number of its possible 
combinations (54) is too large for a detailed analysis at the stage of the concept development. That is 
why, we need a tool to reduce their number substantially by comparing a set of quantitative indices. 
The proposed comparison technique of variants is exactly a tool we need. 

The technique is based on the expert estimation of variants according to five key criteria with their set 
covering to a certain extent all problematic issues of RAW disposal in space concept. The following cri-
teria were selected: 

• operational feasibility; 
• risks; 
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• implementation period; 
• cost; 
• public acceptance. 

Each MTS variant of disposal site and delivery method was evaluated according to each criterion by 
100-point scale. A higher point corresponds to a higher degree of the variant preference according to 
the corresponding criterion. Then the points by every criterion were added. It was assumed that all 
criteria are approximately equal in terms of the variant general estimation.  Let us consider this in de-
tail for each criterion. 

 

5.2.1 Operational feasibil ity 
According to this criterion, nearly all MTS scored 100 points: they have been tested to a greater or 
lesser extent when resolving the tasks not related to RAW disposal in space. The only exception is a 
combined sequence with cable (Space Lift) delivery of RAW to the near-earth intermediate orbit and 
with transfer onto LV for transportation to the disposal site. As there is no prototype of the system key 
element for now (a cable with required length and strength), this variant scored 50 points: only the 
"rocket" part of this delivery method was tested. 

 

5.2.2 Risks 
In this case, technical risks of this or that MTS variant were considered. Other types of risks are re-
flected in other criteria. 

Disposal object 
All three variants of the disposal object are practically the same in terms of risk assessment regarding 
their direct operational feasibility. The first variant is worse (not reprocessed SNF) as large amounts 
of disposed RAW will require a large cargo traffic from the Earth into the orbit. In its turn, it increases 
the probability of emergency situations in comparison with other two variants. So the first variant 
scored 50 points, the second and the third ones - 100 points each. 

Disposal site 
The risks related to disposal site were calculated as a half-sum of points scored by each variant in 
terms of the site safety and delivery reliability to the disposal site. Safety of B3-B6 sites was estimated 
as 100 points, safety of B1 and B2 sites - as 50 points. The number of points Rd for delivery reliability 
for each variant of disposal site was calculated by formula 

𝑅𝑑 = 100 − 𝛥𝑉
𝛥𝑉𝑚𝑖𝑛

∙ ln ( 𝑇
𝑇𝑚𝑖𝑛

) ∙ 𝐾   (5.1) 

where ΔV – required velocity increment, km/s, ΔVmin=1 km/s; T – required system useful life for deliv-
ery to disposal site, days, Tmin=1 day; K – estimated number of orbital manoeuvres. 

 
Method of delivery 
The risks related to method of delivery were calculated as a half-sum of points scored by each variant 
in terms of the delivery safety and reliability of the delivery method. The delivery safety reflects prob-
ability of a severe accident resulting in fire, LV explosion and/or ballistic return of RAW to the Earth's 
surface. In case of the ground launching 50 "demerit" points are subtracted, in case of the orbital 
launching - 25. If LV (one-launch sequence) is used, safety was estimated as 50 points, if LV (multi-
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launch sequence) is used - 25 points, if a combined sequence is used - 75 points. The delivery method 
reliability was estimated by the average statistical value of accident-free launches percent (for multi-
launch sequence - by this value squared). For a cable system, the reliability of delivery into the inter-
mediate orbit was taken as absolute. 

 

5.2.3 Implementation period 
The number of points St, scored by this or that MTS variant according to this criterion was calculated 
by formula 

St = 100 – t    (5.2) 

where t is an estimated time of preparation for the variant implementation, provided full-scale opera-
tions, years. It was accepted the same for all variants (5 years), except for the last one, where the time 
needed for the cable system development is estimated as equal to 50 years. 

 

5.2.4 Cost 
The MTS variant with the minimum implementation cost got 100 points, the rest were estimated in-
versely to the estimated increase of costs. 

Disposal object 
Variant A1 (not reprocessed SNF) has the minimum estimated cost because only conditioning costs are 
required. Other variants require radiochemical reprocessing costs. At the same time, if variant A1 is 
used, the total costs for disposal increase greatly due to a large volume of cargoes transported to the 
disposal site. That is why, variant A1, despite its minimum own cost, scored 50 points, whereas two 
other variants - 75 points each. 

Disposal site 
The number of points Pi, scored by i-th variant according to this criterion, was estimated inversely to 
the required velocity increment for delivery to the disposal site and was calculated by formula 

𝑃𝑖 = 100 ∙ Δ𝑉𝑚𝑖𝑛
Δ𝑉𝑖

   (5.3) 

where ΔVmin = 4 km/s (high geocentric orbit, variant В1); ΔVi – required velocity increment for i-th var-
iant. 

Method of delivery 
The minimum estimated cost is provided by a combined method (variant C3). It is nearly two times 
less than for other two variants. Respectively, this variant scored 100 points, variants C1 and C2 - 50 
points each. 

 

5.2.5 Public acceptance 
This criterion is rather specific. On the one hand, estimates, related to it, are the most subjective. In 
case with other criteria, it is possible to use technical or economic arguments and specific figures, not 
always reasonable though. There have been no serious studies as the public opinion regarding RAW 
disposal in space yet. On the other hand, the issue of hazardous waste management is rather sensitive 
for ordinary citizens and politicians, reasons of experts are often underestimated. It was clearly 
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demonstrated by the problems with repository construction in Yucca Mountain, the USA9, storage fa-
cilities for RAW in France10 and a number of other examples. 

Forming estimates according to this criterion, experts were proposed to estimate each variant of MTS 
from the points of view of the scientific community and ordinary citizens. The total point was equal to 
a half-sum of these estimates. 

Disposal object 
In table I estimates for disposal object are given. 

Variant 
Scientific 
community 

Ordinary 
citizens 

Half-sum 

A1 5 25 15 

A2 1 25 13 

А3 70 25 47.5 

Table I. Expert estimates of public acceptance of 
variants by disposal object 

Disposal site 
In table II estimates for the disposal site are given. 

Variant Scientific 
community 

Ordinary 
citizens 

Half-sum 

В1 10 10 10 

В2 10 20 15 

В3 10 10 10 

В4 20 50 35 

В5 80 90 85 

В6 80 90 85 

Table II. Expert estimates of public acceptance of 
variants by disposal site 

Method of delivery 
In table III estimates for delivery method are given. 

 

Variant 
Scientific 
community 

Ordinary 
citizens 

Half-sum 

C1 50 50 50 

С2 50 50 50 
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С3 80 50 65 

Table III. Expert estimates of public acceptance 
of variants by delivery method 

 

5.3 Processing of results 
To compare combinations of variants (in other words, variants of RAW disposal in space concept as a 
whole) the following sums of type were used: 

Ai+Bj+Ck,   (5.4) 

where  i = 1...3,  j = 1...6,  k = 1...3;   Ai, Bj, Ck  –  sums of points scored by a corresponding MTS variant 
according to all criteria. 

The results were summarized in the table, then sets of variant combinations close to the maximum and 
minimum by the number of points scored were separated. 

First, let us present a summary table with results of estimates according to each MTS variant (table 
IV). 

Variant 
Estimation criterion Sum of 

points III.I III.II III.III III.IV III.V 

A1 100 50 95 50 15 310 

A2 100 100 95 75 13 383 

A3 100 100 95 75 47.5 417.5 

B1 100 72.2 95 100 10 377.2 

B2 100 56 95 94.1 15 360.1 

B3 100 72.9 95 66.1 10 344 

B4 100 91.7 95 16.7 35 338.4 

B5 100 76.9 95 89.9 85 446.8 

B6 100 97 95 45.7 85 422.7 

C1 100 72.5 95 50 50 367.5 

C2 100 57.5 95 50 50 352.5 

C3 50 85 50 100 65 350 

Table IV. Quantitative estimation of MTS variants (section 
II) according to five criteria (subsections III.I-III.V) 

 

Then let us give a summary table with sums of (4) type sorted descending for convenience. 
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Combination of MTS  
variants 

Sum of points 

А3+В5+С1 1231.8 

А3+В5+С2 1216.8 

А3+В5+С3 1214.3 

А3+В6+С1 1207.7     

А2+В5+С1 1197.3 

А3+В6+С2 1192.7 

А3+В6+С3 1190.2 

А2+В5+С2 1182.3 

А2+В5+С3 1179.8 

А2+В6+С1 1173.2  

А3+В1+С1 1162.2 

А2+В6+С2 1158.2 

А2+В6+С3 1155.7 

А3+В1+С2 1147.2 

А3+В2+С1 1145.1 

А3+В1+С3 1144.7 

А3+В2+С2 1130.1 

А3+В3+С1 1129.0 

А2+В1+С1 1127.7 

А3+В2+С3 1127.6 

А1+В5+С1 1124.3 

А3+В4+С1 1123.3 

А3+В3+С2 1114.0 

А2+В1+С2 1112.7 

А3+В3+С3 1111.5 

А2+В2+С1 1110.6 

А2+В1+С3 1110.2 

А1+В5+С2 1109.3 

А3+В4+С2 1108.3 
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Combination of MTS  
variants 

Sum of points 

А1+В5+С3 1106.8 

А3+В4+С3 1105.8 

А1+В6+С1 1100.2 

А2+В2+С2 1095.6 

А2+В3+С1 1094.5 

А2+В2+С3 1093.1 

А2+В4+С1 1088.8 

А1+В6+С2 1085.2 

А1+В6+С3 1082.7 

А2+В3+С2 1079.5 

А2+В3+С3 1077.0 

А2+В4+С2 1073.8 

А2+В4+С3 1071.3 

А1+В1+С1 1054.7 

А1+В1+С2 1039.7 

А1+В2+С1 1037.6 

А1+В1+С3 1037.2 

А1+В2+С2 1022.6 

А1+В3+С1 1021.5 

А1+В2+С3 1020.1 

А1+В4+С1 1015.8 

А1+В3+С2 1006.5 

А1+В3+С3 1004.0 

А1+В4+С2 1000.8 

А1+В4+С3 998.3 

Table V. Quantitative estimation of MTS vari-
ants (variants of RAW disposal in space con-
cepts) 
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As it can be seen from table V, difference between the maximum and minimum number of points, 
scored by MTS combinations, is about 23%. Let us analyse the first and the last ten combinations pre-
sented in this table. 

It should be noted that because of a small difference in the number of points, scored by different vari-
ants of the delivery method ( see table IV, variants C1-C3), all of them are included both in the first and 
the last ten of combinations. Ten combinations, scored the maximum number of points, includes two of 
three variants of the disposal object (A3 - SNF "dry" reprocessing waste and A2 - SNF "wet" repro-
cessing waste) and two of six variants of the disposal site (B5 - heliocentric orbit at 0.85/1.15 a.u. from 
the Sun and B6 - disposal outside the solar system). All combinations of the last ten include variant A1 
of the disposal object (not reprocessed SNF) and the remaining four variants B1-B4 of the disposal 
site. 

Not considering the obtained results as absolute (they reflect the RAW disposal in space concept of the 
limited number of experts), it should, nevertheless, be noted that the number of MTS variants was rea-
sonably reduced from initial 12 to 6-7, the number of their combinations - from initial 54 to 8-12. 
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6 Possible cooperation and potential customers 
The high cost of RAW disposal in space affects substantially on the possibility of its implementation. To 
be implemented. the project requires deeper and more convincing arguments. 

The public opinion regarding RAW injection into space concept is definitely negative in the whole 
world. Politicians, as a rule, are not inclined to risk their careers for unpopular decisions.  

At the same time, a number of scientists today do not see the reasons why not earn money on waste 
processing [54]. Like all other high technologies, this process is not accessible to all states. This fact 
allows to expect excess profits gained owing to the monopoly activity.  

That is why, for this project implementation scientific organizations dealing with RAW problems may 
be considered as potential partners and organizations dealing with RAW disposal - as potential cus-
tomers. The latter may at the same time act as the project partners. The list of potentially interested 
partners is given in table 6.1. 

Table 6.1 – Organizations/enterprises - the project potential partners and customers 

Countries Organizations/enterprises Type of activity 
 IAEA  

 the UN  

 International Academy of Astro-
nautics 

 

 International Astronautical Federa-
tion 

 

EEC Euroatom  

USA Los Alamos National Laboratory  wide-ranging research organizations of 
nuclear power industry Sandia National Laboratory 

Livermore National Laboratory 
Department of Energy  responsible for majority of SNF/RAW 

management operations for state-owned 
enterprises 

Nuclear Regulatory Commission regulates commercial enterprises and 
fuel cycle materials, bears responsibility 
for licensing of commercial enterprises 
dealing with nuclear waste management   
 

 independent enterprises dealing with 
SNF management and planned storage 
facility in Yucca Mountain 

Environmental Protection Agency  
Nuclear Waste Fund identification, development, licensing, 

construction, operation. decommission-
ing, maintenance after decommissioning 
and control of every waste storage facili-
ty or enterprise, including pilot or test 
plants, research and development, RAW 
disposal program management transpor-
tation, processing and packing of SNF or 
HAW located in a storage facility 
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Table 6.1 (continued) 

Countries Organizations/enterprises Type of activity 
Great Britain Nuclear Decommissioning Authori-

ty, NDA 
Nuclear Decommissioning Authority, 
NDA Control domestic market of radioac-
tive waste management  

British Nuclear Fuels Limited 
(BNFL) 

SNF commercial reprocessing; 

Health and Safety Executive (HSE)  
England and Wales Environment 
Protection Agency (EA) 

 

Scottish Environment Protection 
Agency (SEPA) 

 

United Kingdom Atomic Energy 
Authority (UKAEA) 

 

Nuclear Responsibility Fund   
Committee on Radioactive Waste 
Management (CoRWM) 

provides recommendations on the best 
variant or combination of variants of 
long-term HAW management in Great 
Britain 

"Nirex" company bears responsibility for RAW manage-
ment, provides services for waste dis-
posal 

France Electricite de France Finances program of decommissioning 
and recovery of nuclear heritage facilities 

state organization ANDRA is authorised for management of all RAW 
generated by nuclear power industry, 
war industry and small users 

  Management of storage facilities, design, 
arrangement and construction of new 
storage facilities 
 

Atomic Energy Department (DEN) 
of Atomic Energy Commission 
(CEA) 

Manages operations performed by vari-
ous commercial and state enterprises 

Corporation "Cogema" provides services for SNF reprocessing of 
electric energy facilities, commercial SNF 
reprocessing 

group "Areva" the only shareholder of "Cogema" corpo-
ration, has reserves for management 
waste of all categories that have not been 
disposed 

Regulatory authority of nuclear 
safety, joint authority of Depart-
ments of Industry, Health and En-
vironment 

control and management in the sphere of 
SNF and RAW 

Energy and Raw Materials Direc-
torate General Federal Radiation 
Protection Agency (BfS) 

bears responsibility for SNF/RAW man-
agement 

Germany  bears responsibility for construction and 
operation of enterprises involved in nu-
clear waste management 
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Table 6.1 (continued) 

Countries Organizations/enterprises Type of activity 
 Federal Ministry of Environmental 

Protection (BMU) 
licensing and control of nuclear enter-
prises 

Canada NWMO Nuclear Waste Management Organiza-
tion 

Canadian Nuclear Safety Commis-
sion 

bears responsibility for regulation of 
atomic energy and nuclear materials use 

The government Department "Nat-
ural Resources of Canada" (NRCan) 

bears responsibility for development and 
implementation of the government poli-
cy regarding management of uranium, 
nuclear  

 energy and RAW. Provides LLRWMO fi-
nancing and controls its policy in RAW 
management sphere 

LLRWMO organization of low-activity RAW man-
agement and acts as a national agent on 
issues of purification and management of 
Canadian "historical waste" 

Atomic Energy Community  
Department of Health and Envi-
ronment Affairs 

 

Environmental Assessment  De-
partment 

 

Sweden Nuclear Waste Fund  
Nuclear Power Inspectorate (SKI)  
Swedish Radiation Protection Au-
thority (SSI) 

 

SKB company bears responsibility for SNF and RAW 
management, their transportation and 
storage outside nuclear enterprises, 
planning and construction of all enter-
prises required for SNF and RAW man-
agement and also for research and de-
velopment programs for above men-
tioned enterprises. 

