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Abstract: Xenon is the preferred propellant for electric propulsion thrusters, providing
high thruster efficiency and long life. However, xenon is very expensive and has limited
availability, which could impose serious constraints on the use of electric propulsion in some
future missions. This report investigates the effect on mission cost of operating a gridded
ion engine on either xenon, krypton or a 1:4 Xe/Kr mixture. Calculations of payload
fraction, propellant mass, thrusting time, propellant cost, and propellant-related mission
cost have been performed over a range of mission Avs (1-5 km/s) using two different
approaches: fixing the thrust, which leads to increase required power over xenon, and
fixing the power available for the electric propulsion system, which leads to loss in thrust.
The former approach results in significant improvements for propellant cost, but either no
substantial advantages can be obtained on the overall mission cost or the cost reduction
can be achieved only at higher velocity increments, which are not relevant for typical
mission Avs. The latter approach produces a relatively small (within 10% over xenon)
cost reduction but at a cost of increased thrusting times. If the “New Space” approach
(mega constellations) is considered, which implies a sensible reduction in the hardware
cost, the outcome of the analysis is completely different and alternative propellants become
advantageous over xenon for the considered Av range (1-5 km/s).

Nomenclature
cost,, = propellant cost [£]
COStmission, ~ = mission cost [£]
oSt power = power generation cost [£]
coStiank = tankage system cost [£]
EPS = Electric Propulsion System
9o = gravity acceleration [= 9.1 m/s?]
GIE = Gridded Ion Engine

GIESEPP = Gridded Ion Engine Standardised Electric Propulsion Platform
HET = Hall Effect Thruster
Isp = specific impulse [s]
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m = propellant mass flow rate [mg/s]

mo = overall spacecraft mass [kg]
My = propellant mass [kg]

Ml = payload mass [kg]

Mpower = POwer generation mass [kg]
mg/c = spacecraft platform mass (not only structure but without propulsion) [kg]
Mprop = propulsion dry mass [kg]

P = power input [W]

pmf = payload mass fraction

T = nominal thrust [mN]

TFC = Thrust Correction Factor
tf = tankage fraction

tt = thrusting time [s]

Ue = exhaust velocity [m/s]

Vs = beam voltage [V]

Av = velocity increment [m/s]
M = mass utilisation efficiency

I. Introduction

HE Gridded Ion Engine Standardised Electric Propulsion Platform (GIESEPP) project, the first Euro-
Tpean Plug and Play GIEs, aims at reducing the cost of these systems and increasing their production
capacities. In the attempt to achieve these objectives, functionality of the GIESEPP systems with propel-
lants alternative to xenon is of relevant importance and the impact of these propellants on mission costs
needs to be assessed.

Xenon is the most common propellant used for space applications, particularly in Gridded Ion Engines
and Hall Effect Thrusters (HETSs), thanks to its particular physical and chemical properties, such as low
first ionization energy, high atomic mass, and chemical inertness. However, this gas is extraordinarily costly
due to its limited availability and highly expensive production process.

Within the project, the impact on the different parts of a GIE EPS had been investigated for a range
of candidate propellants' and, based on these preliminary results, krypton appeared to be the only viable
alternative to xenon within the scope of the project. Krypton is cheaper and more readily available than
xenon although some degradation in performance is expected and has been observed in the past.2~* The
lower atomic mass of krypton leads to an increased power requirement for a given thrust, while the higher
ionization potential reduces the discharge efficiency.? As well as the reduction in performance, discharge
stability is also affected and had been observed in the past.? The reduction in stability is evident principally
in the hollow cathode,>® where higher mass flow rates are required for the plume to spot transition and, in
particular, to maintain the spot mode. A possible mitigation to these problems (i.e. loss of performance,
discharge stability and discharge efficiency), which, at the same time, would allow a consistent saving on
the price of the propellant, could be to operate the thruster with a Xe/Kr mixture.>® The storage ratio of
1:4 Xe/Kr is investigated since this is the production mixture obtained as a by-product of the separation
of air into oxygen and nitrogen using conventional methods.” It should be noted that the possible presence
of residual elements (e.g. traces of oxygen, methane, carbon dioxide) in the mixture, which could affect the
purity grade, must be taken into account.

