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Abstract

When optimizing the staging of a launch vehicle, usually a reference mission with a fixed payload mass is
used to determine the specific launch cost (or a surrogate thereof, e.g. total mass or dry mass). While this
approach neglects suboptimal loading, it delivers sufficiently good results for the evaluation of an individual
launcher if the design mission is well known. However, this approach does not capture the full range of
payloads that a launch vehicle is expected to launch during its operational lifetime. In order to estimate the
cost and subsequently optimize the staging of such launch vehicle families, a full launch scenario has to be
considered. The cost of an individual launch vehicle loses importance and the deciding factor is the total
cost associated with launching the specified scenario. However, estimates of the future market inevitably
include large uncertainties. These uncertainties and their impact are ideally considered and quantified when
assessing the specific recurring cost of a single launch vehicle. The consideration of a whole launch market
scenario is especially relevant when evaluating a family of launch vehicles, an option currently being discussed
for future European launchers. In this case, the distribution of the payloads onto the different members
of the launch vehicle family has to be optimized in order to reach the lowest possible cost. Within this
manuscript, a method that allows the determination of the recurring cost of such a launcher family based
on a launch market scenario including uncertainties is proposed. Based on the launch numbers derived from
the combinatorial optimization, parametric cost models for recurring and non-recurring cost are adapted
and applied to three possible future launch vehicle families.
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1. Introduction

Due to the large costs associated with launching payloads to orbit, the optimization of launch vehicles is
of great interest. The fundamental first step is usually the sizing of the propellant loading of the individual
stages, also known as staging optimization. In literature, the cost function of the staging optimization is
either total mass [I], total dry mass [2], expended dry mass [3] or recurring cost of the launcher [4] for a fixed
mission. Literature on optimal sizing on rocket families is limited, but current approaches [B] assume fixed
payload targets and launch numbers as well. All of these approaches are limited in that they all consider a
single fixed cost (or a surrogate thereof) associated with a given payload performance. They do not consider
the range of payloads that a launcher serves during its lifetime.

Previous work exists with regard to assessing and quantifying the uncertainty in parametric cost models
and the effect on the recurring and non-recurring cost [6]. However, a fixed target payload mass is also
assumed therein. In order to optimize a launch vehicle for a given market scenario, the payload performance
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shouldn’t be fixed because it represents a possible degree of freedom. Consequently, the trade-off with regard
to the launcher size can be explored.

Large launchers generally benefit from a lower structural index and thus a higher payload fraction and
lower specific recurring cost, assuming they are filled efficiently. On the other hand, larger launchers generally
result in larger development costs. The opposite applies to serving a given market with a smaller launcher.
A key aspect is the degree to which larger launchers can be efficiently filled without resulting in unacceptable
waiting times for the other payloads. This trade-off can only be explored if the full range of payloads and
their possible masses are considered instead of a limited number of design missions.

Herein a scenario-based cost estimation methodology is presented that allows the exploration of this
degree of freedom and thus in consequence allows a more comprehensive optimization of launcher staging.

While the payloads to be flown in the next couple of years are fairly well known, a launch vehicle that
is currently being investigated on a conceptual level has to serve a launch market decades in the future and
ideally remains suited to its task for a long operational period. Predicting any aspect of the future decades
in advance necessarily includes large uncertainties, which should be considered.

The scenario-based cost estimation presented in this paper is also a fundamental necessity in order to
estimate the recurring cost associated with a family of launch vehicles. Depending on the family each payload
will have multiple launch options and the optimal assignment to the various options depends heavily on the
scenario and the number and mass of other payloads launching in a similar timeframe. Thus, a dedicated
optimization is necessary for the payload assignment onto the different family members.

In order to address these issues within this paper an approach is presented with which the life-cycle cost
of a single launch vehicle or a launch vehicle family is calculated based on a given launch market scenario.
The approach consists of the following steps:

1. Establish performance and mass data of given launcher family

2. Establish launch scenario to be serviced

3. Optimize the assignment of payloads to each member of the launcher family for lowest recurring cost
4. Derive total recurring cost from the number of launches of each member of the launcher family

In order to quantify the effect of the uncertainties in the future launch market, the steps above can be
repeated, sampling the possibility space of the launch market scenario in a Monte-Carlo analysis.