Japan Centre of research facilities and fi-
nancing of RAW management 

manages Fund established for SNF re-
processing 

Nuclear Waste Management Organ-
ization 

is a performer of HAW disposal proce-
dure 

Atomic Energy Commission plans, discusses and makes decisions on 
the state policy in the sphere of nuclear 
power use 

Nuclear Safety Commission plans, discusses and makes decisions on 
policy of safe use of nuclear power 

Nuclear and Industrial Safety Agen-
cy of Ministry of Economy, Trade 
and Industry 

 

Office of Science and Technology 
Policy of Ministry of Education, Cul-
ture, Sports, Science and Technolo-
gy (MEXT) 
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Table 6.1 (continued) 

Countries Organizations/enterprises Type of activity 
Russia State-owned corporation 

"Rosatom" (the Russian Federal 
Atomic Energy Agency) 

It is authorized with functions and au-
thorities of the state body in the sphere 
of RAW management 

JSC "FSUE "Izotop" the authorized organization of the 
branch for performance functions as a 
unified operator of isotope production of 
general and medical purpose and a num-
ber of adjacent branches 

FSUE "NO RosRAO" National operator of radioactive waste 
management. Established on the base of 
specialized integrated plants "Radon" 

All-Russian Scientific Research In-
stitute of Industrial Technology of 
Ministry of the Russian Federation 
for Atomic Energy (VNIPIP) 

Developer of Russian concept of RAW 
and SNF underground isolation in per-
mafrost formations 

FSUE "All-Russian Research Insti-
tute for Applied Physics and Auto-
mation of the Russian Federal 
Atomic Energy Agency" (VNIITFA) 

Develops SNF reprocessing technologies, 
developer of the radioisotope thermoe-
lectric generator 

FSUE "Production Association 
"Mayak"of the Russian Federal 
Atomic Energy Agency (PA Mayak) 

Develops SNF reprocessing technologies, 
SNF chemical reprocessing plant, pro-
duces isotopes 

State Enterprise "Siberian Integrat-
ed Chemical Plant" 

Develops SNF reprocessing technologies, 
produces isotopes 

FSUE "Special Transportation Base" 
of the Russian Federal Atomic En-
ergy Agency 

Deals with RAW transportation 

FSUE of Nuclear Navy of RF Minis-
try of Transport ("Atomflot") 

 

FSUE Production plant 
"Zvyozdochka" 

 

Krasnoyarsk Integrated Mining and 
Chemical Plant  

Develops SNF reprocessing technologies 

FSUE "Scientific Production Associ-
ation  V.G. Khlopin Radium Insti-
tute" 

Develops SNF reprocessing technologies 

JSC "Academician A.A. Bochvar All-
Russian Research Institute  for In-
organic Materials" (VNIINM) 

Develops SNF reprocessing technologies 

FSUE "All-Russian Scientific Re-
search and Design Institute for En-
ergy Technology" (VNIPIET) 

Designs RAW storage facilities, standards  

JSC "Sverdlovsk Research Institute 
of Chemical Machinery" 

 

FSUE Russian Research Centre 
"Kurchatov Institute" 

The leading scientific centre of Ministry 
of the Russian Federation for Atomic En-
ergy 

 Atomic Reactor Research Institute 
(NIIAR) 

Develops SNF reprocessing technologies, 
transmutation technologies, produces 
isotopes 
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Table 6.1 (continued) 

Countries Organizations/enterprises Type of activity 
 RAS Institute of Atomic Energy Safe 

Development (IBRAE) 
 

Russian Aviation and Space Agency  
Russian Academy Of Sciences  
Institute of Chemical Physics (RAS)  
Central Institute of Physics and 
Technology of RF Ministry of De-
fense, Sergiev Posad 

 

Federal Nuclear Centre (VNIIEF)  
FSUE All-Russian Scientific Re-
search Institute of Chemical Tech-
nology (VNIIHT) 

 

Central Research Institute of Me-
chanical Engineering 

performed studies of RAW injection into 
space in the 1990-ies 

SLS "S.P Korolev   
Rocket and Space  Corporation  En-
ergia 

in 1996 feasibility study of RAW disposal 
in space was developed 

SRC FSUE "Keldysh Centre" Developer of space NPPS, performed 
studies of RAW injection into space in 
the 1970-ies 

FSUE "Krasnaya Zvezda" Developer of space NPU and TG 
N.A. Dollezhal Research and Devel-
opment Institute of Power Engi-
neering (NIKIET) 

Developer of space NPU 

SRC A.I. Leipunsky Institute of 
Physics and Power Engineering 

Developer of space NPU 

JSC "MDO "Iskra" Developer of engines, CS, ERS devices 
and assemblies 

Tomsk Polytechnic University Prepares specialists for RAW manage-
ment 

Ukraine Ministry of Fuel and Energy  
Ministry of Emergency Situations  
National Space Agency of Ukraine  
RI AUS Developer of parachute systems 
NASU  
NASU Institute of Nuclear Research  
NSC KIPT  

 

These partners are not enough for the project implementation as the specific nature of project re-
quires to attract organizations dealing with research and development of measures to be in compli-
ance with social and economic and environmental requirements. If these works are not performed it 
may result in reduction of technogenic systems reliability and increase of probability of RAW emis-
sions in the biosphere. In this case, it may be considered as unmanageable, non-localizable and non-
neutralizable global technogenic catastrophe with negative effects for humans and biosphere [101].  

The consequences will inevitably lead to enormous social costs for compensation for all kinds of dam-
age, losses due to destruction or transformation of interindustrial complexes based on utilization of 
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natural resources in the zones of emergency pollution. It will discredit not only the concept of RAW 
disposal in space for a long time, but also the very existence of structures related to project implemen-
tation, public reaction initiation aimed at curtailment of economic activity in RAW injection into space 
and use of radioactive substances as a whole. 
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7 Project SWOT analysis 
The analysis of strengths, weaknesses, opportunities and threats for a project (SWOT analysis) is one 
of the required components taken into consideration by the Performer and the Customer at the project 
preliminary stages. It allows to make decision regarding practicability of the project development, 
identify operations requiring special attention, select the right implementation strategy, make 
amendments to the existing implementation plans.  

Table 7.1 – SWOT-analysis of "RAW injection into space" project 

Item No. Project Weaknesses 
1. The project has not been worked out in terms of long-term effects. All consequences of pro-

ject implementation are not predictable. For example, RAW escape outside biosphere may 
disrupt the energy and material balance in the biosphere. Extraction of radioactive sub-
stances and, finally, different types of energy, spent in the whole chain of RAW generation, 
from the energy balance of the Earth natural system of planetary level and their disposal in 
space may lead to reversible or irreversible changes of its state. In terms of possibility of 
human activity organization (including RAW disposal) space is finite and limited by sized, 
negligible as compared with space as a whole. Therefore, the analysed case does not belong 
to "arrangement of the finite in the infinite" category, but to "arrangement of the finite in 
the finite" category.  
RAW in space has all chances not to be dispersed in infinity, but concentrated in the finite 
space, thus, disrupting existing balances of matter and energy.  
It is necessary to find out the possible consequences of RAW contact with plasma in near-
Earth space and analyse if disposed into space RAW remain localized without spreading 
farther. 
RAW transfer in space belongs to the type of "RAW disposal" using the method "open 
dump". Consequently, this transfer does not solve "RAW problem", but only postpones it. 
At the start of space activities used satellites in the orbit of the Earth were not considered 
as space debris. That is, in the future the space dump of RAW may become a problem to the 
mankind.  
There are concerns that "turning of space in a "radioactive dump" may impede further de-
velopment of astronautics". In time, RAW in space may become a real threat to astronauts 
and spacecraft. RAW in space may penetrate in the zone of potentially possible contacts 
with humans, where radiation effect and its consequences for a living organisms may ap-
pear different as compared with natural conditions on the Earth. 
RAW storage on the Earth provides future extraction of valuable components and repro-
cessing of others by transmutation methods. 

2. High cost and unprofitability of the project. The cost of 1 t of RAW disposal is not less than 
100 times more expensive as compared with the geologic disposal. 
There is no state able to finance the whole set of actions related to RAW disposal in space 
independently. 

3. Superhigh risks of processes of RAW removal from the Earth's surface.   
In case of fire at launching site, the outer shell of the container will melt in the oxygen me-
dium with subsequent HAW escape into the atmosphere. 
The structure of capsule and container with RAW, as SC element, is not intended for long-
term storage. That is why, being disposed in the sea, diffusion of 129I will occur rather 
quickly. It is obvious that capsule destruction in case of fall will accelerate this process. As 
iodine is well soluble in water, poisoning of marine flora and fauna is possible on a global 
scale. Due to vapours, large land areas will be contaminated in time. 
New forms of insurance funds are required. High cost of insurance policy of the payload 
launch services. 
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Table 7.1 (continued) 

Item No. Project Weaknesses 
4. Absence of a number of key technologies and infrastructure required for the project imple-

mentation, extremely high cost of their development 
absence of infrastructure, RAW safe interim storage and transfer at subordinate enterprises; 
need of a special regime introduction at LC (radiation situation control, radiation monitoring, 
division in zones, access control, personnel, equipment and structures decontamination, ra-
diation monitoring and control of environment condition, control and measurement instru-
ments and equipment for radiation monitoring); 
a large volume of experimental development requiring significant costs for further interna-
tional certification (capsule and container testing, development of RAW management meth-
ods, development of emergency situations); 
verification of the project safety requirements will demand to perform numerous tests for 
development of nominal and emergency situations. It includes not only ground tests, but also 
LV launches; 
absence of radiochemical technology of isotope 129I extraction. High cost of design and organ-
ization of radiochemical plant for extraction of HAW isotopes (129I); 
high cost of design and organization of immobilization, RAW conditioning and container fit-
ting;  
SNF reprocessing is related to generation of a large amount of radioactive waste. Separation 
of high-activity long-lived RAW to be transported into space from the general mass of RAW is 
a potentially dangerous operation as it will require to transform into gaseous state, when re-
liable equipment pressurisation and remote service will become necessary. 

  
Item No. Project Strengths 
  
1. The project provides for RAW removal from the Earth's biosphere for good. The biosphere is 

not able to assimilate all RAW generated by the mankind. The "eternal" isolation inside bio-
sphere from the biosphere is not possible, so RAW impact on the environment cannot be ex-
cluded. In case of "eternal" controlled RAW disposal on the Earth principles are broken re-
garding their protection against harmful effects and putting on them an excessive economic 
burden. RAW disposal in space solves these problems (not entirely though) 

  
Item No. External threats to project implementation 
  
1. Legislation obstacles of project implementation, lack of proper regulation in international 

legislation of a number of provisions that are important to the project. The situation becomes 
complicated due to the consensus principle effective in the UN and IAEA. 
RAW isolation in space is prohibited by the law in a number of countries, including Russia; 
There is a complicated regulatory approval system related to RAW transportation (licenses, 
political agreements, environmental standards, public relations, etc.); 
RAW, injected into space, may be used as MDW and it contradict international legislation. Set-
tlement of this issue has to do with substantial organizational and financial costs or impossi-
ble in principle; 
Compensation for damage to the affected party and in compliance with international law is 
put on project participants. Ukraine does not have such finances. 
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Table 7.1 (continued) 

Item No. External threats to project implementation 
2. There is no demand for RAW injection into space services and it is does not seem to arise. 

Theoretically, not so much radioactive waste is generated in the world [54]. The specialist 
have already calculated: if the world volume of spent nuclear fuel from power generation 
during a year is reprocessed, only 1000 cubic metres of high-activity waste in vitrified state 
generate. And if it is not that much, it is better to collect and dispose nuclear waste in one 
very reliable place, thus, ensuring safety of waste and environment. 

3. The negative attitude to the project on the part of specialists, the community and politicians 
Specialist of nuclear power industry and nuclear engineers do not show any interest to this 
project, but the negative attitude to RAW injection into space is present. Many experts think 
that the modern technology level of SNF chemical recovery does not comply with the envi-
ronmental safety requirements, so it is advisable to place spent fuel units in long-term stor-
age; 
The project will not appeal to the general public and political leaders due to extreme danger 
for the mankind and ethical considerations.  

4. Threats on part of terrorist organizations for whom the project is a very attractive target 
5. Threats on part of acts of nature - extreme weather conditions, earthquakes. Realization of 

these threats at many stages of the project implementation may lead to global catastrophic 
consequences 

  
Item No. External opportunities for project implementation 
  

1. There are organizations interested in the project implementation and they are ready to be-
come partners.  

2. The project implementation is possible, provided all other disposal methods are no longer 
present or in case of a large-scale accident at conventional RAW storage facilities. 

 

As it can be seen from table 7.1, the list of problems to be solved prior to design work, is quite wide 
and is as follows:  

1) legislative and legal; 

2) commercial unattractiveness of the project; 

3) no motivation for the Customer; 

4) environmental risks; 

5) high commercial risks; 

6) new insurance funds are required; 

7) no necessary radiochemical technologies; 

8) lack of convincing arguments in favour of project safety for public and specialists; 

when the previous issues for the project implementation have been solved, it will require a wide in-
formation support for interaction with the public. 
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8 Problematic issues 
So far, RAW injection into space is not a project able to convince the society in its necessity and, what 
is more important, in safety of this method of RAW disposal. That is why, problematic issues shall be 
settled, project weaknesses be managed or the decision about complete or temporary abandonment of 
project implementation.  