In this report, the effects on mission performance of operating an EPS with alternative propellants
are investigated. Different scenarios (spacecraft mass and size, and number of thrusters) and different
approaches (fixed thrust and fixed available EP power) were considered and calculations of payload fraction,
propellant mass, thrusting time, propellant cost, and propellant-related mission cost were compared for
different propellants (xenon, krypton, and 1:4 Xe/Kr mixture) over a typical Av range of 1-5 km/s.
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II. Calculation procedure

Space propulsion tasks are characterised by the velocity increment that must be imparted to the spacecraft
to implement them. These can range from around 1 km/s for LEO manoeuvres to around 4-5 km/s for the
entire lifetime of a GEO satellite, as reported in Table 1.

Table 1. Typical mission Av values for EPS in m/s

GEO station keeping 700-1000
Orbit raising GTO to GEO 2400
Orbit raising LEO to GEO* 4000

LEO applications (up to 1200 km):
e.g. station keeping & orbital manoeuvres

800

* Currently not considered for mission analysis
because of long transfer time and high radiation dose

Given the mission Av and the propulsion system Isp, the propellant mass fraction, which is the ratio of
propellant mass to overall spacecraft mass, can be calculated using the well know ‘Rocket Equation’:

Av = u,n <m) (1)

with u. exhaust velocity, mg overall spacecraft mass, and m,, propellant mass.
Re-arranging this equation, the propellant mass fraction can be written as:

my Av
— =1—exp (— ) 2
mo golsp @

In order to calculate m, and mg explicitly, the following expression for m,, which is simply the sum of
all the individual spacecraft subsystem masses, can be used:

mo = My, + ms/c + Myprop + Mpower + (1 + tf) mp (3)

with m,,; payload mass, mg,c spacecraft platform mass (not only structure but without propulsion), 7,0
propulsion dry mass, mpower power generation mass (obtained by multiplying the required power and the
‘power cost’, assumed to be about 20 kg/kW)?, tf tankage fraction (given by tank mass over propellant
mass). The tankage fraction values were calculated as reported in Appendix A and their values are equal to
0.073 for xenon, 0.173 for krypton and 0.151 for the Xe/Kr mixture. Equations (2) and (3) can be solved
for m, and mg, and hence the payload mass fraction and mission thrusting time can be calculated from:

mpi

and tt =
mo m

= 4)

The overall mission cost is difficult to estimate since many factors must be taken into account and it is
beyond the scope of this report. Consequently, the focus was on propellant-related costs, as the choice of
a particular propellant would have most effect on the propellant cost, power generation cost, and tankage
system cost. It follows that propellant cost and propellant-related mission cost can be calculated using the
following equations:

pmf =

cost, = my, * price, (5)
COStmission = COStp + COStpower + COSttank: (6)
where price, is the propellant cost, costpower is the cost of the required power (given by EPS power times

specific cost of the power generation), and costiu,k is the tankage system cost (given by propellant mass
times tank specific cost). The power generation specific cost and the tank specific cost were assumed to be

2B. Wollenhaupt, private communication, Mar. 2019
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about IM£/kW and around 1-3 k£/litre, respectively.”? The assumed values for propellant unit costs were
£2460 per kg for xenon, £185 per kg for krypton, as provided by Air Liquide UK€ for small quantities.
The price for the Xe/Kr mixture is assumed to be 2-3 times cheaper than pure krypton,® resulting in a
price of £74 per kg. The lower cost for the Xe/Kr mixture is related to the separation process of pure
Xe and pure Kr. Essentially, these two gases are conventionally obtained as a by-product of liquid oxygen
and nitrogen production from atmosphere by cryogenic distillation, since krypton and xenon are present
in Earth’s atmosphere at concentrations of 1.14 and 0.087 ppm, respectively. The penultimate by-product
stream from air separation consists of 80% krypton and 20% xenon.? This mixture is then sent to a separate
Xe—Kr separation plant to undergo another cryogenic distillation to obtain pure xenon and pure krypton.
Therefore, the lower cost comes from the missing separation stage. It should be noted that the purity levels
and the exact composition of the mixture are not completely clear (e.g. possible traces of oxygen, methane,
carbon dioxide), since they are dependent on the particular distillation process.