In addition to its use as a cost function for optimization problems, the proposed methodology can also
be applied to an already defined launch vehicle family (or a single launch vehicle) to assess the recurring
cost associated with a given market scenario.

Since the focus of this paper is not the performance assessment of launchers, data from launcher fam-
ilies from other German Aerospace Center (DLR)) studies was used for the case studies. These have been
previously discussed in [7] and [8] and will only be briefly summarized herein.

The definition of the launch scenarios is given in chapter |2| including the uncertainties involved in pre-
dicting the future launch demand. The optimization of the payload assignment is described in chapter
Chapter [ describes the cost model used to evaluate the recurring and non-recurring cost. Finally, in
chapter [p| the methodology is applied to the three different launch families and the results discussed and
compared.

While the term launcher family is not strictly defined, hereafter it refers to a group of launchers/launcher
configurations that share major components and simultaneously are available to the market. A European
example is the family consisting of the Ariane 64, Ariane 62 and Vega C, which all share the P120C booster
stage. By this definition, the Falcon 9 with its Vertical Take-off, Vertical Landing (VT VL) first stage itself
can be considered a launcher family: It can launch payloads in three configurations: as and Expendable
Launch Vehicle (ELV]), with Downrange Landing (DRIJ) on a barge or with a Return To Launch Site (RTLS])
maneuver of the first stage. Each of these configurations have individual properties with regard to payload
performance and the cost associated with each, and for each payload the optimal configuration can be
selected. The Falcon Heavy has even more configurations, since the side boosters and center core can use
varying recovery approaches. In the following, when referring to a launch vehicle or a family member, the
vehicle type is meant. Individual vehicles will be referred to as instances.



2. Launch scenarios

For the following cost assessments, the launch market scenario describes the demand for payload launches
in a given timeframe and their relevant properties. Only payloads that are accessible to the operator of the
launch vehicle family, without being subject to economic or political restrictions, are considered.

2.1. Definition of launch market scenarios

Formally, within this manuscript a launch market scenario is defined by the following characteristics:

Duration of scenario: In the past, launch systems have been active for decades, either due to their at-
tained quality or to the substantial investment necessary for development of a replacement. This has
to be reflected in the number of years assessed for future launch needs. Of course, the uncertainty in
the launch market only becomes larger with larger timeframes.

Probability of dedicated launch: The probability of needing a dedicated launch reflects the fact that
some payloads are not suitable for the launch on a rideshare mission, be it for security concerns,
specific orbital parameters or due to strict timetables. Based on this value each payload has a certain
probability to be considered for a single dedicated launch without sharing the launcher with any other
payloads.

Market share: The market share is used to vary the number of payloads that are actually won by the
organization marketing the launchers investigated.

Number of launch epochs: The launch epochs are used to model the temporal distance between the
payloads and thus determine if payloads can be included in the same launch. The number of epochs
reflects how willing/able the payloads of a given scenario are to wait for other payloads in order to
fill up rideshare missions. Ideally, each payload would be assigned a given launch date and a time
it is willing to wait to accommodate optimal filling of a launcher and this would be considered in a
combinatorial optimization over the entire launch market scenario. However, it is expected, that a
combinatorial optimization with so many degrees of freedom and complex constraints will result in
infeasibly large computational requirements. Instead, a different approach is used to model this aspect:
The total time considered for the scenario is split into a given number of epochs. Each payload has an
equal chance to be assigned to each epoch. Only payloads within the same epoch are considered for
rideshare missions. The number of epochs in a launch market scenario thus reflects how time-sensitive
the payloads of a scenario are and to what degree they can be combined for rideshare missions.