This task cannot be solved without involvement of specialists familiar with RAW problems in the pro-
ject analysis (physicists, chemists, power engineers, nuclear engineers, etc.), ecologists, specialists in 
international law, military theorists, etc.  

For a start, with their assistance the possibility to solve macro-problems shall be theoretically defined 
and further strategy to be worked out. The macro-problems are described in section 7. Then, on posi-
tive solution, it is necessary to find the Customer interested in the project implementation and having 
necessary financial resources or able to attract them on acceptable terms. The perfect option would be 
to form the pool of such customers. And in cooperation with them the program of problematic issues 
solution shall be formed. In present situation, it is assumed that the following lines shall be included in 
the cycle of studies related to the concept of radioactive waste disposal in space: 

1. study of composition, chemical and physical properties of specific RAW to be injected into space; 

2. development of requirements for documents and licensing of RAW management; 

3. performance of research in long-term effect of the outer space on RAW - study of solar wind in-
teraction with dispersed RAW, effect of the outer space conditions on RAW degree of spreading, 
study of possibility of dispersed RAW penetration in atmospheres of planets, including the Earth; 

4. study of interaction of man-made space objects with dispersed RAW; 

5. theoretical study of possible RAW escape into the solar system periphery; 

6. study of required organizational and technical measures related to RAW concentration in the lo-
cations not intended for its collection and storage (launch bases); 

7. clarification of issue on localization of RAW, disposed in space, and its non-spreading. The danger 
level of concentration of extremely hazardous RAW in separate areas of outer space in case of DO 
destruction. 

8. selection of container, issues of RAW material compatibility with the container material, issues of 
the container useful life; 

9. technology development of the radiochemical extraction of I-129 from SNF; 

10. selection of I-129 immobilization method and technology; 

11. study of possibility for counteracting in off-nominal situations in case penetration of extremely 
hazardous RAW in the Earth's biosphere;  

12. development of SLS and DO able to ensure safe injection; 

13. development of joint for DO and rescue technology for counteracting in off-nominal situations in 
the near-Earth orbit impeding the flight program to the disposal orbit; 

14. study the possibility of SLV "Zenit-3SLBF" use for RAW injection with a "space tug"; 
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15. performance of a range of works to ensure compliance with safety requirements. Development of 
a range of activities to liquidate consequences of emergency situations at each project stage. De-
velopment of activities for project protection against terrorist attacks and extreme acts of nature; 

16. study of parameters of aerodynamic, heat and impact loads affecting the capsule and container 
with RAW in different off-nominal situations; 

17. performance of experiments verifying the ability of the aerodynamic capsule to withstand impact 
loads; 

18. modelling of situations related to fire at launch, storage, transportation for safety evaluation; 

19. works aimed at international law adaptation, acknowledgement of the project peaceful character 
at the world level. Development and implementation of a range of activities to provide peaceful 
utilization of infrastructure and instrumentation within the project framework. Promotion of in-
ternational cooperation, ensuring support of the public and politicians. 

 

Prior to RAW disposal in space concept implementation, it is necessary to have a clear vision of future 
scenarios and calculate possible consequences of this action in the maximum number of variants. Only 
with having firm confidence in practicability, possibility and safety of this project implementation, it 
makes sense to promote it at the market. 

Thus, the project of RAW injection into space is not commercially attractive at present. To prove its 
feasibility and safety, large-scale and expensive scientific research shall be conducted. 
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Conclusions 
1 The technology of a part of RAW disposal in space (less than 1% of spent nuclear fuel mass) may 
serve as a supplement, not a substitution of existing technologies of RAW disposal in deep geologic 
formations. 

2 Selection of isotopes for space disposal is objectively a complicated scientific problem that has not 
been addressed by specialists of the nuclear industry yet. This task does not have an unambiguous so-
lution. 

3 The circular heliocentric orbit with radius about 1.15 a.u. may be considered as a disposal orbit. 
(outer relative to the Earth orbit). Masses of payload delivered by one and the same vehicle into this 
orbit, into equivalent orbit with radius of 0.85 a.u. and orbits corresponding to stable libration points 
of the Sun-Earth system are close (with difference less than 5%).  

4 Duration of RAW injection into the disposal orbit is 7.2 months. (1.15 a.u.), 6 months. (~0.85 a.u.), 
1.85 year (libration points). Therefore, to provide DO monitoring and control at all flight sections, its 
design shall comply with standards accepted for SC, with consideration of special requirements for 
aerodynamic capsule. 

5 The mass expenses required for implementation of safe RAW delivery into the disposal orbit (aero-
dynamic capsule, emergency recovery system and supporting systems) are about 5 tons. The vehicle 
ability to deliver into the disposal orbit the payload of higher mass defines the limit mass of a sealed 
power container with RAW. For perspective heavy vehicle "Mayak" the mass of a sealed power con-
tainer with RAW will make up about 10 t (with total mass of the payload delivered into the disposal 
orbit - about 15 t). For vehicle "Zenit-3SLBF" the total mass of the payload delivered into the disposal 
orbit is about 2300 kg. 

6 Technically it is impossible to ensure 100% safe RAW delivery into the disposal orbit. The scenario, 
when high-activity, high-diffusion and highly toxic RAW penetrate in the biosphere cannot be excluded 
altogether (for example, in case of non-project accident or terrorist actions). The possible damage cost 
may exceed the equivalent value for NPP accidents. 

7 The isotope composition of not injected into space RAW affects greatly the requirements for a 
sealed power container. Depending on radiation characteristics of isotopes, the shell thickness of a 
sealed power container shall be from 37 to 420 mm of steel.  Respectively the weight of RAW delivered 
into the disposal orbit by one launch of perspective heavy vehicle "Mayak" may vary from 2969 kg to 
35 kg. 

8 Optimistically estimated cost of 1 t of RAW disposal in space (delivery into the disposal orbit of 
2969 kg of RAW per one launch, costs for RAW radiochemical reprocessing, conditioning and immobi-
lization are not considered) at least two orders higher than the cost of the most expensive variant of 
underground disposal of 1 t of RAW in deep geologic formations. 

9 The present international legislation and contractual framework (at the level of the UN, IAEA, mul-
tilateral treaties and agreements, national laws) regarding utilization of outer space and RAW man-
agement leaves unsettled the issue of a country or a group of countries competence to perform space 
launches of launch vehicles with concentrated radioactive waste on board and location of this RAW in 
this or that zone of outer space. A number of provisions of these documents contain express prohibi-
tions or limitations for performance of certain actions required for implementation of RAW space dis-
posal.  
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Annex 1 
Advantages and disadvantages of different methods of RAW disposal [31] 

Advantages Disadvantages 
DIRECT DISPOSAL 

 does not require construction of large chemical 
plants for radionuclide reprocessing, which activ-
ity, in its turn, is accompanied by escape of radio-
nuclides in water and atmosphere. Absence of 
such plants excludes emergency situations. 
 radioactive effluent is absent; 
 nuclear fuel remains in the fuel matrix, thus, 
greatly reducing the probability of fission prod-
ucts escape, which is very important with pres-
ence of long-lived radionuclides; 
 number of transportations is much lower. 

All long-lived radionuclides remain in the waste. For 
this reason, prior to the final geologic disposal, it is dif-
ficult to guarantee safety, at least, during one million of 
years. 

REPROCESSING 
In waste intended for a long-term geologic dis-
posal the amount of uranium and plutonium radi-
onuclides will reduce greatly. 

The personnel of nuclear facilities and population are 
subject to stronger radiation effect as compared with 
the direct waste disposal; 
The spent fuel and radionuclides, generated in the reac-
tor, can be stored in their liquid state for a long time. In 
case of accident, radionuclides will be emitted into the 
atmosphere in an enormous amount. The consequences 
may be more catastrophic than after Chernobyl acci-
dent; 
A great amount of contaminated effluent generates re-
quiring high financial costs for the interim storage and 
their further disposal; 

 The waste volume increase in whole; 
A great number of fuel unit processing and transporta-
tions increase the risk of accidents and occurrences. 
Partial extraction of uranium and plutonium from waste 
just gives appearance of the long-term disposal safety. 
But proofs of this safety are still required as a part of 
long-lived radionuclides remain in waste; 
The probability of extracted plutonium utilization for 
atomic bomb making with purpose of terrorist actions; 
Use of MOX fuel may cause to the most serious acci-
dents at nuclear plants. 

SEPARATION AND TRANSMUTATION 
if separation of radionuclides complies with re-
quirements for the final disposal and with a suffi-
ciently high degree of transmutation, it will be-
come a proof of safe long-term disposal for a few 
thousands of years; 
some separated radionuclide classes may be re-
used; 
chance to get rid of high-activity waste represent-
ing the greatest danger when disposed 

all disadvantages related to reprocessing; 
studies and development require a huge investment 
(tens billions of euro); 
introduction of the Concept of separation and transmu-
tation will take a few decades but still will not manage 
reprocessing of all high-activity nuclear waste. Moreo-
ver, the nuclear waste, generated during these process-
es, shall be disposed too. 
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FINAL DISPOSAL 
possibility of a long-term forecasting of the radio-
active waste state; 
thanks to barrier systems, waste will be isolated 
from humans and environment. It will require no 
maintenance and control; 
geologic barriers will provide safety of storage 
facilities even in case, when information about 
them is lost. The only condition required is to se-
lect a suitable disposal site; 
probability of production accidents and release of 
radiation reduce due to geologic strata; 
low external influence (for example, earthquake, 
weather conditions, terrorism); 
In case of correct long-term forecasts, future gen-
erations will not have to perform this waste re-
processing one more time and bear the costs (the 
principle is that the contaminator pays); 
presence of geologic barriers practically excludes 
use of radioactive waste for terrorist actions. 

there are no guarantee that barriers will function for a 
long time (one million years) and in a reliable manner; 
the sphere of activity for future generations will be lim-
ited due to necessity of careful waste management and 
the final disposal site. 

CONTROLLED LONG-TERM GEOLOGIC DISPOSAL 
The stage-by-stage disposal procedure increases 
probability of safe final disposal of waste at the 
initial stage (a few hundreds of years). 
The probability of external influence is low. 
Future generation will be able to solve issues on 
the further waste processing. 

The technical characteristics of open mines may be dis-
turbed (for example, stability of geotechnical barriers). 
Even with consideration of control at the experimental 
stage during a hundred of years, it is impossible to pre-
dict or ensure correct continuous functioning of barri-
ers (especially geologic ones) for a required period (1 
million of years). 
It is difficult to predict the mankind development dur-
ing 100 years, as long as mines are open. 

LONG-TERM INTERIM STORAGE 
The developed later more reliable methods of 
waste reprocessing may be implemented without 
any problems. 
The sphere of activity for future generations will 
not be limited. 

It would be incorrect to state if more reliable methods 
of waste reprocessing are going to be developed and 
how much time it is going to required to develop them. 
It is more difficult to foresee the society development 
than geologic changes. 
In case of external influence on storage facilities, envi-
ronmental release of potentially hazardous radioactive 
waste may occur. 
During a long time it is necessary to monitor waste and 
perform repair and shift works. As a result, the risk of 
incidents and radiation effect on humans will increase. 
Easy access to waste for their use for terrorist purpos-
es. 
The problem of radioactive waste final processing and 
this process financing is put upon future generations. 
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Annex 2 
The comparative analysis of approaches used by Great Britain, Sweden, the USA, France, Germany, Ja-
pan and Canada in terms of SNF, RAW management and decommissioning of plants [59] 

What documents contain information about the national policy in the sphere of SNF, RAW management 
and decommissioning? 
Great Britain 1. Radioactive Substances Act (1993). 

2. Atomic Energy Act (2004). 
Sweden 1. Nuclear Activity Act (1984): licensing requirements for construction and opera-

tion of nuclear plants and for management of nuclear materials or their use includ-
ing radioactive waste. 
2. Radiation Protection Act (1988): licensing requirements for radiation protection 
and radiological operation.  
3. Financing of Anticipated Costs For Spent Nuclear Fuel Management Act (1992): 
main financial aspects, determination of responsibility for management of SNF and 
RAW and their disposal. 

USA Nuclear Waste Policy Act (1982) 
France 1. Waste Disposal and Materials Recycling Act No. 755633 (1975). 

2. Radioactive Waste Management Research Act No. 9111391 (1991). 
Germany 1. Atomic Energy Act (1959): general national standards of nuclear plants safety. 

2. Acts based on Atomic Energy Act, including: 
– advance payments for construction of plants dealing with RAW disposal (Decree 
On Advance Payments For Waste Disposal, 1982 and 1990; EndlagerVlV); 
- provisions on sufficient defrayal (Decree On Financial Protection In Compliance 
With Atomic Energy Act, 1977 and 1990, AtDeckV), etc. 
3. Act On Gradual Discontinuance Use of Atomic Energy For Commercial Power 
Generation Within Thoroughly Coordinated Process (2002): limitation of NPP life 
cycle to 32 years, increase of RAW amount limits. 
4. General administration provisions and directives, including the Directive on nu-
clear decommissioning according to section 7 of Atomic Energy Act (AtG). 

Japan 1. Atomic Energy Act (1955). 
2. Act On Regulation Of Raw Stock For Nuclear Materials, Nuclear Fuel Materials and 
Reactor Operation (Reactor Operation Regulatory Act) According to amendment to 
this Act (2005), the regulatory procedure for nuclear facility commissioning was 
defined, the  regulatory approval system was reintroduced. 
3. Act On Final Disposal Of Specific RAW (2000): final disposal of HAW obtained as a 
result of SNF processing. 
Including: the final disposal plan, establishment of organization got task solution, 
activities aimed at ensuring availability of financial resources. 
4. Act On Payments and Fund Management Intended For Processing Of SNF Gener-
ated During Atomic Energy Generation (2005). 
5. Act On Saving and Reserve Fund Management Intended For Processing Of SNF 
Generated During Atomic Energy Generation (2005). 
6. Power Generation Utility Act (1964). 

Canada 1. Resolution On Atomic Energy Use Regulation (1946). 
2. Resolution On Nuclear Energy (1985, 2000). 
3. Resolution On Nuclear Safety Regulation (1997): key provisions of law for ensur-
ing power industry safety and RAW management in Canada. 
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4. Resolution On Nuclear Fuel Waste (2002): according to it, nuclear industry plants 
were obliged to found a non-profit organization dealing with nuclear waste man-
agement, development of general approaches to long-term management of nuclear 
fuel waste with its recommendations to be submitted to Federal Minister of Natural 
Resources by 15 November, 2005. 
5. Resolution On Nuclear Liability (1985). 

