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Introduction 

Concepts  for  relieving  the  terrible  mass-fraction  penalties  of  launching  out 

of  Earth’s  gravity  well  by  re-fueling  spacecraft  on-orbit  have  been 

proposed  for  decades  (Reference  1).  Certainly  it  makes  theoretical  sense  to 

avoid  carrying  all  needed  mission  propellants  (as  well  as  other  vital  fluids 

and/or  gases)  from  liftoff  to  the  final  orbit  by  ‘topping  off’  at  an  in-space 

‘filling  station.’  which  is  clearly  analogous  to  the  re-fueling  of  cars  on  an 

Interstate  highway  on  a  long  auto  trip. 
Indeed,  analogies  have  been  drawn  to  the  Pony  Express  in  the  1880s 

and  to  steam  engine  trains  before  that.  In  those  cases,  the  ‘fuel’  (feed  and 

water  for  the  ponies  and  wood  and  water  for  the  engines)  was  generally 

available  in  situ  at  the  way  station;  later,  for  coal-driven  and  then  diesel 
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trains,  and  finally,  automobiles,  the  fuel  was  produced  elsewhere  and 

delivered  to  re-fueling  locations. 
This  analogy  is  usually  applied  to  concepts  for  on-orbit  depots, 

wherein  cryogenic  or  storable  propellants  are  produced  on  the  ground, 
transported  by  rocket-tankers  to  an  orbital  storage  depot,  where  it  is  then 

available  for  transfer  into  upper  stages  and/  or  orbital  maneuvering  vehicles 

(OMV). Two  other  concepts,  ‘in-situ  production’  (ideally,  also,  ‘on- 

demand’)  of  cryogenics  at  the  depot,  and  ‘in-space  re-fueling  from  the 

ground’  (analogous  to  ‘mid-air  re-fueling  of  aircraft’)  have  also  been 

proposed. 

This  chapter  will  address  the  considerable  technological,  operational 
and  economic  challenges  for  all  of  these  concepts  at  a  very  high,  qualitative 

level,  and  also  assesses  the  prospects  of  commercialization  of  such 

depot/re-fueling  systems.  In  addition,  we  will  discuss  potential  technology 

demonstrations  or  study  projects  that  might  help  to  focus  the  logical  and 

cost-effective  way  forward  to  such  an  ‘in-space  refueling  system’  as  part  of 
future  space  infrastructures. 
 
 

Concepts   and   their   Characteristics 

Concept  Scenarios  (for  illustrative  purposes  only) 
 

Concept  A  Scenario:  Cryogenics 

A  cryogenic  propellant  storage  and  transfer  facility  is  launched  (or 
assembled  after  several  launches)  in  a  Low  Earth  Orbit  (LEO)  at  an 

inclination  of  approximately  29  deg  and  an  operational  altitude  (might  be 

assembled  lower)  of  about  200  to  220  nautical  miles. Actual  altitude 

depends  on  drag  characteristics  and  the  operating  period  in  the  solar  cycle. 
The  facility  would  consist  primarily  of  cryogenic  tanks  for  storage  of  LH2 

(or  Methane,  CH4,  or  another  such  fuel)  and  LOX  that  are  well  insulated 

and  shielded,  as  well  as  also  possibly  actively  cooled  to  prevent  any 

significant  boil-off  over  a  period  of  months. 

A  photovoltaic  energy  system  of  medium  capability  (30-60  KW) 

driven  by  articulating  solar  panels  (200-400  m2)  should  suffice  for  power. 
The  structure  has  an  accessible  docking  port  with  cryo  fluid  transfer 
plumbing  to  supply  propellants  to  visiting  customer  vehicles,  such  as  Upper 
Stages  (Centaur,  PAMs,  etc.)  with  payloads  (e.g.,  comsats),  Orbital 
Transfer  Vehicles  (OTV)  or  Earth  Departure  Stages  (EDS).  These  Stages, 
with Automated Rendezvous, Proximity Operations, Docking and 

Undocking  (ARPODU)  capabilities,  would  arrive  from  later  launches  into 

lower  insertion  orbits,  then  rendezvous  and  dock  temporarily  at  the  depot 
for  re-fueling  and/or  ‘topping-off’  propellants. 

Reference  2  has  an  interesting  proposed  approach  to  such  a  concept, 
and  a  variation  that  avoids  the  considerable  challenge  of  cryogenic  ‘boil-
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off’  would  be  to  use  more  storable  propellants.  However,  the  ‘market’  for 

such  storables  in  potential  ‘customer’  vehicles  would  have  to  be  examined 

and  justified  as  having  an  economically  viable  customer  base. The 

preference  for  cryogenic  propellants,  particularly  LOX  and  LH2,  is  that  the 

performance  efficiency,  as  measured  by  the  engine  Isp  (specific  impulse)  is 

about  25-30%  greater  than  storables.  Table  1  summarizes  Concepts  A,  B, 
and  C  as  to  their  key  characteristics. 
 

Concept  B  Scenario:  Water-Based 

This  scenario  is  similar  to  Concept  A  in  terms  of  orbit  and  basic 

function,  but  the  depot  resource  would  be  ‘water-based.’ That  is,  large 

quantities  of  properly-treated  water  (probably  containing  chemical  catalysts 

such  as  potassium,  sodium  or  chlorine)  would  be  periodically  delivered  to 

the  facility,  which  would  be  capable  of  electrolyzing  the  water  to  produce 

H2  and  O2  gases,  then  liquefying  them  into  LH2  and  LOX. 
Ideally  these  cryo  propellants  would  be  created  ‘on-demand’  and 

transferred  (within  a  few  hours)  to  the  customer  vehicle.  Obviously,  there 

would  also  be  a  need  for  some  cryo  storage  capability,  if  only  to  use  for  the 

depot’s  own  orbit  maintenance  propulsion  system. The  large  water  tank 

storage  requirement  and  the  energy  source  needed  to  provide  the  huge 

(>500  KW)  electrical  demand  for  electrolysis  and  liquefaction  (Ref.  3) 
would  drive  the  size  and  mass  of  the  depot,  which  might  have  to  be  much 

larger  than  that  in  Concept  A. 
 