Number of payloads and mass distribution: Within this approach the destination orbits are grouped
into categories. In the following examples only the destinations Sun Synchronous Orbit (S5Ol and
Geostationary Transfer Orbit (GTQ)) are considered. The destination orbit has two effects: First, the
performance of any given launcher depends on the target orbit. Second, rideshare missions are only
considered possible for payloads with the same destination orbit. While it is possible that a single
upper stage can deliver payloads to multiple orbits, this is not implemented as an option within this
study. The number of possible target destinations is arbitrary and can be varied depending on the
desired granularity of the market scenario to be assessed. The mass distribution of the various payloads
is defined individually per destination orbit.

If a single launch market scenario is to be evaluated, the values for all of these parameters are known a
priori. In the following, we assume uncertain market scenario where a distribution is sampled. Based on the
abovementioned properties, a random selection of payloads is generated in order to represent one scenario.
Each payload within these scenarios is defined by the following properties:

e Mass

e Destination orbit



Parameter Interval Unit

No. of payloads for GTO per year [7,13] -
No. of payloads for SSO per year [11,20] -
No. of constellation payloads [2000,4000] -
No. of epochs [10,80] -
Dedicated launch probability [0,0.5] -
Market share [0.2,1.0] -
Payload mass GTO payload [2500, 8000] kg
Payload mass SSO payload [300, 6500] kg
Payload mass of constellation payloads [400,600] kg

Table 1: Uncertainty parameters of launch scenarios, all sampled uniformly

e Dedicated launch necessity identifier

Within the following case studies only and are considered as orbital destinations. They have
been the main targets of non-constellation payloads in the past and are expected to remain relevant due to
their specific properties. They are also the reference orbits for the launch vehicle families used for the case
studies and thus their performance into these orbits is known, as discussed in section [5.1]

For the constellation payloads, which are expected to represent a significant fraction of the future launch
market, the target orbit is not clearly defined, and orbital parameters might vary within a constellation. Since
the launcher performance data for all possible inclinations is not available, for launches with constellation
payloads, the launcher performance data for is used when assigning the payloads to launchers.

2.2. Uncertainties in launch market scenarios

For the case studies shown hereafter in chapter [5] the intervals given in table[I] define the parameter space
from which individual scenario samples are drawn. The distribution is assumed to be uniform within the
space defined by the interval. The mean values for payload numbers are based on current ESA forecasts [9]
for the rest of the decade. Only payloads accessible to a European launch provider were considered therein.
For the case studies an arbitrary uncertainty of roughly +30% was assumed for the number of payloads.
The range of payload masses for [TTQl and is based on the expected range from [9]. Payloads smaller
than the minimum value for (300 kg) are not considered but theoretically could be considered in future
studies.

The intervals for number of launch epochs, dedicated launch probability and market share are chosen to
represent a large possibility space for the future market properties. The duration considered for the scenario
is 20 years, which is divided into a varying number of launch epochs. The chosen parameter boundaries lead
to a minimum launch epoch duration of 3 months and a maximum launch epoch duration of 2 years.

These parameters were chosen in order to apply the method proposed in chapter |3 to a representative
dataset, albeit with some simplifications. For example only [GTOl and missions are considered, while of
course other orbits can also be of interest. Additionally, the values for number of launch epochs, dedicated
launch probability and market share are assumed to be equal for all payloads. However, it is conceivable
that these values depend on other properties of the individual satellites. For example, smaller satellites
might have a smaller probability for requiring a dedicated launch or the market share might differ between
different orbital destinations. This additional heterogeneity is not considered herein but can be included in
the analysis, if required for future studies with more refined launch market scenarios.

It should be noted that the underlying forecasts can be considered fairly conservative, since they reflect
only the near future. They don’t include potential growth in the time it takes to develop the launch vehicle
families discussed in section .11

An exemplary launch market scenario drawn from these distributions is shown in figure [l The payloads
are shown with respect to their assigned launch epoch and their destination orbit. The payloads needing a
dedicated launch are shown separately from the payloads open for rideshare missions. In this specific sample
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Figure 1: Example sample launch market scenario

314[GTQOl and 169 [SSOl payloads are considered over 47 launch epochs with a 42% probability of requiring
a dedicated launch. Since the constellation payloads are not distributed over the launch epochs, they are
not included in this visualization.