III. Spacecraft Assumptions

In the last few years, the use of EPS on spacecrafts is increasing and is becoming more and more frequent
on telecom platforms and not only on occasional scientifically driven missions, such as Deep Space 1, Artemis,
Hayabusa, Dawn, GOCE and Bepi Colombo to name few missions that have flown in the last two decades.
This growing adoption is justified by the high level of maturity reached by EPS and by its economic advantage
over chemical platforms. As a consequence, several full-electric platforms with no chemical propulsion
mounted on board have been and are being developed, where the EPS performs all major manoeuvres, such
as orbit raising, North/South (inclination vector) and East/West (eccentricity vector and longitude) station
keeping, wheels offloading, station relocation and final de-/re-orbitation for disposal.

In order to analyse the impact of alternative propellants on mission costs for these all-electric spacecrafts,
various scenarios (different spacecraft masses and sizes, and number of thrusters) have been considered:

e CASE I - GOCE spacecraft (scientific mission in LEO):
— 1 T5-type thruster, up to 1 kW EP power and ~1 t (metric ton) dry mass

e CASE II - ELECTRA spacecraft (medium size GEO satellite):
— 2 T6-type thrusters, up to 10 kW EP power and 2-3 t (metric ton) dry mass

e CASE III - big size GEO spacecraft:
— 4 T6-type thrusters, up to 20 kW EP power and 4-6 t (metric ton) dry mass

The spacecraft component masses are based on data available online'® for the GOCE spacecraft and
on the relative mass distribution of typical GEO spacecrafts provided by the system integrator (OHB)¢ for
the GEO cases, specifically: payload mass about 20-30% of the dry mass, spacecraft platform mass about
60% of the dry mass, and propulsion dry mass about 10-15% of the dry mass. All the masses used in the
calculations are summarised in Table 2. Furthermore, propellant is assumed to be supplied to the thrusters
from a single central storage tank.

Table 2. Spacecraft component masses, in kg

Case I - Case II - Case III -

GOCE | ELECTRA | “big” GEO
Payload mass, my 205 750 1200
Spacecraft platform mass, mg/c 600 1500 2400
Propulsion dry mass, mprop 60 250 400

As listed above, the thrusters used in this analysis are the QinetiQ’s T-series GIEs and, in particular, the
small T5, which has 10-cm diameter grids and it was actually used for the GOCE mission, and the bigger
T6, which has 22-cm diameter grids. Typical operating values for the two thrusters on xenon are available
in Ref. 11 and Ref. 12, respectively, and they are reported in Table 3.

bB. Wollenhaupt, private communication, Mar. 2019
°Quotation no. 03RS1550101082018, Aug. 2018
dB. Wollenhaupt, private communication, July 2019
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Table 3. Nominal thrusters’ performance parameters

[ T5 (Ref. 11) [ T6 (Ref. 12) ||

T [mN] 25 150
m [mg/s] 0.720 3.415
Isp [s] 3359 4323
Vs [V] 1100 1850
P [W] 658 4628
TFC 0.948 0.945
Nm, 0.864 0.86

In order to estimate the thrusters’ performance parameters for the alternative propellants, some assump-
tions were made, such as constant operational points (e.g. beam voltage), unmodified thruster’s (e.g. size,
magnets’ position and strength) and grid’s geometry (e.g. thicknesses, diameters, transparencies, TCF).
Furthermore, two different approaches were considered:

e Fixed thrust — it is assumed that a constant thrust could be developed by each propellant;

e Fixed EP power available on board — it implies that the thrust developed by the different propellant
would be different.