Concept  C  Scenario:  A  Ground-Based  System 

A  ground-based  re-fueling  system  would  be  fundamentally  different 
from  a  space  depot.  This  concept  postulates  a  launch  booster/upper  stage- 

tanker  (or  fleet  of  them)  that  delivers  propellants  (cryos  or  storables)  to  the 

already  on-orbit  customer  vehicle(s)  loitering  in  LEO,  waiting  to  be  re- 

fueled.  Ideally  more  than  one  of  these  waiting  customer  vehicles  would  be 

waiting  in  a  rendezvous-compatible  orbit  for  cost-efficiency  reasons. 
The  tanker  vehicle  would  rendezvous  with  them  (one  at  a  time,  in 

probably  significantly  different,  but  compatible,  orbits)  and  facilitate  the  re- 

fueling.  The  tanker  would  then  return  to  the  ground  and  be  recovered  and 

recycled  for  future  reuse. An  early  version  of  this  scenario  would  be  to 

discard  the  empty  tanker  with  a  safe,  controlled  re-entry  and  ocean 

disposal. 

The  relatively  low  energy  power  requirement  (<20  KW)  would 

probably  allow  for  use  of  batteries  and/or  fuel  cells  (possibly  even  using 

the  cryo  vent  gases  in  the  cryo  propellants  case)  and/or  a  small  photovoltaic 

array.  Perhaps  the  key  driving  requirement  on  the  re-fueling  tanker  design 

would  be  the  capability  to  perform  Automated  Rendezvous,  Proximity 

Operations,  Docking/Undocking  (ARPODU),  with  sophisticated  guidance, 
navigation,  and  control,  avionic,  attitude  control  and  propulsion  systems,  as
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well  as  a  sophisticated  standard  (common)  docking  or  berthing  mechanism, 

and  standard  propellant  transfer  interfaces. The  technological  onus  is  on 

the  tanker  system  rather  than  on  the  customers’  vehicles,  although  they 

would  have  to  be  adapted  with  common  docking  and  fuel  transfer 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Concepts  and  Key  Characteristics 
 
 

Major   Technology   Challenges   for   each   concept 

And   Critical   technology   development 
 

Cryogenic  Transfer  in  a  Micro-g  Environment 

Concepts  A,  B  and  C:  If  cryogenic  (typically  LH2  and  LOX) 
propellants  in  large  quantities  are  to  be  rapidly  transferred  to  the  tanks  of  a 

customer’s  vehicle  such  as  an  orbital  transfer  stage,  then  that  capability  in  a 

micro-g  environment  must  first  be  successfully  demonstrated. As  of  this 

writing,  that  has  not  been  accomplished,  although  several  experiments  are 

being planned as part of the new NASA’s Flagship Technology 

Demonstration  approach  (see  Section  4  of  Ref.  4).  Indications  are  that  some 

docked  thrusting  or  possibly  tethered  rotation  may  be  required  to  facilitate 

rapid  transfer,  which  would  further  complicate  the  process  (Ref.  5). 
Storable  propellant  transfer  has  been  accomplished,  and  indeed,  it  has 

been  done  for  years  on  the  ISS,  and  before  that,  on  the  Russian  space 

stations  Salyut  and  MIR,  although  very  large  quantities  and  high  rates  have 

apparently  not  been  achieved.  The  attitude  control  aspects  of  transferring 

large  masses  of  cryogenic  liquids  rapidly  could  also  present  significant 
challenges  to  avionics,  due  to  the  large  center  of  gravity  shift  between  the 

docked  vehicles.  An  approach  that  has  been  suggested  as  an  alternative  to 

Concept/Type Propellant Energy  Source/KW 
Requirement 

Mass/Area 
(approx.) 

A-Cryogenic/ 
Storable 
Propellant  Depot 
 
B-Water- 
based/Cryo 
Produced  by 
Electrolysis 
Depot 
 
C-Ground-based 
In-Space 
Refueling  Tanker 
S/C 

LH2  or 
CH4/LOX 

 

GH2/GO 
to 
LH2/LOX 

 

LH2/LOX 
or 
Storables 

Photovoltaic/30-60 

 

Photovoltaic  or 
Nuclear  /500-1000 

 

Batteries+PV/<20KW 

~50,000kg/200m2 

 

<50,000kg/1000m2 
PV 
or  <50m2  Nuclear 

 

<15,000kg/<50m2 
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actual  fluid-flow  transfer  is  to  somehow  exchange  entire  propellant  tanks,  a 

full  tank  for  a  near-empty  one. The  vehicle  design  and  the  operational 
challenges  of  such  a  scheme  seem  quite  daunting,  and  will  be  touched  on 

later. 
 

Long-term  (weeks  or  months)  On-orbit  Cryogenic 

Storage,  Concept  A  (cryogenics) 

If  cryos  are  delivered  to  an  on-orbit  depot  to  be  kept  ready  for 
customer  re-fueling,  then  obviously  provision  must  be  made  for  long-term 

storage  before  eventual  re-fueling  of  a  customer  vehicle. Due  to  the 

dynamic  thermal  environment  (Earth  shine  as  well  as  solar  radiation)  cryo 

‘boil-off’  has  proven  to  be  a  very  significant  challenge  (References.  1,  2 

and  5). 
The  latest  in-orbit  Centaur  firing  (using  cryo  propellants,  of  course) 

was  a  mere  nine  hours  after  insertion. Alleviation  techniques  may  well 
involve  other  technological  challenges,  such  as  improved  tank  insulation 

materials,  complex  shielding  structures,  power-hungry  active  cooling 

systems,  and  even  sophisticated  depot  orientation  control  avionics  and 

propulsion.  As  with  the  cryo  transfer  technology,  none  of  the  solutions  for 
these  challenges  (if  there  are  some)  has  yet  been  demonstrated  on-orbit. 