  
What is the current national practice of SNF management 
(storage, reprocessing, disposal)? 
Great Britain The policy of the British government in SNF management and its reprocessing (and 

if "yes", then when) or search for alternative variants of management consists in the 
fact that this issue is solved by SNF owners with consideration of commercial inter-
ests. 

Sweden The present policy of SNF management was adopted in the end of the 1970-ies and 
was oriented at direct disposal of waste without reprocessing 

USA In the 1960-ies -beginning of the 1970-ies, there were plans to construct a few 
plants for SNF reprocessing. They abandoned the idea of SNF reprocessing in the 
1970-ies. Nevertheless, in May of 2001, according to the state energy strategy of the 
USA, it was prescribed to "develop SNF reprocessing technologies and final man-
agement that are cleaner and more effective...". 

France France chose the variant of SNF reprocessing. The system includes SNF reprocessing 
plant with capacity of 1700 t/year. Plutonium is reprocessed into MOX fuel (the 
"equal stream" principle"). 
Mox fuel (mixed (uranium and plutonium) oxide): the variant could provide for plu-
tonium reprocessing to be reused in the future in reactors on fast neutrons GEN4. 
The present strategy of "Electricity de France" energy company regarding NFC con-
sists in SNF reprocessing. 
The strategy of Atomic Energy Commission consists in SNF reprocessing of research 
reactors whenever it is possible. 
Every SNF owner in France owns it to reprocessing. After reprocessing, the owner 
"Electricity de France", Atomic Energy Commission, "Areva" group) remains respon-
sible for long-term RAW management. Distribution of waste generated as a result of 
reprocessing operations, is performed based on UR-principle (by radioactivity) and 
controlled by French administrative bodies. 

Germany Until 1994 Atomic Energy Act included requirement for reuse of fissile materials 
from SNF. This requirement was changed by resolution of 1994, according to which, 
organizations dealing with NPP operation, obtained the right of choice between SNF 
reuse by reprocessing and its direct disposal. Since 1 June, 2005, SNF delivery for 
reprocessing was prohibited in accordance with Amendment to the Atomic Energy 
Act as of 22 April, 2002. At present, only spent fuel assemblies may be subject to di-
rect disposal in Germany. 

Japan The key policy of Japan consists in SNF reprocessing and effective use of recovered 
uranium, plutonium and other elements ensuring safety and nuclear non-
proliferation. The national policy declares as its purpose to reprocess all SNF inside 
the country and maintaining of self-sustained nuclear fuel cycle. 

Canada At present, all SNF in Canada are kept in "wet" or "dry" interim storage facilities. 
Canada has no SNF disposal program. All SNF are kept in interim storage facilities 
waiting for the state resolution regarding the approach to long-term management of 
spent fuel shall be selected. 
Organization, dealing with nuclear waste management, owned by Canadian NPP, is 
responsible for development and implementation of long-term decisions regarding 
SNF in Canada. 
The nuclear industry of the country utilizes natural uranium. Due to large resources 
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of natural uranium, there is no need in SNF reprocessing in Canada. 
  
Does SNF belong to RAW according to the national legislation? 
Great Britain The state considers that SNF shall not be categorized as waste. The issue of SNF re-

processing stays open, it may be used in the future. 
 

Sweden  
USA No. 
France No. 
Germany  
Japan No (see above) 
Canada Within the framework of current legislation and accepted system of approaches, 

SNF is considered as a kind of radioactive waste. 
Legislative and regulatory policy of Canada regarding RAW attributes SNF to AW 
implicitly. As a result, SNF is considered with other RAW forms by legislation and 
strategy of RAW management. 

  
Is SNF intended for disposal according to national legislation? 
Great Britain No. 
Sweden The policy of SNF management consists in spent fuel management and its disposal 

shall take place in geologic formations on the territory of Sweden. 
 

USA It is planned to construct a deep geologic storage facility for SNF and HAW generat-
ed in the commercial sector and state enterprises (Department of Energy deals su-
pervises licensing and construction). 
 

France No. Officially, SNF is not intended for disposal. 

Germany SNF reprocessing shall be ceased and replaced by direct disposal of spent fuel as-
semblies. 

Japan No (see above) 
Canada Canada has no SNF program of nuclear fuel waste disposal. At present, all SNF are 

kept in interim storage facilities waiting for the state resolution regarding approach 
to long-term SNF management. 

  
Are there special saving funds accumulating means for management of SNF, RAW and decommissioning? 
Great Britain In November, 2001, the government declared that it would take direct financial re-

sponsibility for all commitments of British Nuclear Fuels Limited (BNFL) used to 
have, except for those covered by commercial contracts of SNF reprocessing and 
storage in Sellafield. These are also commitments related to nuclear reactors of 
"Magnox Electric" company (completely owned by BNFL). 
The Nuclear Decommissioning Authority (NDA) is financed both by the sate and by 
commercial profits obtained from power generation at NPP, operated by "Magnox" 
company, from SNF reprocessing and storage, from fuel processing. 
The Authority is not responsible for decommissioning and purification of "British 
Energy" facilities controlled by the private sector. After restructuring in 2003, "Brit-
ish Energy" is obliged under the contract to remit to the Nuclear Responsibility 
Fund annual defined instalment plus a part of its free cash flow (depending on elec-
tric power prices). 

Sweden Yes, the Nuclear Waste Fund. In the 1970-ies, nuclear enterprises established their 
own internal funds for future costs for waste management. Afterwards, these funds 
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were converted in the financial system controlled by the state and established in 
1981 after adoption of Financing of Anticipated Costs For Spent Nuclear Fuel Act 
Financing Act) by the Parliament. 

USA Yes, the Nuclear Waste Fund representing a special account opened in Treasury De-
partment for SNF. 

France There is no special fund for long-term RAW management in France. This obligation 
is put upon owners of licenses within the frames of their own financial allocations. 

 But the French government requested "Electricity de France" company, Atomic En-
ergy Commission and "Areva" group to establish specialized funds. 
In the future the government does not propose to establish a special fund for RAW 
management as a draft law, but requests only to operating organisations to identify 
and back necessary assets. Their sum shall be equal to allocations given for reim-
bursement of costs. The financial profit shall allow to give sufficient means for fi-
nancing of dismounting and RAW management at the end of operation stage. These 
assets cannot be used for other purposes and charged by any creditor. Assets shall 
be properly registered. 

Germany Private operating organisations have to provide financial support to cover costs for 
final closure of enterprises and decommissioning (for SNF or RAW liquidation) and 
also for decommissioning and dismounting of nuclear and radiation dangerous facil-
ities). 
According to the commercial law, establishment of reserves is based on the com-
mitment as a result of the public right to liquidate the radioactive part of the enter-
prise waste, which is directly regulated by the Atomic Energy Act. 
Financial resources of private enterprise belonging to energy utilities, NPP, in par-
ticular, are formed as reserve funds, allocations for them are performed during their 
operation. 
Special reserve funds are formed for SNF disposal. As for the enterprises, financed 
by the public, financial means for their decommissioning and dismounting of nucle-
ar facilities shall be included in the current budget. 
 

Japan Act On Final Disposal Of Specific RAW (2000) provides for establishment of the or-
ganisation for performance of HAW disposal operations and saving of financial re-
sources for disposal. 
Previously, power generating enterprises saved means in two types of internal re-
serves intended for SNF reprocessing and for decommissioning of nuclear facilities 
based on the Ministry order issued according to Power Generation Utility Act. 
According to Act of 2005 about management of the Fund established for SNF repro-
cessing, internal reserves of power generating enterprises shall be transferred to 
the organisation assigned   

 by the Minister of Economy, Trade and Industry. 
According to Act On Final Disposal Of Specific RAW (2000), operating organisations 
of energy facilities pay means for HAW disposal to the Organisation of nuclear waste 
management, which is a performer of works. Centre of research facilities and financ-
ing of RAW management governs the fund. 

Canada In 2002, according to Resolution On Nuclear Fuel Waste, their owners had to estab-
lish special funds to provide overall financing of long-term operations related to 
waste management. Special funds were established as trust funds. 
For other waste management the mechanism of financial guarantees is used accord-
ing to Regulating resolution on nuclear safety. Guarantees are present in different 
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forms: monetary funds, letters of credit, bonds, insurance, etc. The assets are man-
aged within the framework of financial guarantees shall be performed by clearly de-
fined and secured in legislation agreements acceptable to Canadian Nuclear Safety 
Commission. 
These agreements shall be concluded to guarantee separation from other assets the 
means or securities given by an applicant/licensee as a guaranteed financing of ap-
proved plan of nuclear facilities decommissioning. It may require to include provi-
sions restricting access to the means granted by the fund or from securities or their 
use. 
Canadian Nuclear Safety Commission shall receive confirmation regarding the fact 
that the Commission or its agents are able to use adequate volumes of financing on 
request, if the licensee is absent and cannot carry out his commitments on decom-
missioning of nuclear facilities. 
The means of trust funds, established in compliance with the Resolution On Nuclear 
Fuel Waste, are considered as a part of the overall financial guarantee of the licensee 
to Canadian Nuclear Safety Commission. 

  
What are legislative fundamentals of establishment and operation of saving funds for management of SNF, 
RAW and decommissioning? 
Great Britain - 
Sweden Financing of Anticipated Costs For Spent Nuclear Fuel Management Act (1992): 

main financial aspects, determination of responsibility for management of SNF and 
RAW and their disposal. 

USA Nuclear Waste Policy Act (1982) 
France Financial commitments and liability of the waste generator (right of ownership for 

waste cannot be passed to the licensed enterprise of waste disposal).  
The waste generator is responsible for it, especially in terms of finances, without 
limitation of time. 
Unlike some other countries, France did not introduce the system when a state 
agency takes upon the responsibility for RAW management with absence of disposal 
facilities after the generator had paid financial compensation in full. 

Germany Decree On Financial Protection In Compliance With Atomic Energy Act (AtDeckV) 
and Decree on Advance Payments For Waste Disposal (EndlagerVlV) 

Japan Power Generation Utility Act (1964). 
Act On Final Disposal Of Specific RAW (2000). 
Act of about management of the Fund established for SNF reprocessing (2005). 

Canada SNF: according to Resolution On Nuclear Fuel Waste (2002). 
  
Are saving funds for management of SNF, RAW and decommissioning centralized or decentralized? 
Great Britain The Nuclear Responsibility Fund is a special fund of "British Energy". 
Sweden The Nuclear Waste Fund is centralized. 
USA The centralized fund for SNF and high-activity waste 
France The reserve funds are decentralized. 
Germany Centralized since 2005. According to Act of 2005 about management of the Fund 

established for SNF reprocessing, internal reserves of power generating enterprises 
shall be transferred to the organisation assigned by the Minister of Economy, Trade 
and Industry. 

Japan The funds are decentralized. 
Canada  
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How is the issue of financing problems of the previous activity, accumulated before establishment of rele-
vant funds for SNF, RAW management and decommissioning settled? 
Great Britain To take strategic responsibility for nuclear heritage, in April, 2005, the Nuclear De-

commissioning Authority (NDA) was established as a non-departmental organisa-
tion. The Authority is responsible for the facilities operated, previously, by the Brit-
ish Nuclear Fuels Limited (BNFL) and the United Kingdom Atomic Energy Authority 
(UKAEA), including Sellafield and Dounreay. The NDA is responsible for placement 
of contracts for commercial operations and waste management operations not in-
tended for this facility. In October, 2006, the government announced about expan-
sion of NDA's role as the only domestic organisation responsible for implementation 
of HAW geologic disposal. 
SNF: financial resources for safe SNF management, its reprocessing and RAW man-
agement are considered by the licensee as a part of ordinary operational costs. 
RAW: generators and owners of RAW are responsible for expenses for waste man-
agement and disposal. 
When decommissioning nuclear facilities, each operating organisation develops and 
implements the strategy and plans for their facilities. The operations shall be per-
formed as soon as it is feasible with consideration of all relevant factors. The Health 
and Safety Executive is authorized to order a licensee to start operations of facility 
decommissioning. According to accounting control standards of Great Britain, the 
owner of the nuclear asset shall provide means for facility decommissioning since 
the moment of this facility commissioning. In case of nuclear facilities, this moment 
is the moment of active material installation requiring its further decommissioning. 

Sweden Since 1989 energy facilities have paid a special fee in compliance with special 
Studsvik Act (1988). This collection provides for covering expenses for nuclear 
waste of former pilot plants management and for decommissioning of these plants. 
According to the calculations, 1.5 bln. kronas will be needed to cover such expenses 
up to 2030. 

 The special fee is equal for all four energy facilities and now makes up 0.0015 
kronas per kilowatt-hour and recalculated every year by SKI proposal. These assets 
are governed jointly with the Nuclear Waste Fund. 

USA For SNF of civilian objects, generated before adoption of the Nuclear Waste Policy 
Act, one-time fee for 1 kg of heavy metal in SNF (equivalent to 0.001 dollar for 1 kW 
of generated electric energy) was introduced. Having paid this fee, the person, giv-
ing SNF or HAW to the federal government, will not have any financial commitments 
for long-term storage and its final disposal in the future. 
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France There is no special financial regulation regarding responsibility of waste generators. 
The French system proceeds from the unlimited in time possibility of appealing to 
generators whenever it is necessary (joint works, new legal commitments). 
Operations for purification and dismounting of civilian objects of Atomic Energy 
Commission are financed from the special fund established in 2001 and maintained 
by earnings of Commission industry, industrial sponsoring organisations and part-
ners. 
Corporation "Cogema" provides services for SNF reprocessing of electric energy fa-
cilities, reserving their rights of ownership for their waste and is a holder a very 
small amount of waste itself. "Areva" group, the only shareholder of "Cogema" cor-
poration, has reserves for management waste of all categories that have not been 
disposed yet. They account for all waste subject to management, including those left 
from the previous activity of enterprises and dismounting. The cost of such opera-
tions as waste packing, its disposal and cost of waste recovery generated as a result 
of the previous activity, is also included. The sum of reserve funds of "Areva" group 
made up 3859 mln. euro in 2003. 
At present, SNF is reprocessed, the relevant costs for HAW reprocessing and dispos-
al are taken into account in financial allocations. HAW is vitrified, thus, allowing to 
optimize storage and future disposal. 