3. Payload assignment

Parametric cost models such as TRANSCOST [I0] require a known number of launches in order to
assess the recurring cost of a launcher. Due to the effect of the learning factor, the average cost per launcher
depends on the number of produced units for each component. So, for a given market scenario, it is necessary
to assign each payload to a given launch vehicle instance and thus derive the needed number of launches.

The simplest solution, a brute-force approach checking every possible payload assignment, is infeasible
due to the large number of possible combinations. For example, In a case with two launcher options and
100 payloads the number of possible combinations is 2'%9 ~ 1.27 - 10%°.

This fundamental optimization problem is complicated by two additional factors:

e Packing within one launch option: Even when it is clear that a number of payloads will fly within
a given launch window with a certain launcher type, they still need to be distributed to different
instances of the launcher. This results in a classical bin packing problem, with the goal to pack the
payloads together that result in the lowest total number of the launchers.

e Cost function: It is not possible to know the average cost of launching a specific launcher before the
payload assignment is optimized since the number of launches has an impact on the production cost
due to the learning factor. So the cost function has to be evaluated within the optimization function
for each option under consideration.

The holistic approach to implement and solve this optimization problem would be a combinatorial op-
timization over the entire launch scenario with a black-box model calculating the life cycle cost associated
with a given payload distribution. Due to the large number of evaluations needed to cover even a fraction
of the input space, it is considered infeasible to pursue this approach. Instead, the optimization problem
is decomposed to smaller subproblems. The payloads resulting from the given launch scenario are consid-
ered in separate combinatorial problems for each orbit destination and each launch epoch. This follows the



assumption that only payloads from the same launch epoch and to the same destination orbit can share a
launch vehicle instance.

This decomposition allows a significant reduction of the degrees of freedom since the number of considered
payloads is much lower. On the downside, the recurring cost of an individual launcher can no longer be
obtained within this local optimization since it depends on the total number of launches for the launch
vehicle family.

Thus, an initial guess for the recurring cost of each family member is necessary to allow the optimization
of the payload assignment. In the following examples, a fixed number of launches is assumed for each family
member in order to generate this first guess. In order to arrive at a consistent solution, iteration is necessary.
The initial guess is compared to the launch numbers resulting from the sum of all subproblems and updated
for a new optimization loop if necessary.

While computationally efficient, this approach might not yield the global optimum. The optimum found
might be influenced by the initial solution. The sensitivity with regard to the initial solution will be explored
and discussed within the frame of the following case studies in section [5.3}

The subproblems for a specific launch epoch and destination orbit are modelled and solved using Google’s
ortools [IT] library with the CP-SAT solver. From a combinatorial perspective the individual subproblem is
essentially a bin packing problem, where a set of p items/payloads are packed onto n bins/launch vehicles.
Each launcher option is its own bin type with an associated capacity b; (the payload performance) and cost
cj. Bach payload is defined by its mass m;.

Formally, the local optimization problem can be expressed as a minimization of the total cost K =
Z?Zl y;c; with the following constraints:

P
Zmil‘i]’ < bjyj, v.] S {1, ... ,n} (1)

i=1

dwy=1, Vie{l,...p} (2)
j=1

Yj € {071}7 V] € {1,...,?7,} (3)

w; €4{0,1}, Vie{l,...ptVie{l,... n} (4)

Where y; = 1 if launcher j is used and x;; = 1 if payload i is assigned to launcher j. Equation |I| assures
that every launcher is only loaded with a mass less or equal to its payload performance. Equation [2] assures
that every payload is only assigned to one launcher.

3.1. Payloads requiring dedicated launches

After this local combinatorial problem is solved for every epoch and orbital destination, the total number
of rideshare missions is known. To these the launches for dedicated missions have to be added. These are
simply assigned to the launcher able to launch the payload with the lowest recurring cost.