References  1  and  2  as  well  as  the  recently  announced  plans  (Reference  4) 
for  NASA’s  Flagship  Technology  Demonstration  missions  specifically 

address  cryo  transfer  and  storage  tests. 
Although  these  proposed  tests  are  predicated  on  technologies  that 

have  been  judged  to  be  ‘mature’  (i.e.,  at  the  Technology  Readiness  Level 
(TRL)  of  around  6  or  7),  it  is  the  opinion  of  the  authors  that  cryo  transfer 
and  long-term  storage  in  space  technology  is  actually  at  a  lower  TRL, 
perhaps  4  or  5.  Testing  such  technologies  in  a  simulated  space  (micro-g) 

environment  (normally  required  for  TRL  6)  has  proven  unfeasible,  so  an 

exception  must  be  made;  hence,  the  proposed  mission,  FTD#2  (Ref.  4),  in 

the  2015  timeframe.  This  first  test  would  only  demonstrate  cryo  (LOX  and 

CH4)  transfer  between  two  tanks  in  the  same  vehicle,  or  intra-vehicle. 
Whether  the  results  of  such  a  test  can  be  extrapolated  to  predict  inter- 

vehicular  transfer  success  will  remain  to  be  seen. 
 

On-orbit  large  quantity  water  electrolysis  and 

gaseous  H2  and  O2  liquefaction,  Concept  B 

(Water-based) 

If  water  is  to  be  electrolyzed  first  into  GH2  and  GO2,  and  then 

liquefied  into  LH2  and  LOX  cryogenic  propellants  in  large  quantities,  and 

then  rapidly  transferred  (‘on-demand’)  to  the  tanks  of  a  customer  vehicle 

such  as  an  orbital  transfer  stage,  that  capability  in  a  micro-g  environment 

must  first  be  successfully  demonstrated. 

As of this writing, large quantity electrolysis has not been 

accomplished,  although  small  amounts  (5-10  kg/day)  of  GO2  have  been
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produced  by  the  Oxygen  Generation  Assembly  (OGA)  for  crew  breathing 

on  the  ISS  since  2007  (Reference  6).  Unfortunately  the  energy  requirement 

for  such chemical  phase change systems  is  extremely large: the 

approximate  power  required  for  the  OGA  to  produce  about  10  lbs  of  O2  per 
day  is  about  2.6  KW. Although  it  is  probably  not  a  totally  linear 
conversion,  that  would  suggest  that  2000  lbs  of  O2  would  require  more 

than  500KW. 

And  then  the  GO2  must  be  super-cooled  and  liquefied!  Experiments 

in  such  micro-g  electrolysis  and  liquefaction  technology  may  be  considered 

as  part  of  the  new  NASA’s  Technology  approach,  although  that  is 

uncertain  at  this  writing. 
 
 

Energy   Source 

 

Concept  A  (cryogenics) 

Because  a  depot  that  only  takes  on  delivered  cryo  propellants,  stores 

them  for  possibly  long  periods  (weeks  or  months),  and  then  has  to  facilitate 

their  transfer  to  customer  spacecraft,  is  not  a  particularly  energy  intensive 

operation,  the  primary  energy  source  could  probably  be  photovoltaic  solar 
panels  of  ‘reasonable’  size.  Articulating  panels  approximating  the  pairs  on 

the  ISS  that  can  produce  between  50-60  KW  should  suffice.  The  need  for 
considerable  shielding  and/or  active  cooling  to  prevent  excessive  ‘boil-off,’ 
however,  could  complicate  the  size  and  location  of  such  rotating  arrays. 
Fuel  cells,  making  use  of  the  available,  vented  GH2  and  GO2  could  be  used 

in  combination  with  smaller  solar  panels. 
 

Concept  B  (water-based) 

Because  of  this  depot’s  requirement  to  electrolyze  water  to  gaseous 

H2  and  O2  and  then  liquefy  them  to  cryogenics,  a  very  large  amount  of 
energy  (>500KW)  is  needed.  Solar  panels  capable  of  reliably  producing 

that  much  energy,  roughly  10  times  more  than  the  ISS  system  is  actually 

capable  of,  have  never  been  built  and  assembled  in  orbit,  much  less 

operated  and  maintained. Even  if  it  is  physically  possible,  assembly, 

maintenance  (both  on  the  rotating  joints  and  panels  and  on  the  depot’s  orbit 
to  counter  large  aerodynamic  drag  effects)  and  operation  of  the  vast, 
rotating  arrays  make  the  concept  unfeasible  in  the  authors’  opinion. 

Hence,  an  alternate  large  energy  source,  such  as  a  small,  safe  nuclear 
reactor  is  postulated. NASA  Glenn  Research  Center  and  the  Atomic 

Energy  Commission  have  developed  such  a  prototype  reactor  in  a  joint 
project,  and  one  the  size  of  a  50-gallon  keg  is  said  to  be  capable  of 
producing  40  KW.  A  NASA  Technology  Demonstration  Project  is  planned 

in  the  2012  timeframe.  (Ref.  7)  The  cost  and  environmental/safety  issues 

involved,  however,  may  make  nuclear  a  non-option.
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Concept   C   (ground   based) 

The  ground-based  tanker/re-fueler  spacecraft,  launched  into  orbit  and 

then  maneuvered  to  rendezvous  with  two  or  more  (for  efficiency)  customer 

vehicles  to  re-fuel  them,  would  likely  be  required  to  stay  on-orbit  for  only  a 

few  days  or  a  week  or  so,  thus  it’s  own  energy  needs  could  probably  be 

provided  by  a  combination  of  batteries  and  a  small  solar  panel  array  set 
similar  to  the  current  Progress.  Fuel  cells  driven  from  available  (venting) 
GH2  and  GO2  are  another  possibility. 
 