Germany The sum of advance payment for necessary expenses incurred since 1 January, 1977 
will be collected. General expenses shall be determined for the period preceding 
coming into effect of Decree On Financial Protection In Compliance With Atomic En-
ergy Act   

 the sum equal to two-thirds of expenses after the decree coming into effect will also 
be collected. The sum of one third of these expenses shall be collected from the first 
payment of expenses incurred after the decree coming into force. 
Decommissioning of enterprises of federal ownership is financed from the current 
budget. 

Japan  
Canada The leading government department "Natural Resources of Canada" (NRCan con-

trols compliance with Resolution On Nuclear Fuel Waste and is fully responsible for 
management of "historical waste", that is, that waste that was managed in the past 
using methods no longer acceptable. The present owner cannot be responsible for 
them, so the federal government took the responsibility upon itself. 
Atomic Energy of Canada Limited (AECL) is a part of the organisation dealing with 
low-activity RAW (LLRWMO), which, in its turn, is a national agent on issues of puri-
fication and management of Canadian "historical waste". The government depart-
ment NRCan provides LLRWMO financing and controls its policy in RAW manage-
ment sphere 
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What are the sources of formation of means of saving funds for management of SNF, RAW and decommis-
sioning? 
Great Britain Except for payments by "British Energy", the Nuclear Responsibility Fund receives 

its "portion" by virtue of previous payments performed by "British Energy" since 
1996. If it is not enough, deficit will be covered by the government.  

Sweden Allocations from each kilowatt-hour. In 1982-1996 the average sum of these alloca-
tions made up 0.019 kronas for 1 kW h, then it gradually reduced. At present, alloca-
tions make up 0.008 kronas for 1 kW h (2005) and are based on the assumption that 
every reactor will generate energy during 25 years. If operation period exceeds the 
normative period, the fee for future expenses is collected for additional SNF and nu-
clear waste generation. 

USA Nuclear Waste Fund: 0.001 dollar fee for 1 kW h of electric energy generated and 
sold by atomic energy enterprises; allocations of the Congress for nuclear materials 
being under the state supervision, one-time fee and investment income 

France SNF and RAW generators 

Germany Individual enterprises bear responsibility for fund saving intended for RAW dispos-
al and decommissioning of nuclear facilities. Required costs are distributed among 
companies generating waste as follows: 
75.5% – a share of enterprises licensed according to § 7 of Atomic Energy Act for 
SNF reprocessing with capacity of max. 50 t a year or a share of those who applied 
for a license; 
4% – a share of enterprises, licensed according to § 7 of Atomic Energy Act for SNF 
reprocessing with capacity of up to 50 t a year; 
17.5% – a share of enterprises, licensed according to § 7 of Atomic Energy Act for 
SNF fission at reactor electric power not exceeding 200 MW; 
3% – a share of enterprises, licensed according to § 7, 6, 9 of Atomic Energy Act or 
according to § 3 of Radiation Protection Act . 
If waste generators, listed in the first two items, are absent during one calendar 
year, their corresponding share is additionally distributed among other waste gen-
erators. 
Advance payments for storage facility financing are calculated by volumes of RAW 
according to Decree On Advance Payments For Waste Disposal (EndlagerVlV). 

Japan  
Canada SNF: according to Resolution On Nuclear Fuel Waste, their owners had to establish 

special funds to provide overall financing of long-term operations related to waste 
management. The mechanism implementation is in establishment of trust funds ac-
cording to this Resolution. 
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What are the main types of expenditure of saving fund means  
for SNF, RAW and decommissioning? 
Great Britain  
Sweden The fund covers all expenses related to ensuring safe SNF management and its dis-

posal, decommissioning of nuclear enterprises and liquidation of waste generated as 
a result of decommissioning of nuclear facilities. Besides, the Fund finances research 
and developments of Swedish company SKB 

USA Nuclear Waste Fund: identification, development, licensing, construction, operation. 
decommissioning, maintenance after decommissioning and control of every waste 
storage facility or enterprise, including pilot or test plants, research and develop-
ment, RAW disposal program management, transportation, processing and packing 
of SNF or HAW arranged in the storage facility. 

France ANDRA company is responsible for management of storage facilities, design, ar-
rangement and construction of new storage facilities. 

Germany  
Japan The reserve fund, intended for purposes of SNF reprocessing, covers all expenses for 

reprocessing minus cost of recovered uranium and plutonium. By the end of May, 
2005, the sum of fund made up 3 100 000 yens (for 10 enterprises). 
The reserve fund for decommissioning of atomic power generation facilities covers 
expenses for decommissioning and liquidation of commercial nuclear enterprises  
and expenses for waste reprocessing and disposal. By the end of May, 2005, the sum 
of fund made up 1 100 000 yens (for 10 enterprises). 
Reserves for HAW disposal. According to Act On Final Disposal Of Specific RAW 
(2000), operating organisations of energy facilities pay means for HAW disposal to 
the Organisation of nuclear waste management. The deposit sum for vitrification 
made up 33 964 000 yens in 2004. The sum of means for storage facility construc-
tion in the middle of the 2030-ies and disposal of about 40 000 vitrified containers 
with HAW is estimated as about 3 trln. yens. 

  
Is there a specialized organisation to perform operations of management of SNF, RAW and decommission-
ing? 
Great Britain Great Britain elaborates policy of long-term management of long-lived RAW. This 

waste is stored at the facilities until "Defra" and authorized organisations are busy 
with policy elaboration. 

Sweden Swedish company SKB of nuclear fuel and nuclear waste management is responsible 
for management of SNF and RAE, transportation and storage outside nuclear enter-
prises, planning and construction of all enterprises required for management of SNF 
and RAE and also for programs of research and developments for support of the 
above mentioned activities. 
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USA Department of Energy is responsible for majority of SNF/RAW management opera-
tions for state-owned enterprises. The Department has a complete system of 
SNF/RAW management operations for state-owned enterprises. 
The Nuclear Regulatory Commission regulates commercial enterprises and materi-
als of nuclear fuel cycle. Owners and operators of NPP and other types of enterprises 
perform management of generated SNF/RAW prior to disposal. The facilities of 
waste disposal will be under supervision of federal or state authorities.  The Nuclear 
Regulatory Commission also bears responsibility for licensing of commercial enter-
prises of nuclear waste management, independent enterprises of SNF management 
and planned storage facility in Yucca Mountain. 

France State organisation ANDRA is authorised for management of all RAW generated by 
nuclear power industry, war industry and small users. 
The waste generators, delivering containers with waste, shall comply with specifica-
tion of ANDRA company. 

Germany The Federal Radiation Protection Agency (BfS) bears responsibility for construction 
and operation of enterprises managing nuclear waste. 
Atomic generation enterprises within their responsibility  
manage decommissioning and dismounting processes (except for RAW disposal), 
but under mandatory control of competent bodies 

Japan Atomic industry enterprises established Organization, dealing with nuclear waste 
management, which is a performer of HAW disposal, approved by the state based on 
Act On Final Disposal Of Specific RAW, May, 2000. The main duties of the organisa-
tion are waste disposal and collection of payments to the fund. 

Canada According to Resolution On Nuclear Fuel Waste (2002) of atomic industry, a non-
profit organization dealing with nuclear waste management (NWMO) was estab-
lished for performance of managerial, financial and operational activities to imple-
ment long-term management of nuclear fuel waste. 

  
Are there mandatory requirements for SNF and RAW transfer to the specialized organisation? 
Great Britain The Committee on Radioactive Waste Management (CoRWM), established in 2003 

and sponsored by the government shall present recommendations regarding the 
best variant or a combination of variants of ling-term HAW management in Great 
Britain. 
Company "Nirex" was established by the atomic industry in 1982 to provide ser-
vices for waste disposal. Since 1 April, 2005 the company was transferred to joint 
ownership of Defra/DTI. On 30 November, 2006, the government ratified the trans-
fer of "Nirex" company to the Nuclear Decommissioning Authority (NDA). 
The present government policy is as follows: vitrified HAW shall be stored at least 
50 years to reduce radioactivity, thus, simplifying their expensive management. 

 
 



 

122 
Ra

di
oa

ct
iv

e 
w

as
te

 d
isp

os
al

 in
 sp

ac
e 

| 
 V

er
sio

n 
1.

0 
22

 F
eb

ru
ar

y,
 2

01
6 

Sweden SNF management practice: after SNF removal from the reactor core, fuel is stored at 
NPP facilities for about a year, then it is transported to the central interim storage 
facility of SNF (Clab), where it is to remain for at least 30 years, then it will be 
packed and disposed in the final isolation storage facility. 
RAW management practice: disposal of low-activity waste is performed in shallow 
repositories at the facility. 
Short-lived LAW are delivered to final disposal near NPP "Forsmarks". In the future 
SKB will construct a storage facility for short-lived LAW (most of them will be gen-
erated during decommissioning). The storage facility is to be put into service in 
2040.  

USA The storage facility will start functioning during 30 years out of the licensed life of 
any reactor to provide disposal of SNF and HAW, generated as a result of commer-
cial reactors functioning. SNF may be stored in a cooling pond or independent plant 
for spent fuel storage at the facility or outside the facility before the enterprise is 
licenses for permanent disposal. 

France SNF shall be stored at basic nuclear plants. 
The waste generator bears responsibility for waste up to its disposal at a proper 
site. 

Germany In Germany there are no plans regarding long-term interim storage of spent fuel as-
semblies. Interim storage is limited to 40 years 

Japan SNF, generated by nuclear reactors, is delivered to reprocessing after its holding at 
the facility. Until now, most part of SNF has been reprocessed at foreign enterprises. 
The Japanese Fuel Group (JNFL) is constructing fuel reprocessing plant in Rokkasho-
Mura. 
SNF storage in the  enterprise storage facility started in 1999. 

Canada Canada has no program of nuclear fuel waste disposal, there are neither waste dis-
posal enterprises. 

  
Are there SNF and HAW disposal facilities? 
Great Britain No. At present, HAW disposal is absent. "Nirex" company is engaged in develop-

ment of storage facilities for medium-activity waste, they are not going to appear 
earlier than the second decade of the XXI century. 

Sweden No. Construction of SNF disposal facility is planned. The start of waste arrangement 
is expected in 2018. 

USA High-activity waste is stored at 126 facilities. It is planned to construct storage fa-
cilities for SNF and HAW in Yucca Mountain (license application - 2007, start of 
waste reception - 2017). The storage facility of waste isolation pilot plant (WIPP), 
intended for transuranium waste of defence industry is the first underground stor-
age facility in the world (it has been operated since 1999). 

France For a certain type of waste (long-lived medium-activity and high-activity waste) 
there is still no final decision as for its disposal. Possible solutions are being dis-
cussed during development of the National Plan of RAW and Recoverable Materials 
Management. 
ANDRA conducts research regarding geologic disposal of high-activity long-lived 
RAW (with a mandatory substantiation of disposal reversibility. 

Germany No. The government sees it as a purpose to construct storage facility in deep geo-
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logic formations for disposal of all types of waste including SNF by 2030. 
Japan SNF: at present, Japan does not have a specialized facility for SNF final disposal, it is 

not being constructed and is not at the stage of license application (there is no need 
due to SNF reprocessing policy). 
HAW: by the middle of the 2030-ies a storage for disposal of about 40000 vitrified 
containers with HAW is planned to be constructed. The estimated cost is about 3 
trln. yens. 

Canada At present, there are no waste disposal enterprises in Canada, all RAW are stored. 
  
What controlling and management authorities are there in the sphere of SNF and RAW management? 
Great Britain Health and Safety Executive (HSE), England and Wales Environment Protection 

Agency (EA), Scottish Environment Protection Agency (SEPA), Nuclear Decommis-
sioning Authority (NDA). 

Sweden Nuclear Power Inspectorate (SKI). Swedish Radiation Protection Authority (SSI). 

USA Department of Energy  of the US, Nuclear Regulatory Commission of the US, Envi-
ronmental Protection Agency of the US. 

France Regulatory authority of nuclear safety, joint authority of Departments of Industry, 
Health and Environment is the authoritative organisation. It develops and submits 
to the government proposals as policy in the sphere of nuclear safety. 
The Energy and Raw Materials Directorate General is responsible for SNF/RAW 
management. 

Germany Federal Ministry of Environmental Protection (BMU) licensing and control of nu-
clear enterprises. 
Federal Radiation Protection Agency (BfS) 

Japan The Atomic Energy Commission (plans, discusses and plans, discusses and makes 
decisions on the state policy in the sphere of nuclear power). The Nuclear Safety 
Commission (plans, discusses and plans, discusses and makes decisions on the 
state policy in the sphere of nuclear power). Nuclear and Industrial Safety Agency 
of Ministry of Economy, Trade and Industry. 
Office of Science and Technology Policy of Ministry of Education, Culture, Sports, 
Science and Technology (MEXT). 

Canada Atomic Energy Community. 
Company "Natural Resources of Canada" (responsible for development and imple-
mentation of the government policy in management of uranium, atomic energy and 
RAW). 
Canadian Nuclear Safety Commission bears responsibility for regulation of atomic 
energy and nuclear materials use. 
A number of other federal departments are authorized and responsible for safe 
management of SNF/RAW, including Department of Health and Environment, De-
partment of Environmental Evaluation. 

  
Are there cost estimates for future periods? 
Great Britain The estimated value of all operations related to decommissioning of atomic facili-

ties and their purification, for which NDA is responsible now. makes up about 50 
bln. pounds and it will take 50-100 years to complete all works. 
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Sweden The estimated cost of future costs for the period from 2005 to 2050 makes up 
about 53 bln. kronas. The sum of future and already performed works for projects 
in the sphere of nuclear waste management is about 68 bln. kronas. 

USA The total cost of the system life cycle of RAW management at civilian enterprises 
includes costs for a controlled geologic storage facility, waste transportation to 
Yucca Mountain storage facility and other associated costs. The total estimated cost 
for the period of 2001-2019 for completion of the above mentioned system is esti-
mates as 49.3 bln. dollars (in prices for 2000), except for 8.23 bln. of already in-
curred costs in 1983-2000. 

France  
Germany Individual enterprises bear responsibility for fund saving intended for RAW dis-

posal and decommissioning of nuclear facilities. As of 2003, 35 bln. euro (about 
55% - for waste and 45% - for decommissioning). 

Japan  
Canada SNF: within the framework of adaptive stage-by-stage waste management (ap-

proach to risk management proposed by Nuclear Waste Management Organisation 
NWMO) expenses are estimated as 24.4 bln. dollars. (2002). According to Resolu-
tion On Nuclear Fuel Waste, their owners began to make payments to trust funds 
for financial support of the selected approach and long-term nuclear waste man-
agement. 
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Annex 3 
Studied variants of disposal in space [8] 
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Aug 26, 2017 Road to Space Elevator Era 

 Background 
After successful completion of IAA Study Group 3-

13 “Assessment of the Technological Feasibility and 
Challenges of the Space Elevator Concept” activity, 
Proposer and co-authors suggested a new study 
group.   