3.2. Constellation payloads

A payload type that has gained importance in the last decade is the launch of large satellite constellations
to Low Earth Orbit (LEQ). Within this methodology two methods are implemented to account for this
payload type. Firstly, they can be included in the combinatorial optimization of the payload assignment
as described above and be considered alongside the other payloads. The other option is the consideration
in separate missions, exclusive to constellation payloads. In the first option the payloads are subject to
the same constraints and are randomly assigned to a given launch epoch. The second option assumes that
the constellation launches are always filled as efficiently as possible, without considering timing constraints
(Which is likely due to high production cadence necessary to launch a large constellation). Computationally,



adding the thousands of payloads necessary for launching or replacing such a constellation significantly
increases the computation time of the combinatorial optimization.

For the approach with dedicated constellation launches, it is assumed that all constellation payloads are
launched with the same launch vehicle type. This allows the fast approximate optimization of the payload
assignment problem with the First-Fit-Decreasing (EFD) algorithm, described in [12], for bin packing:
Payloads, sorted by decreasing mass, are placed in the first launcher instance that has sufficient payload
capacity. If no currently considered launcher instance has sufficient capacity, a new launcher instance is
”opened”. This algorithm allows the fast computation of the near-optimal number of launches necessary to
launch all constellation payloads. Then the current guess of the average recurring launch cost can be used
to select the least expensive option.

The approach with the dedicated constellation launches assumes that all constellation payloads launch
with the same family member. If this is not applicable, the first approach can be used. The assignment of
all constellation payloads to a single launch epoch would allow the efficient filling of the selected rockets.
However, the computational cost is increased.

For the case studies shown in chapter |5 the second option is employed, with the separate consideration
of the constellation payloads.

3.8. Total number of launches

Once the launches necessary for these special payload types are added to the result, an iteration of the
cost assessment over the entire launch scenario is completed. The total number of launches are considered
for the recurring cost of the next iteration, until the results converge. The overall process is visualized in

figure 2

4. Lifecycle cost model

Within this study, the parametric cost model TRANSCOST [I0)] is used and slightly adapted. Generally,
the methodology of the previous chapters is also compatible with other cost estimation methods. The entire
cost model will not be described here, only summarized. The portions that are adapted are discussed in
more detail. The TRANSCOST model was developed by D. Koelle and is based on a top-down approach,
meaning that costs are estimated on system rather than on subsystem level. The TRANSCOST approach
uses Work-Year (WY1) as unit for cost. All costs are expressed in terms of full-time employee [WYtk.
The advantage of this approach is that costs of different time periods are comparable since inflation is
excluded. To calculate launch vehicle costs, Cost Estimation Relationships (CERE) are determined by using
cost data of historical launchers. By applying a regression on the basic exponential equation, shown in
equation [5 through available data points, the of a component type can be determined. Here, a and
x are coefficients specific to the launcher component considered, whereas M is the mass of the component.
Component categories in TRANSCOST are, for example, liquid stages, solid stages, pressure-fed engines or
turbo-fed engines.

E=a-M* (5)

In order to consider different levels of system complexity and further external factors, such as team experience
or TRL of the technology, further factors are introduced into equation |5| depending on the type of cost
considered.

4.1. Non-recurring costs

For development costs, the component cost is calculated as shown in equation [} Here, f1 is a factor
reflecting the technological readiness and complexity of the component compared to state-of-the-art, f2 is
a technical quality factor dependent on the component and f3 represents the team experience.

Ejeo = f1- f2 - f3 - Ggey - MTdev (6)
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Figure 2: Simplified schema of the payload assignment optimization procedure



In addition to the development effort associated with each component, TRANSCOST also considers
project system engineering and integration effort E,,s as a factor of the sum of the development costs of
the ¢ components. This factor depends on the number of stages IV:

Eays = (104" = 1) % Euey.i (7)
1

Within this study, when calculating the cost of developing an entire launcher family, the development cost
of each element is only considered once, however the system engineering costs associated with a particular
launcher are still considered and added to the total sum. Considering a launcher family consisting of i
components and j launch vehicles, the total development effort can be described as:

i J
Ede'u,fam = Z Edev,i + Z Esys,j (8)
1 1

Vehicles with different possible missions, e.g. [ELV] vs Reusable Launch Vehicle (RLY]) modes for VTVI]
vehicles, are considered separate options from a perspective of the payload assignment but are not considered
separate vehicles from a development cost perspective.