 

Operational   Challenges   for   each   concept 

 

Initial  Construction/Assembly 

Concepts  A  and  B  (depot)  –  Due  to  the  large  and  complex  nature  of  a 

cryogenic-tank–farm  depot,  especially  for  Concept  B,  where  processing 

mechanisms  for  electrolysis  and  liquefaction  are  required,  the  refueling 

facility  will  probably  have  to  be  assembled  in  orbit. 
On  the  other  hand,  if  a  sufficiently  capable  Heavy  Lift  Vehicle 

becomes  available  as  part  of  a  future  space  infrastructure,  then  one  or  two 

launches  may  be  sufficient  to  deliver  a  complete  facility. Concept  A 

requires  a  long-term  storage  capability,  but  the  facility  itself  would 

probably  be  smaller  overall  than  the  Concept  B  structure.  It  will  no  doubt 
have  to  deploy  a  thermal  shield,  and  if  the  energy  source  were  articulating 

solar  panels  then  it  would  likely  require  several  temporary  crew/robotic 

assembly  missions. 

The  ISS  experiences  in  assembly  operations/disciplines  will  be 

extremely  valuable,  but  nonetheless  the  operational  costs  to  both  train  for 
and  execute  the  assembly  will  add  greatly  to  the  depot’s  Life  Cycle  Costs 

(LCC).  In  the  case  of  Concept  B,  it  is  likely  that  several  assembly  missions 

will  be  required  to  integrate  and  test  out  the  complex  facility.  This  is 

certainly  the  case  if  an  attempt  were  made  to  use  a  huge  acreage  of  solar 
panels  to  provide  the  massive  energy  (>500  KW)  required  for  electrolysis 

and  liquefaction.  The  authors  believe  that  such  a  design  is  unfeasible,  as 

noted  above,  indicating  that  some  other  energy  source  would  be  needed. 
The  size  and  tankage  capacity  of  a  propellant  depot  would  be 

determined  by  performing  a  detailed  analysis  of  the  potential  customer 

mission  base  and  their  anticipated  propellant  requirements,  both  as  a 

function of the needed energy (Delta V) and the mission 

frequency/schedule  timing.  In  the  case  of  Concept  A,  a  limiting  factor  may 

well  be  the  maximum  time  that  cryo  propellants  can  be  efficiently  stored  on 

orbit,  which  is  presently  not  known. In  addition,  the  launch  vehicle 

capabilities  for  both  initial  depot  assembly  and  re-supply  (tankers)  of 
propellants  could  also  be  limiting  factors.
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Since  Concept  C  employs  Earth-based  tanker  spacecraft,  it  would  not 

have  an  orbital  assembly  challenge,  but  instead  would  require  fairly 

complex  launch  window  timing,  along  with  rendezvous  and  proximity 

operations  requirements,  which  are  also  factors  under  Concepts  A  and  B. 
Thus,  Concept  C  would  be  clearly  less  cost  intensive  for  initial  operations. 
If  the  re-fueling  tankers  are  not  recoverable  and  re-usable,  however,  then 

ongoing  costs  for  new  tanker  vehicles,  depending  on  the  customer  demand, 

could  quickly  escalate. 
 
 

Ground/Launch   Operations 

Based  on  extensive  previous  ground  operations  experience  it  is  already 

known  that  the  handling,  loading  and  safeing  of  volatile  cryogenic 

propellants  (especially  LH2)  are  difficult  and  hazardous. In  addition, 
during  the  actual  launch,  if  the  spacecraft  payload  consists  primarily  of 
tanks  of  these  cryos,  there  are  the  added  range  safety  concerns  (even  for 
non-crewed  launches)  because  of  larger  blast  envelopes  and  off-nominal 
trajectory  impact  zones  downrange. 

In  fact,  these  dangers  constitute  a  major  argument  in  favor  of 
Concept  B,  in  which  the  payload  would  be  essentially  water,  as  its  ground 

handling  requirements,  even  when  treated  with  catalyst  chemicals,  is  both 

far  less  hazardous  and  less  costly. 
 

Automated   Rendezvous,   Proximity   Operations, 

Docking/Undocking   (ARPODU) 

As  Concepts  A  and  B  are  depots  in  a  specific  orbital  location,  it  would  be 

necessary  for  customer  spacecraft  to  come  to  that  location  to  re-fuel,  much 

like  automobiles  coming  to  the  filling  station  off  the  highway.  The  bulk  of 
the  requirements  for  ARPODU,  then,  falls  with  customer  spacecraft, 
although  the  depot  facility  itself  would  provide  for  traffic  control  and 

communication,  as  well  as  the  necessary  docking  port  (or  grappling  for 
berthing)  systems  to  facilitate  re-fueling  requirements. 

It would therefore be necessary to assure compatible and 

interoperable  ARPODU  interfaces  between  the  depot  and  the  visiting 

spacecraft.  These  will  be  discussed  below. 
In  the  case  of  Concept  C,  the  launched  tanker/re-fuel  spacecraft 

would  be  the  active  ARPODU  vehicle,  so  the  reverse  onus  is  true,  but 
interoperable,  compatible  systems  such  as  automated  rendezvous  and 

proximity  operations  beacon  targets  and  docking/berthing  mechanisms  will 
be  necessary  on  the  customer  spacecraft.  Perhaps  the  most  taxing  system 

requirements  on  the  re-fueling  tankers  are  those  of  automated  ARPODU 

capabilities,  including  robust  propulsion  and  attitude  control  systems  to
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enable  multiple  rendezvous  and  refuelings  in  differing  customer  spacecraft 

orbits,  which  may  vary  in  both  altitude  and  orbital  planes. 
While  single  re-fueling  missions  from  the  ground  would  likely  prove 

to be economically inefficient, multiple rendezvous and proximity 

operations  missions  have  already  been  successfully  accomplished  with  the 

Space  Shuttle,  so  a  similar  versatile  tanker  capability  is  reasonable  to 

postulate. 
 