 Objectives 
 Kick off study. 

Gather Team 

Progress towards final report   
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We are still here.   

Project Life 

Cycle Phases 

Pre Phase A:  

Concept 

Study 

Phase A:  

Concept & 

Technology 

Development 

Phase B:  

Preliminary 

Design and 

Technology 

Completion 

Phase C:  

Final Design 

& Fabrication 

Phase D:  

System 

Assembly, 

Integration & 

Test, Launch 

Phase E:   

Operations & 

Sustainment 

Phase F:  

Closeout 

Reviews 

-Mission 

 

 

Reviews 

-System 

 

 

 

MCR 

SRR 

MDR 

PDR FRR CDR ORR 

<Notes>  

MCR: Mission Concept Review, MDR: Mission Definition Review, SRR: System Requirements Review,  

SDR: System Definition Review, PDR: Preliminary Design Review, CDR: Critical Design Review,  

ORR: Operational Readiness Review, FRR: Flight Readiness Review 

(Ref: NPR7123.1A NASA Systems Engineering Processes and Requirements w/Change 1 (11/04/09)) 

Space Elevator On-

orbit Assembly, 

Checkout, and 

Operations 

SDR 

Space Elevator  Development 

Implementation Phase (Space Agency, Private sector, Industries, etc.) Formulation Phase 

(More Academic level efforts 

are required) 

Typical Project Life Cycle Phases 
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2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Aug 26, 2017 Road to Space Elevator Era 

IAA Study Group 3-13 

(2010/4-2013/3) 

“Assessment of the 

Technological Feasibility 

and Challenges of the 

Space Elevator Concept” 

IAA Study Group 3-24 

(2014/10-2017/9) 

“Road to  

Space Elevator Era” 

IAA Permanent 

Committee? 

(2018/3-) 

Primary Mission:  

Technical Feasibility 

Assessment 

Primary Mission:  

1. (IAA leads to) show 

options of the next 

generation transport 

infrastructure in 

space.   

 

2. (IAA) creates 

recommended 

Mission Definition 

and/or System 

Requirement of the 

Space Elevator.  

Primary Mission:  

1. Review the advancement of 

critical technologies required to 

implement the Space Elevator 

2. Define the Space Elevator 

Prediction Feasibility Index 

(SEPFI) 

3. Progress consideration of non-

technological area such as 

international policy and law. 

4. Increase more involvement 

from non-space area, 

developing countries 
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 Chair: Mr. Akira Tsuchida (CM 2) 
 Co-chairs: Peter Swan, Ph.D. (M 4), & David Raitt, Ph.D. (M 4), 
 Secretary: Ms. Sakurako Takahashi 
 Participants: 
 [Group 1]  

Space Elevator Overall System, Tether Systems, Dynamics: 
• Brij N. Agrawai, Ph.D. (CM 2), Vladimir Aslanov, Ph.D., Stephen Cohen, 

Hironori Fujii, Ph.D.,  Arun Misra, Ph.D. (M 2), Minoru Sato, Yoshiki 
Yamagiwa, Ph.D., Dennis Wright 

 [Group 2] System of Systems specialists: 
 Yoshio Aoki, Ph.D., Yevgeny Baranov, John Knapman, Ph.D., Olexandr 

Kushnar`ov,  Gennadiy Osinovyy, Michael Fitzgerald 

 [Group 3] International Policy and Laws: 
• Setsuko Aoki (CM 4), Sunao Kai, Ph.D., Cathy Swan, Ph.D. 

 [Group 4] Outreach activities:  
• Shuichi Ohno, Mark Dodrill,  

 [Group 5] System Operations and Integration:  
• Yoji Ishikawa, Ph.D., Vern Hall 
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Primary Mission Things Pre-cursor missions as a 

preparation of Space 

Elevator achievement 

Primary 

group in 

this Study 

Group 

Related Study Group 

(SG), Permanent 

Committee (PC) of 

IAA 

1. Review the 

advancement of critical 

technologies required to 

implement the Space 

Elevator 

Tether Dynamics 1. Simulation 

2. On orbit verification of 

Dynamics of Flexible Space 

Tether 

Group 1  

2. Small Satellite PC 

 

Tether materials development, 

testing and manufacture 

1. Material exposure 

experiment in space 

Group 1, 5  

Hazards to the tether and to 

tether climbers 

1.Space Debris 

2. Rates of wear and erosion 

Group 1, 2 1. Space Debris PC 

Hazards caused by the space 

elevator 

1. Risks to other spacecraft of 

collision with high-strength 

tether 

2. Laser interference with 

existing operational satellites 

Secretary, 

Group 2, 3, 

5 

Marine Node, High Stage one System requirements 

development  in addition to 

existing Marine launch system 

Group 2 

Tether Climber Design 1. Heat Management 

2. Light weight structure 

3. Energy transmission 

4. Radiation Protection 

Group 2, 5 

  There are several topics (Candidates) to be researched:  

<Notes> These candidates are mainly suggested by ISEC, Space  Elevator’s research topics.  
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Primary Mission Things Pre-cursor 

missions 

Primary 

group 

Related Study Group (SG), 

Permanent Committee (PC) of IAA 

2. Define the Space 

Elevator Prediction 

Feasibility Index 

(SEPFI) 

Maintain Developmental 

Roadmaps of Space Elevator 

and TRL (Technology Readiness 

Level) 

N/A Secretary, 

Group5 

3. Progress 

consideration of non-

technological area such 

as international policy 

and law. 

1.Evaluate the issues to be 

addressed at the international 

level. 

2. Develop concept of legal 

approach to the entities 

responsible for Terrestrial [both 

land and sea], Aeronautical, and 

Space Laws. 

N/A Group 3 

4. Increase more 

involvement from non-

space area, developing 

countries 

1. Making presentations in 

countries and organizations 

throughout the world, especially 

in developing countries and 

countries just beginning their 

involvement in space activities.   

2. Demonstrated event such as 

Space Elevator Challenge in 

developing countries 

N/A Group 4 SG5-11 Comparative Assessment of 

Regional Cooperation in Space: 

Policies, Governance and Legal Tools. 

 

SG1-14 Promoting Global Space 

Knowledge and Expertise in 

Developing Countries 

Disposal of Radiation Waste  N/A Group 2 SG3-21 Space Disposal of Radioactive 

Waste 

  There are several topics (Candidates) to be researched: (Continued)  

<Notes> These candidates are mainly suggested by ISEC, Space  Elevator’s research topics.  
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Mission Definition System Requirement Critical Technologies 

Routine, Safe, Lower 
Cost Transportation 
System 

Environmentally-
Friendly Transportation 
System 

Collection of Space 
Debris 

Construction of Major 
Space Systems 
Including Space Solar 
Power System (SSPS) 

Interplanetary 
Exploration 

Space Resource 
Utilization 

Manned Spaceflight 
(including Tourism) 

Disposal of Nuclear 
Power Wastes 

Academic Experiments 
in Space 

Tether 
100,000 km long 

Climber 
Both Ascending and Descending 

Cost 
Low :  1/100 of Rocket 

Nodes/Gates 
Stations  to  Planets  and Orbits 
(Specific Height 

Gravity Centers 
Lunar and  Mars  Gravity 

GEO Node 
Non-Gravity Environment 

Safety 
No Human  Loss 
No Nuclear Waste Spill 
No Emission of Harmful 
Substance 

Facility (Nodes/Gates) 
Life Support 

Tether  Material 
CNT or Alternative Strength 
Length 
Weave 
Friction 
Environmental Tolerance 

Climber Design 
Size 
Weight 
Shape , Structure 
Brake 
Environmental Tolerance 
Motor 

Verification 
Recommended 

research 
items 

Tether  Shape 
Taper 
Shape  (Round or Flat) 

Safety 
Hazards to Tether 
Hazards caused by Space Elevator 
Maintenance 
Hazards to Climber 
Laser Interference 
Human  Safety (vs. Radiation) 

Climber Power Source 
Laser Power Beaming or Wired Supply 
From Ground or From Node, or Solar 
Power 

Tether Dynamics 
Design of Tether , Climber, and 
Node/Gate 
Climber Ascent/Descent 
Phase (Construction, Operation) 

Tether Electrodynamics 
Charge/Discharge 
Power Transmission 

Management 
System Operation 
Law 
International Policy 
Marketing 
Finance 

System 
GEO Node (36,000 km high) 
Marine Node (0 km) 
Tether (100,000 km long) 
Climbers (TBD number) 
Apex Anchor Node (100,000 km high) 
LEO Gate(23,750 km high) 
Mars Gate (57,000 km high) 

Lunar Gate (～50,000 km high) 
Lunar Gravity Center (8,900 km high) 
Mars Gravity Center (3,900 km high) 
HQ &POC 

Threat 
Meteorites 
Radiation and Atomic Oxygen 
Sun’s and Moon’s Gravity Fluctuation 
Space Debris 
Atmospheric Phenomena (Lightning, 
Wind) 
Terrorist Attacks 
Electrical Charge/Magnetic Field 

System Diagram 

External Interface 
User Operational Facilities 
User Payloads 
GPS 
Orbiting Communication System 
Ground Communication Systems 
EMU 
Ground Support Facilities 
Interface with External Hardware 

Internal Interface 
GEO Node 
Marine Node 
Tether 
Climber 
Apex Anchor 
LEO Gate 
Mars Gate 
Lunar Gate 
Lunar Gravity Center 
Mars Gravity Center 

Colonization of  the 
Solar System 

Space Exposure 
Experiment of 
CNT 

Computer 
Simulation of 
Tether Dynamics 

Space 
Demonstration 
of 
Tether/Climber 

Tether Climber 
Competition 

Space Elevator 
Demonstration 
with 
Stratospheric 
Platform 
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SE Element Leadership Contributor (Primary/Secondary) 
Non-Space 

related 

researcher 

Where is they from 

Tether Climber Akira 

Yuzhnoye Team 

Shizuoka Univ/Obayashi/Shonan TU 
Team/Nihon Univ Team 

X 
Construction/ 

Precision Machinery 

Apex Anchor Pete 
ISEC Team ISEC Study Group 

  

Tether - Materials Akira 
Shizuoka Univ/Obayashi Team X Material, Construction 

  

Tether - Dynamics Pete 
Shizuoka Univ/Obayashi Team X Construction 

ISEC Study Group ISEC Study Group 

GEO Node Sakurako 
JAMSS/Obayashi Joint Team X Construction W/JAMSS 

ISEC Study Group ISEC Study Group 

Earth Port Pete 
ISEC Team ISEC Study Group 

Obayashi Team X Construction 

Gates Akira 
Obayashi Team X Construction 

  

Communications Pete 
ISEC Team ISEC Study Group 

JAMSS/Obayashi Team X Construction W/JAMSS 

HQ/POC Pete 
ISEC Team ISEC Study Group 

  

International Policy, 
Law 

Akira 
Keio Univ Team 

JAXA Team 
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2010-2011 ISEC study entitled:  “Space Elevator Survivability, Space Debris Mitigation.”  The Space Elevator 
community has always been concerned about the  numbers and densities of space debris because of its dramatic 
growth over the last two decades.  During the study, the team concluded:   “The analyses showed that the threat 
from space debris can be reduced to manageable levels with relatively modest design and operational fixes.” 
[Swan Debris] 

2012-2013 ISEC study entitled:  “Space Elevator Concept of Operations.”  This study addressed the Concept of 
Operations for a future Space Elevator Infrastructure.  The basic conclusion was that the development of Space 
Elevator tethers and climbers is indeed a daunting task; however, their operation will leverage 50 years of satellite 
operations experience. 

2013-2014 ISEC study entitled:  “Design Considerations for Space Elevator Tether Climbers.”  Space elevator 
tether climber design has always been challenging and intriguing to developers.  Climbers can be built with 
today’s technology; however, there will be a myriad of designs leveraging new and future spacecraft technologies.  

2014-2015 ISEC study entitled:  “Space Elevator Architectures and Roadmaps.”  The study team took on the 
challenge of explaining a path to develop a major revolution in space transportation, the space elevator. “This 
ISEC study refined a process to significantly move the development of this mega-project towards its Initial 
Operational Capability (IOC).”  

2015-2016 ISEC study entitled:  “Design Considerations for Space Elevator Earth Port.”  This study provided the 
International Space Elevator Consortium’s (ISEC) view of the Earth Port (formerly known as the Marine Node) of a 
Space Elevator system.  

2016-2017 ISEC study entitled:  “Design Considerations for GEO Node and Apex Anchor.”  The 2016 Study for 
the ISEC will help define the upper reaches of a space elevator infrastructure.  The two physical nodes will be 
defined while the overall communications system for a space elevator will be presented.  

2017-2018 ISEC study entitled:  “Design Considerations for Space Elevator Simulation.”  The 2017 Study for the 
ISEC will help define the model to simulate and then define the requirements to develop a simulation of the tether 
motion.  Study underway with publication in spring of 2018. 
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 Chapter One – Introduction [drafted] 

 Chapter Two – Mission Definitions [drafted] 

◦ The Space Elevator Vision:  Provide Low-Cost Access to Space 

◦ Missions: Provide Support Services, Construct Major Space Systems, Support 
Interplanetary Exploration, Support Space mining, Enable Manned Spaceflight, Launch 
Support for Colonization, Disposal of Nuclear Power Wastes, Provide Locations for 
Scientific Investigations, Collect Space Debris,  

 Chapter Three – Performance Needs [drafted] 

 Chapter Four – Technology Needs leading to 
Critical Technologies  [to be drafted] 

 Chapter Five – Risk Reduction [to be drafted] 

 Chapter Six – Conclusions 
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 SG3.24 leadership invited “new comer” from 
non-space area.  And they started to prepare 
to join space experiment. As a first step, we 
started to support (consult) how they should 
prepare space experiment including space 
system development method.   

 The following slides are what we are working 
right now so that new folks can understand 
how they should prepare/execute space 
experiment with space agencies.   
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 Tether Climber 
◦ For path Finder mission STARS-E, the following 

verification is not performed on-orbit Yet: 

 System Integration as tether climber 

 Heat Rejection from wheel driving system 

 Interface between wheel and tether (friction) 

 Etc. 

 We still need to hold small work shop event in 
this year for several individual space elevator 
element. (ISEC, universities/industries in 
Japan, etc.) 
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Aug 26, 2017 Road to Space Elevator Era 

  New IAA Study Group “Road to Space Elevator Era” 
provides the following results as intermediate goals: 
• Review the advancement of critical technologies required to 

implement the Space Elevator.  This will include carbon nano-
tubes, control dynamics, etc.  