The first approach, used in previous calculations,! leads to a required power increase for krypton and
the 1:4 Xe/Kr mixture, and consequently to larger mass and cost associated with power generation. The
estimated thruster performance parameters for the three propellants are presented in Table 4. The values for
krypton are taken from previous calculations® for the T5 and following the same procedure as described in
Ref. 1 for the T6. The values for the Xe/Kr mixture, which are an average of the performance values for pure
Xe and pure Kr, are calculated assuming a non-interacting mixture rule (as if they behave independently
inside the discharge chamber and at the extraction grids with the same parameters as for pure Xe and pure
Kr). These values have no experimental verification since no tests have been performed with such mixtures
on GIEs, but the values chosen are considered to be within a realistic range. It is worth to note that the
Xe/Kr mixture at different mixture ratios was tested on HETs and the non-interacting mixture rule appeared
to be applicable for HETs.13—16

Table 4. Estimated thrusters’ performance parameters — fixed thrust

Xenon Krypton 1:4 Xe/Kr
T51 | T6'2 T5! T6 TH T6
T [mN] 95 | 150 || 25 | 150 || 25 | 150
. [mg/s] 0.720 | 3.415 || 0.606 | 2.861 || 0.637 | 3.015
Isp [s] 3359 | 4323 3991 | 5159 3795 | 4915
Vi [V] 1100 | 1850 1100 | 1850 1100 | 1850
P [W] 658 4628 829 5800 781 5484
Nm 0.864 | 0.86 0.82 0.82 0.834 | 0.832
tf 0.073 0.173 0.151
propellant 2460 185 74
price [£/kg]

The second approach, which fixes the maximum power level to the value available when the thrusters
run on xenon, has the consequence of removing the power supply and power generation contributions from
the mass and cost results, but significantly increasing the thrusting time required to achieve the mission
Awv. This increased thrusting time could lead to loss in revenues, increased radiation exposure, and thruster
lifetime problems if the EPS is used for orbit raising tasks and the economic impact of these mission delays
is not easy to estimate, while it could have minimal impact if the EPS is used for other tasks. The estimated
performance parameters for the three propellants using this approach are presented in Table 5. The values
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for krypton are obtained with the assumptions that the grid system and its operational parameters are the
same of the fixed thrust approach, which leads to identical values of the beam voltage and specific impulse,
while the impact of the reduced available power is evident in the lower values of the propellant mass flow
rate and, consequently, of the thrust compared to the other approach. The values for the Xe/Kr mixture
are calculated using the same assumptions of the first approach, i.e. as an average of the performance values
for the pure gases.

Table 5. Estimated thrusters’ performance parameters — fixed power

Xenon Krypton 1:4 Xe/Kr
T5M | T6'2 | T5 T6 T5 T6
T [mN] 25 150 19.8 | 121.7 21 127.7

m [mg/s] || 0.720 | 3.415 || 0.479 | 2.274 || 0.535 | 2.511
Isp [s] 3359 | 4323 || 3991 | 5159 || 3795 | 4915
Vs [V] 1100 | 1850 1100 | 1850 1100 | 1850
P [W] 658 | 4628 658 | 4628 658 | 4628

m 0.864 | 0.86 0.82 | 0.82 || 0.834 | 0.832

IV. Results and discussion

Mission performance calculations, including payload fraction, propellant mass, thrusting time, propellant
and propellant-related mission costs have been carried out as described in the previous sections for the three
propellants, i.e. xenon, krypton, and 1:4 Xe/Kr mixture, over a typical Av range (1-5 km/s). It is worth to
note that no limitations on power available on board, no volume constraints and other system parameters
were considered in this analysis.

Effect of Propellant Choice

The atomic or molecular mass of an ion thruster propellant directly affects the exhaust velocity and specific
impulse of the thruster. A low atomic mass propellant will produce a higher exhaust velocity and specific
impulse (in fact, both are inversely proportional to the square root of the propellant molecular mass).

1. Payload fraction and tankage mass

Payload fraction results for the three propellant can be seen in Figure 1 for the LEO case (refer to Figure 9
in Appendix B for the other cases) and the values are very similar for each case and each approach. The
reasons for these results are the follows:

e the ion thrusters’ efficiencies (i.e. directly mass utilisation efficiency, and, consequently, electrical and
total efficiency) are reduced when operating on alternative propellants, so the specific impulse is lower
than would have been expected if the efficiencies would stay the same as for xenon;

e the tankage fraction is greater for the lower molecular mass propellants (see Table 4), due to the
required higher storage pressure and the consequently higher tank mass (Figure 2, see Figure 10 in
Appendix B for the other cases).