 

Orbital   location,   orbit   maintenance,   launch 

window,   traffic   management/collision   avoidance 

The  orbital  location  (inclination)  of  the  depots  in  Concepts  A  and  B  would 

be  market  driven,  as  they  would  be  based  where  the  most  projected 

customer  vehicle  traffic  would  transit. It  would  be  likely,  therefore,  that 
depots  serving  for  US-launched  missions  would  be  located  near  the  due 

East  inclination  (approximately  28.5  deg). 
Potential  traffic  at  this  inclination  for  LEO-starting  missions  would 

consist  of  upper  stages,  such  as  modified/re-designed  Centaurs,  or  PAMs 

(Payload  Assist  Modules,  but  with  liquid  propellants  rather  than  the  now- 

common  solids)  carrying  payloads  such  as  communication  satellites 

destined  for  GEO.  Other  Earth  Departure  Stages  (EDS)  bound  for  Beyond 

Earth  Orbit  (BEO)  might  provide  the  occasional  customer.  The  bulk  of  this 

traffic  would  be  commercial  Comsats,  estimated  at  about  24  per  year  (Ref. 
8),  as  well  as  government  funded  missions  (NASA,  DOD,  NOAA,  etc.). 

While  the  ideal  orbital  altitude  for  a  depot  would  be  very  low,  in  the 

range  of  100-150  nautical  miles,  orbit  maintenance  necessary  to  counter 
aerodynamic  drag,  as  well  as  rendezvous  phasing  considerations  to  increase 

customer  vehicle  catch-up  capability  and  broaden  launch  window  durations 

would  probably  require  that  the  depot  orbit  be  in  an  altitude  range  of  at 
least  190-220  nautical  miles.  At  this  ‘popular’  combination  of  inclination 

and  altitude  range,  the  risk  of  orbital  debris  collisions  would  be  relatively 

high,  so  depot  maneuverability  and  guidance,  navigation,  and  control 
systems  (GN&C)  requirements  for  both  drag  compensation  and  collision 

avoidance/traffic  management  would  be  important  and  possibly  very 

costly. 

And  even  at  190-220  n.mi.,  the  propellant  costs  for  altitude 

maintenance  will  be  significant  and  would  probably  be  comparable  to  the 

costs  experienced  with  the  ISS.  During  the  Solar  Cycle  Max  periods,  for 
about  two  years  of  every  11  years,  a  higher  orbit,  such  as  220  n.mi.  to  250 

n.mi.,  may  be  required. Attitude  maintenance  must  also  be  considered, 
since  that  has  proven  to  be  a  significant  propellant  cost  to  the  ISS  and 

similar  structures. 
If  designed  well,  use  of  Control  Moment  Gyros  (CMGs)  for  most 

attitude  operations  might  suffice,  but  small  thrusters  with  long  moment
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arms  (such  as  used  on  the  ISS  for  roll  control)  can  significantly  reduce 

attitude  control  propellant  costs. 
Long-term  maintenance  of  the  depots,  as  critical  on-orbit  systems 

fail,  lose  efficiency  or  become  obsolete,  could  prove  extremely  costly  since 

repair  missions  are  likely  to  require  human  skills  and/or  robotic  capabilities 

and  the  appropriate  supporting  mission  infrastructure  (launch  vehicles, 
crewed  spacecraft,  EVA  systems,  specialized  training,  etc.).  Another  long- 

term  maintenance  cost  for  Concepts  A  and  B,  of  course,  is  the  resupply  of 
cryogenics  and  water,  respectively.  Hence,  a  resupply  tanker  system,  with 

its  launch  boosters,  must  also  be  an  integral  part  of  the  life  cycle 

infrastructure. This  requirement  has  led  the  authors  to  suggest  that  an 

evolutionary  approach,  starting  with  Concept  C  tankers,  should  be  seriously 

considered. 

A  later  development  could  be  a  smaller  A  or  B  depot  in  the  sun- 

synchronous  (near  polar)  inclinations,  around  97-99  deg,  to  support  re- 

fueling  for  stages  taking  Earth-observation  payloads  out  to  the  operational 
altitude  range  around  500  n.  mi.  While  fuel  costs  to  reach  that  altitude  are 

not  excessive,  re-fueling  at  a  lower  altitude  would  permit  much  larger 
payloads  such  as  bigger  observation  platforms  to  be  delivered  efficiently  to 

the  sun-synchronous  orbit  altitudes.  It  is  more  likely,  however,  that  such  a 

depot  would  serve  as  a  robotic  servicing  platform  for  repair  and  fluid/gas 

resupply  in  conjunction  with  an  Orbital  Maneuvering  Vehicle  (OMV)  that 
would  come  and  go  while  servicing  the  sun-synchronous  satellites. 
 

Interoperability  and  adaptability  challenges 

A challenge to re-fueling concepts A and B is issue of 

interoperability  and  adaptability  of  potential  customer  vehicles  such  as 

existing  upper  stage  Centaur  and  solid-fuel  PAMs. Modifications  for 
ARPODU  could  include,  for  example,  an  international  standard  docking  or 
berthing  interface,  as  well  as  for  propellant  and  propulsion  systems  (solids 

or  storable  systems  converted  to  cryos)  and  the  necessary  fuel  transfer 
plumbing  have  already  been  mentioned. 

A  related  issue  is  the  actual  physical  location(s)  on  customer  vehicles 

of  payload/payload  adapter  and/or  the  required  docking/berthing  interface, 
plus  the  routing  of  the  transfer  plumbing.  Typically,  most  current  upper 
stages  locate  the  payload  (normally  a  satellite  or  a  LEO  or  BEO  spacecraft) 
on  the  front  end,  usually  protected  inside  a  shroud  or  adapter  at  launch  until 
deployed  at  the  mission  destination.  The  rear  end  of  the  upper  stage  has  the 

propellant  tanks,  engine  and  engine  bell,  and,  in  some  cases  (like  Centaur) 
it  initially  fires  to  place  itself  and  the  payload  into  orbit. 