• Define the Space Elevator Prediction Feasibility Index (SEPFI) 
based upon the critical technologies identified   

• Publish the yearly Space Elevator Feasibility Status Assessment  
• Conduct IAA sponsored Space Elevator Challenge (SPEC) and 

conference in the world 
• Making presentations in countries and organizations throughout 

the world, especially in developing countries and countries just 
beginning their involvement in space activities.   

• Making space elevator infrastructure concepts an integral part of 
university science and engineering curricula.  
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  JAXA started ExHAM, 
material exposure 
experiment in space service 
using Japanese experiment 
module of the International 
Space Station.    

<Credit> JAXA (http://iss.jaxa.jp/en/kiboexp/ef/exham/)  

  Japan Society for Aeronautical and Space Science made 

committee for SE feasibility study. 

  "Science Council of Japan" defined Space Elevator 

project as one of master plan for large research projects 

– 2014/2017. It is the first step of starting very small 

research but recognized Space Elevator as "National 

Project".    
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 Encouraging young student, future 

engineers and scientists are the most 

important things.  Space Elevator 

Challenges are now held in worldwide 

(US, Japan, Europe, and Israel). New 

Space Elevator Challenge will be held 

several times in US (2017-2020) by 

Japan Space Elevator Association. 
- Good candidate for IAA to support this 

challenge (sponsorship), SG3.24 is working on.   

 “Physics of Space Elevator” is published 

in Japan. This book is actually a 

textbook to learn physics for high school 

student level.   Physics of 
Space Elevator 

“Road to Space Elevator Era” 
- Back-up chart, several on-going projects in the world 
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Achievement Scenario

2009

150m

2010 2011 2013 20192018 2020 2025

300m

600m

1,250m

3,000m 10,000m

20,000m

30,000m

2016

3,000m

US 
Military

Outline 

SE climber and high mobility robot challenge aim for next space generation 

Purpose 

A. Comparison and validation of technologies and methods for improving 
performance of climbers and high mobility robots 

B. Develop a vertical experimental environment for climbers and robots 

C. Chance of introducing the proper impression of Space Elevator 

Field 

Japanese field -> Black Rock Desert Playa in Nevada 

(Due to aviation regulation, vast unmanned area and inexpensive helium.) 

Expected Participants 

Young people and support companies teams from all over the world 

(Regional preliminaries will be required. 4-5 teams for each event.) 

- 30,000 m = 98,400 ft 

- Stratosphere 

- Temperature -47 ℃ 

- Atmosphere 11 hPa 
  

 

 

 

 

- 20,000m = 65,600ft 

- Lower Stratosphere 

- Temperature -57 ℃ 

- Atmosphere 54 hPa 

 

 

 

 

 

- 10,000m = 32,800ft 

- Troposphere 

- Temperature -50 ℃ 

- Atmosphere 264 

hPa 
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JSEA GSPEC ; 
G Space Elevator Challenge 

  1～１0km    

Normal descnet :300～600sec

1. Mooring Balloon

2. Climber Ascend

3. Injection, Free Fall

5. Landing, Mission

Drone and Vehicle Tracking

4. Decelerate Robot

Telemetry Balloon

Telemetory

Event    Robot 

- Climber event (4-5 teams in field)  - Eccentric final landing speed reduction are expected. 

- Robot event (4-5 teams in field)   (Large parachute, Airbag, opposing jet...) 

- Climber    Regulation policy 

- Multiple/combination energy source are expected.  - Safety first 

- Eccentric final landing speed reduction are expected. - The less regulation, the more imaginative 

(Large parachute, Airbag, opposing jet...) 
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 The International 
Space Elevator one-
year study 
completed in April of 
2016.   

 Copy at ww.isec.org 

 Free pdf available  
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Research Progress 

Analysis of the flight mode of manned Mars mission 

 To analyze the crew’s  number for Mars. 

 To analyze and select the Orbit of the mission. 

Analysis and comparison  of advanced propulsion system  

 Analysis of Chemical propulsion with high specific impulse 

 Analysis of Nuclear thermal  propulsion 

 Analysis of Electric propulsion 

 Comparison  of advanced propulsion system 

Analysis and comparison  of advanced ECLSS 

 Physical and chemical regeneration  ECLSS 

 Biological life support system 

 Comparison  of advanced ECLSS 
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Research Status 

Analysis of the flight mode of manned Mars mission 

    Typical manned flight missions are as follows： 
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Research Status 

Analysis of the flight mode of manned Mars mission 

  According to the requirements of the task, compared the different orbital 

energy required for Delta V . 

 

 Flight trajectory △V(km/s) 

Hohmann transfer trajectory 10.66 

Large elliptic trajectory 12.28 

Parabolic trajectory 15.99 

Venus swing-by trajectory 10.98 

L2-point transfer trajectory  7.37 

   L2-point transfer trajectory needs minimum energy,so it becomes a preferred 

trajectory of manned Mars mission  
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Research Status 

Analysis of the flight mode of manned Mars mission 

  Spacecraft is far from the earth, the astronauts need to complete a large 

number of tasks and deal with all kinds of unexpected situations. However, 

resources are limited. Therefore, we need to minimize the number of astronauts 

as long as the mission could be completed. 

    Considering the mission included a key stage, at which the group will be 

divided into two groups, one group will be landing on the Martian surface, 

another group will stay on the low Mars orbit. Out of psychological 

companionship and mutual help, 2 astronauts were required in each group. 

    Then the minimum number of people in the whole group should be 4. Each 

astronaut plays multiple roles to ensure the expertise required for the task. 
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Research Status 

Analysis  of advanced propulsion system 

    considering manned Mars-landing mission, analyzing and comparing 

different propulsion  advanced propulsion system have been made. 

 

 Chemical propulsion with high specific impulse 

 Nuclear thermal  propulsion 

 Electric propulsion 
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Research Status 

Chemical propulsion with high specific impulse 

Performance parameter LH_2/LOX LOX/methane LOX/kerosene H2O2/kerosene 

Mixratio 6.0 3.5 2.74 7.393 

Specific impulse（s） 445 355 343 322 

Relative density 0.3610 0.8276 1.024 1.319 

Density Specific impulse（s） 161 294 352 425 

    Considering high specific impulse, environmental requirement, and safety 

of the astronauts,  liquid propulsion systems ,using  LH_2/LOX, LOX/methane, 

LOX/kerosene and H2O2/kerosene were studied . 

     LH_2/LOX propulsion system offers the largest specific impulse, but the 

smallest Density Specific impulse. LOX/methane propulsion system offers 
specific impulse much less than LH_2/LOX, but only 12s higher than 
LOX/kerosene propulsion system, while it offers Density Specific impulse 

much less than LOX/kerosene propulsion system. 



Institute of Manned Space System Engineering , CAST , CASC 

 中国航天科技集团公司五院 载人航天总体部 
9 

Research Status 

Nuclear thermal  propulsion 

   The nuclear rocket engine heats the propellant with the heat released by 

the nuclear reaction. Then the propellant gushes out of the nozzle to produce 

thrust. Compared with chemical propulsion, thermonuclear propulsion 

provides higher specific thrust, enabling large thrust in small amounts of 

propellant and meeting the requirements of velocity increment. 

1. Thermonuclear propulsion of Solid  reactor 

2. Thermonuclear propulsion of gas reactor 

3. Thermonuclear  propulsion based upon 

nuclear fuel explosion 

4. Thermonuclear propulsion of dust nuclear 

fission reaction based on magnetically 

confined plasma 

 

specific impulse(s) 

1 910 

2 3000~5000 

3 10000 

4 106 
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Research Status 

Electric propulsion 

   Electric propulsion is divided into nuclear power propulsion and solar electric 

propulsion according to different energy sources: 

 Nuclear power propulsion is a system that uses nuclear energy to drive electrical 

propulsion by means of thermoelectric conversion; 

 Solar electric propulsion is a system that uses solar panels to convert solar energy 

into electrical energy to drive electrical propulsion. 

Major electrical propulsion systems: 

 

1. Electrostatic ion propulsion 

2. Hall electric propulsion 

3. Electromagnetic propulsion 

 

 

specific 
impulse(s) 

power(W) efficiency 

1 2500～15000 10～30k 60～80% 

2 1500～3500 100～50k 45～60% 

3 2000～10000 >100k 35～50% 



Institute of Manned Space System Engineering , CAST , CASC 

 中国航天科技集团公司五院 载人航天总体部 
11 

Research Status 

Comparison  of advanced propulsion system 

 Chemical propulsion has the highest maturity, but provides limited thrust. 

 Solar electric propulsion has no limit to impulse in theory, but the solar 

current density is limited. Therefore, to get High thrust and High specific 

impulse,a large area of solar array is needed.As the distance from the sun 

increases, the propulsion capacity decreases. 

 Compared with solar propulsion, nuclear power propulsion and Nuclear 

thermal  propulsion works continuously without relying on the direction and 

distance of the sun.However, there are still a lot of difficulties in the safety 

and radiation protection of the nuclear propulsion system. 
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Analysis  of advanced ECLSS 

Research Status 

    Physical and chemical regeneration  ECLSS can recycle the  Oxygen and 

water by Physical and chemical  technologies. There are major cycles: 

The condensed water, urine, and sanitary 
wastewater is treated to purified water 

Carbon dioxide is collected, concentrated, and 
reduced to water and methane 

Oxygen is obtained by electrolysis of a part of 
purified water  
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Analysis  of advanced ECLSS 

Research Status 

   Biological life support system (BLSS) is close to the closed-loop life 

support system. 

     The photosynthesis of green plants can purify the CO2 generated by 

human, and produce O2 and edible food.  Through biotransformation, 

the excretion of urine, feces and other metabolic wastes, and plant 

inedible part can be transformed into  substances for human or plant 

growth.  
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Analysis  of advanced ECLSS 

Research Status 

   Microalgae were the earliest autotrophic organisms used in BLSS 

research. They are characterized by high photosynthetic efficiency and 

rapid growth and reproduction.  

   The system has high efficiency in the regeneration of water and oxygen, 

but it can not provide nutrition for astronauts. Therefore, it can only be 

applied to the near earth station with lower sealing requirements 
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Analysis  of advanced ECLSS 

Research Status 

   By contrast, higher plants, despite their larger size and longer growth 

cycle, provide food for the astronauts, thus gradually becoming the core 

of highly enclosed BLSS. A reference configuration of BLSS with higher 

plants is shown below: 
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Analysis  of advanced ECLSS 

Research Status 

   In addition, we can also try to raise animals in the BLSS system, so that 

the system can achieve true self-sufficiency 
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Comparison  of advanced ECLSS 

Research Status 

    Because of the recycling of water and oxygen, the physical and chemical 

regeneration ECLSS is unable to produce food. So using physical and chemical 

regeneration ECLSS alone is not suitable for long-term manned missions. 

  We use closure and integrated mass to evaluate the BLSS. 

  With the increase of the number of species, the structure of the system becomes 

more complex and the degree of closure increases gradually.  

 

While the configuration of BLSS is different, 

the the initial mass and Supply per unit time 

is different, and the integrated mass and the 

closed coefficient of the system will also 

change. 
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Study of the Martian atmosphere comprehensive application 

technology 

  

 To analyze the possibility of  decrease the spacecraft’s mass by 

applying Martian atmosphere  

 To apply the Martian atmosphere  as propellant 

Research Contents in Future Plan 
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General research of mission mode of manned Mars-landing based on 

maintenance and supportability  

 To analyze the adaptability of the maintainability and supportability with 

different schemes  

 To put forward a workable overall plan  which requires the least resources 

according to TRL( Technology Readiness Level) 

Research Contents in Future Plan 
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 Space Mineral Resources:  

 IAA Study 

Peter A. Swan, Ph.D. Member, International Academy of Astronautics 
President, Member BofD’s, International Space Elevator Consortium 
Industry Professor, Technical University of Delft and Stevens Institute of Technology 
 
Roger Lenard, 
Member, International  
Academy of Astronautics,  
President, Little  
Prairie Services 
 
Arthur Dula, 
Member, International  
Academy of Astronautics,  
Trustee, Robert Heinlein  
Foundation  

Image from IAA Study 
4/18/2015 2 

Note:  many images from  

Heinlein Prize Trust and  

Excalibur Exploration 
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Vision -- Leverage the phenomenal 
resources available in our solar system. 
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Today’s Topics 
• Introduction 
• IAA Study Charter 
• Members 
• Schedule 
• Outline of Study Report 
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 Global Needs 
UN 17 Developmental Goals 

This SM Study 
will assess the 
global needs 
and put in the 
perspective of 
improving  the 
human 
condition. 

4/18/2015 11 

https://en.wikipedia.org/wiki/File:Global_Goals_Logos_Chart.jpg
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 Legal update 
• Study # 1 presented a very solid look at the legal situation as 

of the middle of 2015.  Once this document was circulated, 
much discussion occurred as to where this arena was 
headed.   

• The purpose of this study is to look at the events occurring 
after the last report and project into the future. There have 
been many symposia, papers, books and laws written lately 
on the topic, some of which are: 
– 2015 US Law “Commercial Space Launch Competitiveness Act 

– 2017 Luxemburg Law “The Luxembourg Space Law,” 

– 2017 IISL study report “Does International Space Law either permit 
or prohibit....” 

– 2017 Publishing of “Space Mineral Resources – A Global Assessment 
of the Challenges and Opportunities” in Chinese. 
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 Backup Charts 
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Cosmic Study Outline 

To provide a logical, systematic and practical road 
map to promote and encourage near term 
evaluation, development and use of space mineral 
resources (SMR) 
  

 Executive Summary 

1 Introduction 

2 Mining of Space Resources 

3 Market Approach 

4   SMR Roadmaps 

5   Analysis of Systems 

6 Modeling and Analysis 

7 Policy and Legal 

8 Finding, Conclusions and 

 Recommendations 

17 4/18/2015 



    
 

 

Executive Summary 
“Don’t undertake a project unless it is manifestly important 
and nearly impossible.”      Edwin Land, quoted in the Coral Reef 

Alliance letter, March 30, 2011. www.coral.org  
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Executive Summary: 

• The exploitation of space mineral resources is 

becoming a commercial space endeavor for the 

benefit of humanity and profit  

• The question on the table is not “how” to 

leverage space minerals resources; but, ”how 

best” to leverage them  

• Preliminary economic conclusions include (1) 

architectures based upon returning precious 

metals to terrestrial markets alone appears to 

be a non-starter, (2) the existence of in-space 

customers for propellants, consumables, 

structural materials, and shielding could make 

asteroid mining economically feasible, and (3) 

longer-term hybrid architectures with both 

terrestrial and in-space customers could 

become feasible as costs drop and market size 

increases.  

http://www.coral.org


    
 

 
Major Conclusion & Finding 

Major Conclusion:   The process of mining water from asteroids, the 
Moon or Mars will ensure that the key elements are available at the 
spaceports of the future.  Water will ensure that human exploration 
will expand beyond low Earth orbit with the profit motive driving the 
exploitation of resources.  