Overall, even if we can reduce the propellant mass (due to higher I'sp), the gain is consumed by reduction
in efficiencies and by heavier tanks. Let’s show an example how these effects combine and counteract any
advantage which might have been expected for the lower molecular mass propellants. For the GOCE case
with the fixed thrust approach and a Av of 5 kin/s, the propellant mass decreases from ~146 kg for xenon
to ~130 kg for the mixture and to ~123 kg for krypton. However, for the same Aw, there is also a slight
increase in components masses: e.g. tankage contribution increases ~9 kg for the mixture and ~11 kg for
krypton compared to xenon (Figure 2).
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Figure 2. Tankage mass vs velocity increment

Thrusting time

3. Propellant cost and propellant-related mission cost

7

The results for thrusting time are shown in Figure 3 for the ELECTRA case. As expected, the results are
identical for the fixed thrust approach. On the other hand, the lower molecular mass propellants develop a
lower thrust in the fixed power approach, and this leads to a longer thrusting time required to achieve the
mission Av. This extra time is approximately 26% for krypton and 19% for the Xe/Kr mixture throughout
the considered Av range (1-5 km/s) and for three analysed cases (see Figure 11 in Appendix B for the other
cases), and its impact is different for the different tasks the EPS is required to perform, e.g. undesirable for
orbit raising task, minimal (from an economical point of view) for the other tasks (station keeping, disposal,
etc.).

The main aim of this report was to investigate the effect of propellant on mission cost. A simple comparison
of just propellant and overall propellant-related mission costs has been made and the results are presented
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Figure 3. Thrusting time vs velocity increment

in Figure 4 for the ELECTRA case and Figure 5 for the different cases and different approaches. It is clear
that substantial savings on compressed gas orders are possible using the cheaper, more readily available
propellants. The cost reduction comes from the fact that not only the propellant unit costs are lower than
for xenon, but the propellant mass required is also less due to the higher specific impulse. From these
calculations (and with the assumptions made above), the saving on propellant orders can be up to about 16
times for pure krypton and up to about 38 times for the mixture Xe/Kr compared to pure xenon throughout
the considered Awv range (1-5 km/s) and for different analysed cases and different approaches (see Figure 12
in Appendix B for the other cases).
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Figure 4. Propellant cost vs velocity increment

The propellant-related mission cost is affected by propellant, power generation and tankage system costs.
As shown in Figure 5 (see Figure 13 in Appendix B for the big GEO case), the outcome is different on a
case-to-case basis for the fixed thrust approach:

e Case I: the use of alternative propellants becomes profitable only for velocity increments around
2.2 kmm/s for the Xe/Kr mixture and around 3.4 km/s for pure krypton; so, for satellites of around 1 t
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placed on LEO, the Xe/Kr mixture offers an attractive alternative only in particular cases and very
long missions.

e Cases II & III: alternative propellants cannot match the overall cost of a xenon system; overall such
arrangement does not gain from switching to Kr or Xe/Kr.
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Figure 5. Propellant-related mission cost vs velocity increment

These results indicate that benefits of replacing Xe with Kr or Xe/Kr in existing GIEs are minimal or
not existent for the fixed thrust approach. This is due to the extra costs related to the increment of required
power, the added complexity and, consequently, cost of the tankage system. Of course, this conclusion
assumes that the extra costs would stay as they are at the moment for the future missions. It may be
not true for mega constellations where significant reduction in hardware costs are expected. This case is
considered in Section V of this report.

The outcome is different when the fixed power approach is considered due to the removal of extra power
supply and power generation contributions from the cost results. In fact, the savings are substantial for the
GOCE case (i.e. up to about 30% for krypton and up to about 35% for the mixture for Av of 5 km/s, but
just above 10% for both propellants for more typical LEO mission Av of 1.5 km/s) and relevant for the GEO
spacecraft (up to about 10% for Av of 5 km/s).