If  this  upper  stage  is  to  approach  and  temporarily  attach  at  the  depot 
for  fluid  transfer,  where  should  the  docking  or  berthing  port  and  the 

transfer  plumbing  be  located,  with  all  the  necessary  quick  disconnect 
valves  and  umbilicals,  etc.?  The  obvious  place  would  seem  to  be  along  a
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side  of  the  space  craft,  but  not  only  does  that  impose  added  proximity  ops 

navigation  and  attitude/translation  control  requirements,  but  such  re- 

designs,  along  with  structural  side-load  constraints,  might  actually  preclude 

docking  as  a  cost  effective  possibility. 
Another  consequence  of  adding  ports  and  plumbing  to  current  upper 

stage  rockets  would  be  the  significant  shift  of  the  center  of  gravity,  which 

would  thus  affect  avionics  and  GN&C  for  not  only  the  ARPODU  but  also 

possibly  the  main  engine  thrust  vector  control. 
Hence,  a  berthing  system  may  be  more  feasible. Berthing  is 

accomplished  by  a  depot-grappling  device,  such  as  a  robotic  arm  similar  to 

those  on  the  Shuttle  and  ISS. If  the  depot  were  not  crewed  (or  ‘man- 

tended’), then the entire operation would have to be completely 

autonomous  or  remotely  controlled  from  the  ground.  While  this  is  not  an 

impossible  solution,  it  certainly  adds  significant  Life  Cycle  Costs  (for 
added  ground  and  communications  interfaces  and  operations). 

A  less  costly  solution  would  therefore  be  to  locate  the  depot  at  the 

ISS,  where  common  docking  and  grappling/berthing  capabilities  already 

exist  and  have  been  successfully  demonstrated,  but  the  ISS  is  not  at  the 

ideal  inclination,  as  it  is  located  at  51.6  deg.  This  might  not  be  a  ‘show- 

stopper’  for  re-fueling  of  BEO  vehicles,  although  even  those  missions 

would still incur needless weight-to-initial-orbit and ARPODU 

performance  penalties,  but  GEO  and  some  LEO  missions  would  certainly 

incur  very  significant  performance  losses.  Safety  issues,  at  least  for  cryo 

depots  at  the  ISS,  would  also  be  a  factor. 
In  terms  of  adaptability,  the  significant  modifications  that  would  be 

required  for  current  upper  stage  vehicles,  as  noted  above,  leads  the  authors 

to  conclude  that  for  Concepts  A  and  B,  entirely  new  upper  stages  (possibly 

also  having  OMV  and/or  OTV  capabilities)  must  be  designed  integrally 

with  any  such  re-fueling  system  infrastructure.  [Conceptually,  the  OMV 

has  been  proposed  several  times  in  the  past  as  a  short  range  robotic  'space 

tug'  that  could  move  payloads  about  in  the  vicinity  of  the  Space  Shuttle 

and/or  Space  Station. The  OMV  would  use  a  separate  propellant  / 
propulsion  module  that  would  be  returned  to  Earth  by  the  Shuttle  for 
refueling.  Similarly,  the  Orbital  Transfer  Vehicle  would  be  a  reusable  space 

tug,  powered  by  Lox/LH2  engines  and  equipped  with  an  aerobrake 

allowing  it  to  be  returned  for  refueling  and  reuse  at  an  orbiting  space 

station  or  propellant  depot.  ] 
That  would  certainly  be  the  case  if  the  model  was  to  swap-out 

propellant  tank  ‘modules’  using  a  robotic  mechanism  to  replace  a  near- 

empty  tank  with  a  full  one. Complete  re-design  of  conventional  upper 
stage  vehicles  would  obviously  be  necessary,  as  well  as  development  and 

demonstration  of  the  robotic  mechanism(s)  and  the  complex  operations 

required.
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While  this  is  not  impossible,  but  considering  a  current  technology 

readiness  level  of  only  2  or  3,  and  the  added  weight  of  the  necessary 

structures,  such  a  performance  overhead  would  seem  to  negate  the  desired 

objective  of  using  cryo  propellants  in  the  first  place,  at  least  in  the  coming 

decades. 

For  Concept  C,  as  noted  above,  the  technological  interoperability  and 

adaptability  onus  is  on  the  tanker/re-fueler  vehicle,  which  would  obviously 

be  a  completely  new  design. However,  customer  vehicles  would  still 
require  relocation  of  their  payload-carrying  design,  as  well  as  berthing 

fixtures  and  fluid  transfer  plumbing  modifications.  Although  the  customer 

vehicle  would  be  the  ‘passive’  partner  in  this  ARPODU  scenario,  and  thus 

not  require  complex  new  GN&C  and  avionics,  the  docking/berthing 

interface  and  transfer  plumbing  accommodation  changes  would  still  be 

major.  Thus,  even  the  ground-based  tanker  concept  would  necessitate  new 

customer  vehicle  designs,  as  contrasted  with  merely  adapting  current  upper 
stages. 
 
 

Economic   considerations   and   challenges 

 

Potential  Markets  (both  governmental  and 

private/commercial) 

A  cursory  look  at  potential  markets  in  LEO/GEO  leads  the  authors  to 

suggest that GEO payloads such as communication satellites and 

observation  (intelligence  and  weather)  satellites,  both  commercial  and 

government  (military,  NASA  and  NOAA),  may  offer  the  most  promise  in 

terms  of  future  traffic  volume.  Current  projections  (Ref.  8)  are  for  about  24 

such  payload  missions  per  year,  or  about  2  every  month.  Thus,  a  depot  or 
ground-based  tanker  service  that  could  re-fuel  the  upper  stages  of  the 

Centaur/PAM  class  would  enable  much  larger  such  payloads  (with  bigger 
antennae  and  power  arrays,  more  redundant  systems,  etc.)  to  be  placed  in 

GEO. No quantitative or qualitative assessment of such future 

traffic/market  possibilities  has  been  done  as  of  this  writing,  although  a 

hypothetical  scenario  will  be  examined  below.  A  less  likely  LEO  market, 

but  one  still  worthy  of  consideration  and  analysis,  may  exist  for  Sun- 

synchronous-type  Earth  observation  (commercial,  NASA  /  NOAA,  and 

military)  missions. 
 