 

Principle Finding: SMR ventures cannot wait for government 
programs to lower technological and programmatic risks. Commercial 
ventures must determine the optimum path for commercial success 
and aggressively lead the way beyond LEO.  During the first half of the 
21st century, space leadership will come from commercial enterprises 
and not depend upon government space programs.  

19 4/18/2015 
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Enlarging the participation 
 

 

• Searching for contacts with the Moon Village association 

 

• Inviting G. Reibaldi , president of the MVA 

 

• Searching for contacts with researchers working on  

• ISRU 

• 3D printing of buildings 

• Electromagnetic radiation shielding of building (and 

spacecraft) 
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Exploration: Towards the Moon Village and Beyond, 

Torino, June 2017. 

  

Presentation of the study to the Academy day tomorrow 
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Introduction 

Goal: 

 Identify the requirement of access to space and exploration payload 

in future, and required key technologies and strategy to meet this 

kind of requirement. 
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Introduction 

Sep.2016  The Study Started 

Mar. 2017 The Study Group and Report Outline Finished 

Sep.2017  The Preliminary Report Finished 
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Preliminary Report 

1. Introduction 

2. Demand and technology analysis of large-scale access to space 

in future 

 Mission demand analysis of access to space (aiming at 2030, 2050) 

 low-earth orbit mission 

Robotic and Human deep space missions 

Construction of space infrastructure, such as, space solar power station 

On-orbit service and maintenance 

 Space tourism 

  Limitation analysis of current LV technologies for access to space 



International Academy of Astronautics 

Preliminary Report 

  Limitation analysis of current LV technologies for access to space 

• Most launch vehicles carry on specific missions. Some capabilities of 

launch vehicles are not fully used.  

• The period of launch service for a general ELV is more than 2 weeks 

which is too long for consecutive missions. Moreover, the number of 

people involved in the launch service is also large. 

• An ELV is always designed for a distinctive orbit. The adaptability for 

multi-mission needs to be increased. 

• The launch service price is expensive. 
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Preliminary Report 

  Method for low-cost access to space 

Launch vehicles 

• Low-cost design of expendable launch vehicles 

– (1) Low-cost electrical system design 

– (2) Low-cost structure design technology 

– (3) Low-cost propulsion system design technology 

– (4) New launching technology 

– (5) Others 

• Reusable design 

– （1）Reusable Space Transportation Systems Based on ELVs 

– （2）Lifting-Body Configuration Launch Vehicles 

» Rocket Powered Reusable Launch Vehicles 

» Combined-Cycle Powered Reusable Launch Vehicles 

 Interface standardization 

Other New concepts 

 Depot, Electromagnetic propulsion launch vehicle, Space Elevator 
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Preliminary Report 

3. Key technologies of large-scale and low-cost access to space 

 Launch vehicles 

•  Low-cost design of expendable vehicles 

– The low cost design technology of launch vehicle configuration 

» （1）Low cost hybrid launch vehicle configuration 

» （2）Low cost serialized LV configuration and the modular design technology 

– The high reliable electrical system integration design in launch vehicle 

» （1）Integration power supply and distribution technology 

» （2）Modular design technology in electrical system 

– The high reliable electrical products and test technology based on COTS 

» （1）device procurement and screening control 

» （2）heat-electromechanical design in application environment 

» （3）COST device error detection and tolerance 

– The improvement of active serviced launch vehicle 

» （1）launch vehicle combined lots production； 

» （2）components commercialized design； 

» （3）advanced techniques application (3d print for example) and long-range 

fast test and launch technology 
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3. Key technologies of large-scale and low-cost access to space 

 Launch vehicles 

•  Low-cost design of expendable vehicles 

• Reusable design 

– （1）Rocket Powered Reusable Launch Vehicles 

» Systems overall design and optimization technology 

» Aerodynamic configuration and characteristics design technology 

» Thermal protection technology 

» High precision in-orbit and re-entry integration GNC technology 

» Light-weight  structure technology 

– （2）Combined-Cycle Powered Reusable Launch Vehicles 

» Wide-scope vehicle body and propulsion integrated and strong coupling design technology 

» Combined-cycle engine powered adjustable air intake and exhaust technology 

» High flexibility and multi-model engine combustion organization technology 

» Wide speed rage inner and outer flow integrated configuration design technology 

» Large-scale and light-weight lifting body vehicle aerothermo-elasticity technology 

» Advanced guidance technology with strong coupling among propulsion, aerodynamic and 

flight path 

» Vehicle and propulsion integrated control technology 
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3. Key technologies of large-scale and low-cost access to space 

• New concepts 

• Depot 

– The cryogenic propellant in-space storage 

– In-space propellant transfer 

– Cryogenic tank pressure control 

– Assembly attitude control for propellant refueling 

– Liquid sloshing and large structure coupled dynamic modeling and control 

– Power supply and management 

• Electro-magnetic launch vehicle 

– analysis of gronud effect of electromagnetic propulsion launch vehicle 

– accurate takeoff control technologies  

– high power, high capacity pulse power supply technologies 

– high speed, high power linear motor technologies  

– electromagnetic compatibility technologies 

– The optimization design of Electromagnetic propulsion launch vehicle’s 

aerodynamic shape 

http://peri.calt.casc/kns55/detail/detail.aspx?recid=&FileName=DNZK200105001&DbName=CJFD9902&DbCode=CJFQ
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Preliminary Report 

3. Key technologies of large-scale and low-cost access to space 

• Space Elevator 

– Optimization design technique for the overall parameters of Space Elevator 

system 

– Dynamic design and analysis technology of Space elevator system 

– Space task mode and orbit design technology based on Space Elevator 

system 

– Design technology of Space Elevator tether material 

– Space Elevator tether construction technology 

– Control technology of Space Elevator techer expansion  

– Optimization design technique of Space Elevator climber’s overall scheme  

– Optimization design technique of Space Elevator energy system scheme 
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Preliminary Report 

4.Task mode and solution based on large-scale and low-cost access to space 

• Reusable 

• Piggyback launch 

• Launch by SLV 

• Network launch 

5.Operation management and international cooperation mode in future  

• Value research on large-scale and low-cost entering space in the future 

• Research on commercial market value 

• Research on non-commercial market value 

• Mode research on large-scale and low-cost entering space in the future 

• Operation mode 

• Business operation mode 

• Investment and financing management 

• Risk assessment 

• International cooperation development and innovation in the future 

• International cooperation status  

• International cooperation development in the future 
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Preliminary Report 

6. Relevant laws and policies 

• The problem of space debris 

• Current situation of space debris 

• Analyze the source of space debris 

• The evolution of space debris environment 

• Suggestion of Disposal measurements 

• Current situation of international space debris management 

• Requirements of launch vehicle based on space debris mitigation 

• Requirements of satellite based on space debris mitigation 

7. Conclusions and suggestions 
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 Current Study Groups 

• STUDY GROUP 3.14 CHAIR OR REPRESENTATIVE: DI PIPPO/DAVIDIAN/DUPAS 

PUBLIC/PRIVATE HUMAN ACCESS TO SPACE - VOL. 2 - EARTH ORBIT AND BEYOND  

STATUS:  

• STUDY GROUP 3.15 CHAIR OR REPRESENTATIVE: SACCOCCIA/LU YU/WANG XIAOWEI 

LONG TERM SPACE PROPELLANT DEPOT - STATUS 

•  STUDY GROUP 3.18 CHAIR OR REPRESENTATIVE: RAMAKRISHNAN/UNNIKRISHNAN NAIR 

POSSIBLE INTERNATIONAL PROTOCOL TO HANDLE CRISIS/EMERGENCY OF ASTRONAUTS IN 
LOW EARTH ORBIT  - STATUS 

• STUDY GROUP 3.19 CHAIR OR REPRESENTATIVE: MCKENNA-LAWLOR 

FEASIBILITY STUDY OF STANDARDIZED CAREER DOSE LIMITS IN LEO AND OUTLOOK FOR BLEO 
STATUS- NEW CHAPTER ON RADIATION HORMESIS –FIRST DRAFT NEAR COMPLETION 

•  STUDY GROUP 3.21 CHAIR OR REPRESENTATIVE: DEGTYAREV SPACE DISPOSAL OF 

RADIOACTIVE WASTE – STATUS 

• STUDY GROUP 3.22 CHAIR OR REPRESENTATIVE: RAZOUMNY/AGRAWAL/JI SIMEI 

NEXT-GENERATION SPACE SYSTEM DEVELOPMENT BASING ON ON-ORBIT-SERVICING 
CONCEPT - STATUS 

•   
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 Commission III Report to SAC 
• STUDY GROUP 3.23 CHAIR OR REPRESENTATIVE: REIBALDI/ZHUANG/UNNIKRISHNAN 

NAIR - HUMAN SPACE TECHNOLOGY PILOT PROJECTS WITH DEVELOPING COUNTRIES 

STATUS: DISCONTINUED 

•  STUDY GROUP 3.24 CHAIR OR REPRESENTATIVE: TSUCHIDA/RAITT/SWAN/ TAKAHASHI 

ROAD TO SPACE ELEVATOR ERA - STATUS 

• STUDY GROUP 3.25 CHAIR OR REPRESENTATIVE: YANG HONG/ZHANG DAPENG 

THE MAINTAINABILITY AND SUPPORTABILITY OF DEEP SPACE MANNED SPACECRAFTS - 
STATUS  

• STUDY GROUP 3.26 CHAIR OR REPRESENTATIVE: DULA/ZHUANG F./LENARD 

SPACE MINERAL RESOURCES #2 – PROGRESSING ON SCHEDULE 

• STUDY GROUP 3.27 CHAIR OR REPRESENTATIVE: GENTA/VENTSKOVSKY/JOHNSON 

TOWARDS THE UTILIZATION OF THE MOON, PREPARING FOR MARS EXPLORATION- STATUS 

• STUDY GROUP 3.28 CHAIR OR REPRESENTATIVE: LU YU/REIBALDI/WANG XIAOWEI 

STRATEGY OF LOW COST AND LARGE SCALE ACCESS TO SPACE IN FUTURE - STATUS 

•  STUDY GROUP 3.29 CHAIR OR REPRESENTATIVE: BAO WEIMIN 

STRATEGY AND FEASIBILITY ASSESSMENT OF COLLISION PROTECTION FROM ASTEROID AND 
COMET: CONCEPT, TECHNOLOGY, AND PROSPECT - STATUS 
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 Proposed New Study Groups 

• Space and its Utility in Forecasting Climate change: Chair or 
representative Roger X. Lenard (USA), Melissa Mirino (Italy) 

RECOMMENDATION: APPROVE  

• REUSABLE LAUNCHERS: CHAIR OR REPRESENTATIVE: JEAN MARC 
AST 
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 Commission III Report to SAC 

• IAA CONFERENCES  

• 5.1.1 Current IAA Conferences 

• 5.1.2 IAA Symposia at IAC 
– SG 3.24, SG 3.26 HAVE WORKING GROUP SESSIONS 

• 5.2 NEW CONFERENCES PROPOSALS  
– JOINT IAA-ISDC CONFERENCE ON SPACE MINERAL RESOURCES: MAY 2018 

• 6.   IAA HEADS OF SPACE AGENCIES SUMMIT    
– G. REIBALDI RECOMMNDS COMMISSION III NOT PARTICIPATE  

• 7.   OTHER BUSINESS      
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Note:  many images from  

Heinlein Prize Trust and  

Excalibur Exploration 

Roger X. Lenard, Acting Chair 
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Note:  many images from  

Heinlein Prize Trust and  

Excalibur Exploration 

Roger X. Lenard, Acting Chair 
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Space Mineral Resources II, Economic Considerations,  

Benefits to Humanity and Legal Analysis 



    
 

 

Chapter Outline and Writing Assignments 
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Chapter Topic Lead Author Co-Author Comments 

ExSum ExSum, Preface,  Dula Swan 

1 Introduction, Past & 

Present 

Swan Lenard 

2 Vision, the Why Simpson Swan UN sustainable Goals 

3 Arch Approach, the How Swan 

4 Case Studies Lenard Mirino 

4a Commercial viability lunar 

regolith 

Blair Lenard/Mirino 

4b Commercial viability 

Propellants and habitats on 

Mars 

Lenard Swan 

4c Commercial viability of 

propellant in LEO 

Lenard TBD 

4d Commercial power 

distribution for Mars 

Lenard Draft finished [April 28th] 

5 Legal – non-traditional 

commercial 

Dula Zheng-China* 

6 Conclusions 

Recommendations 

Swan Lenard 

Appendix 



    
 

 

Membership 
• SG Chair: Art Dula – USA 
• SG Vice Chair: Zhenjun Zhang – China 
• Secretaries: Pete Swan/Roger Lenard 
• Michael Simpson – USA 
• Susan McKenna Lawlor: Ireland 
• Melissa Mirino: Italy 
• G.S. Sachdeva: India 
• R Herzfeld: USA 
• Salem Al-Marri: UAE 
• Brad Blair: USA 
• Catherine Conley: USA 
• Christophe Bonnal: France 
• Bernd Hoffer: UAE 
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Schedule 
• Create Study Group – gain approval – IAC Israel Meeting [Oct 2015] 
• First Meeting by Paris 2016 
• Form Team – by Paris 2016 
• Create path to follow – by Paris March 2016 
• Work on study – March 2016 to October 2018 
• Develop study report – Mar 18 – Dec 18 
• Joint IAA-ISDC workshop in May 2018 
• Final study report approved by commission III Mar 2019 
• Academy Level peer review and then publishing by Sept 2019 

• Plenary at IAC and discuss findings in technical sessions 
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 Legal update 
• Study # 1 presented a very solid look at the legal situation as 

of the middle of 2015.  Once this document was circulated, 
much discussion occurred as to where this arena was 
headed.   

• The purpose of this study is to look at the events occurring 
after the last report and project into the future. There have 
been many symposia, papers, books and laws written lately 
on the topic, some of which are: 
– 2015 US Law “Commercial Space Launch Competitiveness Act 

– 2017 Luxemburg Law “The Luxembourg Space Law,” 

– 2017 IISL study report “Does International Space Law either permit 
or prohibit....” 

– 2017 Publishing of “Space Mineral Resources – A Global Assessment 
of the Challenges and Opportunities” in Chinese. 
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