In conclusion, no current mission gets an overall cost reduction out of the reduced price of krypton and
the Xe/Kr mixture in the fixed thrust approach: these results are for typical satellites shown in Table 2 and
for the typical mission Av values reported in Table 1. If the existing price-tags for the hardware remains
the same, the only future missions to benefit using these alternative propellants would be rather deep space
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mission or reusable space tugs (see Appendix C). The future is a bit brighter for alternative propellants when
the fixed power approach is considered. The GOCE-type spacecrafts in LEO missions would take advantage
from the change of propellant while having minimal penalties related to the longer thrusting times to cover
a given Aw, while the GEO missions would have a smaller overall cost reduction but the impact of longer
mission times is not easy to estimate.

V. Starlink case: the “New Space” approach

In May 2019, SpaceX launched the second batch of satellites for the Starlink constellation, which it is ex-
pected to be completed by the end of 2027 with nearly 12000 satellites in LEO. This second set of 60 satellites
are said to be “production design — v0.9”, since they do not have satellite interlink capabilities and they
are only able to communicate with stationary ground antennas. They present the following characteristics:

e Propulsion system: Hall Effect Thrusters (HETS) using krypton for orbit raising and station keeping,
e Satellite mass: ~230 kg,

e Estimated propellant mass: ~10 kg of krypton,

e Insertion/Operational altitude: 440 km / 550 km,

e Duration: 6-12 months.

The final version will present slightly different characteristics, such as bigger satellite and propellant
mass, operational altitudes (5 different orbit levels), and longer lifetime (5-10 years).

SpaceX targets a cost of $500k-$1M per satellite instead of a typical cost of $100M per satellite of similar
mass. This is one of the reasons of using krypton instead of xenon: the cost of hardware is orders of
magnitude lower (based on SpaceX claims), while xenon price does not change (or, eventually, will increase
because of the extra demand). A second reason is the availability of xenon: for example, if each of the 12000
satellites requires 10 kg of xenon and the lifetime of the satellites is 10 years, that amount to a consumption
of ~12 metric tons of xenon per year, while the entire world production is currently around 50-60 metric
tons per year.'”

When this “New Space” approach is applied to the calculations of the mission costs as outlined in Sections
IT and III, the results for the LEO case are shown in Figure 6 for an assumed 10-times reduction of the cost
of power and tank and in Figure 7 for an assumed 100-times reduction (see Figure 14 and Figure 15 in
Appendix B for the other cases).
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Figure 6. Propellant-related mission cost vs velocity increment: “New Space” approach, 10-times reduction
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Figure 7. Propellant-related mission cost vs velocity increment: “New Space” approach, 100-times reduction

It is clearly seen that as a consequence of this reduction in power and tank prices, the use of xenon is
not cost advantageous anymore in any of the considered cases, setting aside its availability problems. So,
the cost reduction for electric propulsion should come from two directions: the first one is by dramatically
reducing the hardware prices and the second one is switching to more available, cheaper propellants (krypton
and/or the Xe/Kr mixture).

VI. Conclusion

The calculations performed in this report indicate that the choice of propellant can have a pronounced
effect on mission performance and cost. Overall, for xenon, lower power levels are required, and higher dis-
charge stability makes operation of GIEs more reliable. However, Xe is expensive and its availability limited.
On the other hand, krypton, although requiring higher power levels and introducing some degradation in
engine performance and stability, does not have the availability /cost problem of xenon, being available at
roughly ten times the quantity of xenon (as expected considering their natural availability ratio of 11:1 in
volume). Although the 1:4 Xe/Kr mixture looks promising over pure krypton from a performance and/or
stability point of view, and over xenon from a propellant cost point of view, very little data exists in the
literature on such a mixture and the assumptions made in this report (simple mixture rules) need to be
tested by further experiments.