Hypothetical  Scenario  to  estimate  a  Rough  Order  of 
Magnitude (ROM) Market Price and Return on 

Investment  (ROI)  for  Concept  C 

According  to  a  Euroconsult  Report  (Ref.  8)  on  the  projected  GEO 

satellite  market  for  the  next  ten  years,  about  24  comsats  per  year  may  be 

launched.  The  average  cost  to  build  one  satellite  will  be  about  $100M,  and 

the  launch  cost  will  be  about  $50M.  The  average  weight  of  the  satellite,
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including  its  GEO  stationkeeping  fuel,  will  be  about  8000  lbs,  although  the 

trend  is  toward  heavier  payloads  of  12,000  to  15,000  lbs.  (‘Stationkeeping’ 
refers  to  the  fuel  required  to  maintain  the  satellite’s  desired  orbit.) 

Heavier  comsats  are  preferred  for  at  least  three  reasons: 

1. Since  the  GEO  longitudinal  ‘slots’  are  highly  valued  it  is  better 

to  have  one  larger  sat  versus  two  or  more  ‘neighboring’  smaller 

sats,  because  of  radio/TV  frequency  interference  and  collision 

concerns. In  addition,  long-term  operations  and  maintenance 

costs  are  lower. 
2. Larger  sats  can  contain  more  broadcast  capabilities,  including 

bigger  arrays,  larger  antennae,  broader  bandwidth,  etc. 
3. More  redundant  systems  and  more  stationkeeping  fuel  mean  not 

only more reliable but longer useful satellite lives, thus 

increasing  and  prolonging  revenue  streams. 
 

Hypothetically,  then,  if  a  Concept  C,  ground-based  tanker  re-fueling 

service  were  postulated  to  capture  one  third  of  the  projected  annual  market, 

or  8  satellites  per  year,  a  ROM  pricing  and  ROI  can  be  estimated. 

Assuming  that  the  8  customers  were  willing  to  be  scheduled  in  pairs  (a 

week  or  so  apart)  for  launch,  their  upper  stages  (say  a  modified  Centaur) 
could  be  re-fueled  in  LEO  by  the  same  tanker  vehicle,  and  then  their  larger 
satellites  could  be  boosted  to  their  equatorial,  GEO  orbit. If  these 

customers  were  willing  to  pay  about  15%  more  than  their  current  costs  for 
the  re-fueling,  then  a  positive  ROI  can  be  postulated  for  the  tanker  service. 

For  example,  assuming  the  two  GEO  customers  wish  to  build  larger 
sats,  increasing  from  8,000  lbs  to  14,000  lbs,  they  would  probably  only 

have  marginally  higher  building  costs  of  around  $105M. They  could  be 

launched  with  their  upper  stages  (off-loaded  to  about  1/3  full  of  cryo)  and  a 

6,000  lbs  heavier  comsat  payload  for  roughly  the  same  $50M  each.  If  the 

tanker  vehicle  system,  weighing  at  its  launch  only  about  15,000  lbs,  with 

about  12,000  lbs  of  transferable  fuel,  could  be  launched  for  about  $20M  on 

a  smaller,  cheaper  launch  system,  perform  the  two  re-fuelings  in  LEO  and 

then  be  deorbited  into  a  safe  ocean  entry,  the  charge  for  each  re-fueling 

could  be  about  $13M,  returning  a  $5M  profit,  assuming  a  $1M  mission  cost 
for  the  tanker  service. 

The  GEO  customers  would  be  paying  about  $18M  extra  each,  but 
they  would  have  almost  twice  the  comsat  capability  in  GEO.  Since  their 
current  launch  system  costs  about  $6,250  per  pound,  it  would  cost  about 
$37.5M  for  the  additional  weight,  (if  in  fact  the  launch  vehicle  could  even 

lift  that  much  extra  weight),  the  net  savings  to  the  comsat  operator  is  nearly 

$20M. 

This  hypothetical  case,  of  course,  does  not  consider  the  capital 
investments,  estimated  in  the  range  of $400M,  required  for  the  initial 
tanker  system  and  the  modified  upper  stage  systems  infrastructures.
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Amortized  at  $5M  per  mission  and  at  4  missions  per  year,  and 

assuming  no  government  subsidies,  it  would  take  20  to  25  years  to  amortize 

the  development  cost  of  the  tanker  system.  And  while  there  is  no  guarantee 

that  a  small  launcher  for  the  tanker  could  be  found  for  $20M,  some 

fledgling  commercial  launch  services  today  have  projected  such  prices. 
Having  worked  through  all  three  scenarios,  the  authors  therefore 

conclude  that  a  reasonable  ROI  is  not  currently  possible  for  any  of  the 

postulated  concepts,  as  both  of  the  two  depot  infrastructures  and  their 
LCCs  would  likely  be  even  more  costly. 
 
 

Recommended   Study   Project/Technological 
Demonstration   Approach 

While  this  chapter  has  taken  only  a  very  top-level  and  mostly  qualitative 

look at the daunting challenges facing a realistic approach to an 

economically  viable  On-orbit  Re-fueling  infrastructure,  other  concepts  may 

also  exist  and  be  worthy  of  detailed  examination. 

Perhaps  other  propellants,  such  as  storables  or  solids,  or  even  ion- 

engine  resources  should  continue  to  be  studied.  Recent  NASA  plans  for  a 

Flagship Technology Demonstration Program include missions to 

demonstrate transfer and long-term storage on orbit of cryogenic 

propellants  (first,  LOX  and  methane,  then  LH2),  as  well  as  other 
technologies  involved,  such  as  ARPODU  and  power  systems. 