As results of these calculations, payload fractions and thrusting times were seen to be fairly insensitive to
propellant choice (for fixed thrust, given the assumptions made on spacecraft masses, thruster performance
and power level are valid, at least approximately), while propellant and mission costs were seen to vary
significantly. Taking into account additional costs associated with additional power and mass (and conse-
quently cost) of the tank when moving from Xe to alternatives, there is a clear indication that, at mission
cost level, no substantial saving can be obtained for typical mission Av when the fixed thrust approach is
considered (for existing hardware prices).

If the fixed power approach is adopted, it makes more sense to use alternative propellants especially in
LEO when the reduced thrust and, consequently, the longer mission times do not have a relevant impact on
the overall mission, while allowing a substantial saving on the propellant-related cost. In GEO, the savings
related to alternative propellants on the overall cost could be cancelled by longer thrusting times for orbit
rising, which could lead to a loss in revenues, increased radiation exposure, and thruster lifetime problems.

The above conclusions change completely if the “New Space” approach is considered. In this case, a
significant reduction in hardware prices due to mass production makes xenon choice not profitable anymore
when compared with krypton and the Xe/Kr mixture, especially if availability problems are to be taken into
account.

On the whole, the final choice of EPS configuration / propellant type will depend on the specific mission
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for which it is proposed. More detailed, mission specific calculations will need to be made in order to
ascertain the optimal configuration for each set of mission requirements.

Appendix

A. Tankage fraction and tankage cost

The propellants considered in this report are naturally in gaseous state and they need to be stored as high-
pressure supercritical fluids in a volume-limited spacecraft. In this state, a substance is at temperature and
pressure above its critical point, where distinct liquid and gas phases do not exist. In Figure 8, density as a
function of storage pressure (above P,) at a temperature of 300 K is plotted using the data tabulated on the
NIST website.© The values for the mixture are calculated using the formula for the density of a mixture. It is
evident that replacing xenon with krypton or the Xe/Kr mixture causes substantial penalties even increasing
the pressure considerably.
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Figure 8. Density as a function of storage pressure for different propellants at 300 K

Using the above graph for the densities and for given tank mass-to-volume ratios (~150 g/1 for Xenon at
186 bar, and ~220 g/1 for Krypton at 310 bar with the same value assumed for the mixture)’, it was possible
to calculate the tankage fractions (given by tank mass over propellant mass) for the three propellants:

e The density for Xe at 300 K and 186 bar is 2063.6 kg/m? resulting in a tankage fraction of 0.073,
e The density for Kr at 300 K and 310 bar is 1270.7 kg/m? resulting in a tankage fraction of 0.173,
e The density for Xe/Kr at 300 K and 310 bar is 1470 kg/m3 resulting in a tankage fraction of 0.151.

The same procedure was used to calculate the tankage cost for the three propellants starting from the
tank specific cost of 1-3 k€ /litre® (here used ~2 k£/litre) and with the above values for the densities:

e Relative cost of xenon tank = 0.969 k£ /kg of propellant,
e Relative cost of krypton tank = 1.574 k£ /kg of propellant,

e Relative cost of 1:4 Xe/Kr mixture tank = 1.361 k£/kg of propellant.

¢Available online: http://webbook.nist.gov/chemistry/fluid/
fB. Wollenhaupt, private communication, Mar. 2019
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B. Supplementary figures

In the following figures, all the different cases and approaches are represented for payload mass fraction
(Figure 9), tankage mass (Figure 10), thrusting time (Figure 11), propellant cost (Figure 12), propellant-
related cost (Figure 13), and propellant-related cost for the “New Space” approach (Figure 14 and Figure 15).
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Figure 11. Thrusting time vs velocity increment
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FIXED THRUST APPROACH
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Figure 12. Propellant cost vs velocity increment
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Figure 13. Propellant-related mission cost vs velocity increment
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Figure 14. Propellant-related mission cost vs velocity increment: “New Space” approach, 10-times reduction
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Figure 15. Propellant-related mission cost vs velocity increment: “New Space” approach, 100-times reduction

C. Extended Av range

In Figure 16, the propellant-related mission cost is presented for an extended Av range of 1-40 km/s. The
cost advantage of alternative propellants is clear at higher velocity increments.
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