The  authors  believe  such  demonstrations  are  worth  the  considerable 

investment,  as  long  as,  in  parallel,  the  entire  cryo  (or  other  propellant)  re- 

fueling  concepts  and  their  long-range  possibilities  are  studied  in-depth  for 
at  least  6  to  12  months.  Particular  emphasis  should  be  placed  not  only  on 

the  technical  and  operational  challenges,  but  also  on  the  LCC  and 

associated  schedule  and  cost  risks.  Realistic  future  market/traffic  analyzes, 
particularly  with  respect  to  private  or  commercial  markets,  seem  critical  to 

any  chance  for  projecting  a  believable  ROI. 
The  study  team  should  be  composed  of  knowledgeable  experts  not 

only  from  NASA  and  other  government  agencies  such  as  DoD,  NOAA  and 

the  DOE,  but  also  academia  and  private  industries,  such  as  chemical/energy 

companies  and  spacecraft/launch  providers. 
 
 

Conclusions 

This  chapter  has  discussed  three  concepts  for  Re-fueling  Spacecraft  On 

Orbit,  and  their  considerable  technological,  operational  and  economic 

challenges.  The  major  challenges  are  summarized  here.
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Technology 

The  on-orbit  transfer  and  long-term  storage  of  cryogenic  propellants 

is  the  biggest  challenge.  This  technology  maturity  level  is  no  higher  than 

TRL  5,  and  perhaps  lower.  Fortunately,  considerable  real  flight  experience 

and  data  from  the  decades  that  the  Centaur  has  been  successfully  flying 

exists,  but  very  little  has  been  done  to  extend  such  missions  to  gain 

knowledge  to  extrapolate  or  apply  it  to  this  challenge. 
Solving  the  transfer  and  storage  challenges  is  key,  of  course,  for 

Concept  A.  It  is  also  key,  but  possibly  to  a  lesser  extent,  on  Concept  B  if 
‘on-demand’  on-orbit  production  of  cryos  from  water  can  be  reliably 

achieved.  Even  then,  the  challenge  remains  to  provide  adequate  power  for 
the  required  electrolysis  of  water  and  the  liquefaction  of  gaseous  O2  and 

H2. Nuclear  power,  even  with  its  high  cost  and  attendant  environmental 

and  safety  issues,  seems  to  be  the  only  possible  solution  to  that  enormous 

power  requirement. Concept  C,  with  its  relatively  short-termed  on-orbit 

missions  of  a  week  or  two,  may  also  have  cryo  storage  ‘boil-off’  problems, 

leading  to  costly  active-cooling  and  relatively  high  power  requirements. 
 

Docking  or  Berthing 

The  second  technological  hurdle  for  all  three  concepts  is  not  so  much 

the  requirement  for  ARPO,  but  that  of  docking  or  berthing  itself,  with  its 

challenging  impacts  on  the  costumer  upper-stage  vehicles’  structural 
designs  and  their  GN&C  systems  (for  Concepts  A  and  B,  particularly)  and 

on  the  tanker  service  vehicle  for  Concept  C.  The  biggest  challenge  would 

seem  to  be  proximity  operations  and  the  subsequent  actual  docking  or 
berthing,  as  that  must  be  either  completely  autonomous  or  remotely- 

assisted  by  ground  control. Similar  technology  has  been  operational  for 
years  on  the  ISS. A  related  challenge,  of  course,  is  that  of  systems 

interoperability,  particularly  with  respect  to  assuring  international  standards 

for  proximity  operations  ‘homing’  systems  and  related  navigation  aides  and 

sensors,  as  well  as  for  common  docking/berthing  mechanisms  and  fuel 
transfer  plumbing. 
 

Economics 

The  biggest  problems  seem  to  be  the  apparent  lack  of  a  substantial 
customer  market,  along  with  the  high  capital  investment  required  to  build  a 

re-fueling  system  infrastructure. A  customer  traffic  rate  of  only  8  to  12 

missions  per  year  (mostly  to  GEO,  allowing  for  a  few  government  missions 

also)  is  too  few  to  realize  a  positive  ROI. 
And  while  our  hypothetical  scenario  was  calculated  with  frankly  very 

optimistic  assumptions  about  launch  prices  and  vehicle  and  customer 

satellite  re-design  costs  to  show  a  positive  ROI  of  $5M  per  year,  this 

illustrates  how  difficult  it  may  be  to  recover  capital  investments  over  a  20- 

25  year  period.
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In  addition,  the  probable  high  operations  and  sustaining  maintenance 

costs,  especially  for  the  depot  concepts,  would  seem  to  make  recovery  of 
their  LCC  a  high  risk  venture.  A  big  problem  with  the  ground-based  tanker 
approach  is  obviously  the  recurring  launch  and  new  tanker  replacement 
costs  in  the  event  that  tankers  cannot  be  designed  and  built  cheaply  for 
entry,  recovery  and  re-use. 

Given  all  these  major  challenges,  as  well  as  many  lesser  but 
significant ones touched upon herein, it’s clear that an in-depth, 

cooperative  study  project  involving  government,  international  partners, 
private  enterprise  (both  potential  providers  and  customers),  and  academic 

participants  be  conducted  in  parallel  with  the  upcoming  NASA  Flagship 

Technology Demonstration Program. Indeed, that Program should 

probably  lead  the  study.  Life  cycle  costs,  technical  and  schedule  risks  and 

realistic  space  traffic/market  analyses  should  be  emphasized. 

And  for  the  depot  approach,  particularly,  the  urge  to  follow  a  ‘build  it 
and  they  will  come’  credo  should  be  strongly  resisted.  Since  a  depot  must 

always  have  a  tanker  re-supply  system  as  an  essential  part  of  its 

infrastructure,  prudent  thinking  would  seriously  consider  an  evolutionary 

‘ground-based  tanker’  approach  initially.  The  ultimate  success  of  such  an 

endeavor  would  clearly  hinge  on  the  LEO/GEO  commercial  space  market 

customers. 

In  summary,  then,  the  authors  believe  that  the  prospects  for  a  cost- 

effective,  commercial,  in-space  re-fueling  system  are  at  present  very  low, 
and  entail  extremely  high  risks. 
 
 
 

•••
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