4.2. Recurring costs

The effort after assembly, as modelled within TRANSCOST, for each component is composed of the sum
of the production effort, the prelaunch ground operations cost and the system cost.

Equation[9]describes the calculation of the production cost. Here f; represents the cost reduction through
series production, which is calculated based on a learning factor p and the production number of a given
element n as shown in equation[I0} A learning factor p = 0.85 indicates that each doubling of the previously
produced elements will lead to an effort decrease to 85%. So for the first unit produced, also known as
Theoretical First Unit (TEU), f4 = 1, for the second it is fy = 0.85, for the fourth it is f4 = 0.7225 etc.
The equation for the average f; for a batch of n units is given in equation

Ep’!‘od = f4 * Qprod * M*pred (9)

fa(n) = ni2 (10)

S|

n

THOEED S (11)
1

When considering a launch vehicle family where multiple launchers share components, the cost reduction
through the production number is also shared leading to a lower f; for all launch vehicles instances for the
shared components. This is a major advantage of the launcher family approach as it allows all family
members to benefit from each others cost reduction through series production of shared components.

Finally, in addition to effort after assembly, the launch, flight, and missions operations effort is also
considered within the recurring cost.

4.8. Selection of coefficients for development and production cost

While the methodology of TRANSCOST is well established and useful for early cost estimations of
launcher concepts, the data on which the individual are based are not documented and replication
of the data was unable to confirm some values. The [DLR] has derived its own based on historical
data for the development of some vehicle types [I3]. For the expendable stages the corresponding
from [13] is used hereafter. Since expendable cryogenic stages have a significant heritage in Europe the
technical readiness factor f; for these components is set to 0.4. The technical quality factor f5 is assumed
to be identical for all components. Similarly, the team experience factor fs is set to 1 for all components
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except one: Since the TRANSCOST doesn’t differentiate between closed and open cycle engines, the
f1 and f3 factors are increased for the SpaceLiner Main Engine (SLME]) to reflect the additional challenge
in developing closed engine cycles.

Within TRANSCOST no development is defined for [VTVT] first stages. Instead, within this work
the development cost for both types of reusable stages are modelled with the derived for the develop-
ment of winged stages[I3]. For the same propellant loading the development cost of a winged vehicle will
still be significantly higher since its dry mass will be higher. The alternative, using the TRANSCOST
for Single-Stage-To-Orbit (SSTO) [VTVI] vehicles would result in even higher development cost estimations.

Due to the scarcity of production cost data, even more so than for development cost, the production cost
[CER] has to be considered carefully. For winged reusable first stages TRANSCOST recommends the use of
a [CER] based on high-speed aircraft, which results in a lower production effort than for expendable rocket
stages of equal dry mass. This is deemed unrealistic and instead the for ballistic stages is used. With
regard to[VIVI]stages TRANSCOST itself argues that the additional cost is included via the additional dry
mass, this approach is herein expanded to winged stages as well. However, as long as none of the stage types
discussed herein are actually built, and the production cost data available, the estimation of production cost
will necessarily be accompanied by large uncertainties.

For the expendable stages historical examples exist, here it is the age of the reference configurations
used in TRANSCOST that has to be considered in interpreting the results. The data for expendable stages
includes stages built in the sixties and seventies and thus the derived is considered to be conservative
since it cannot account for advancements in production efficiency over the last several decades. However,
for relative comparisons this approach delivers useful results.

The actual values used in the cost models of the following case studies are given in table [2[in chapter

4.4. Recovery & refurbishment cost

The effort for reusing a component is modelled as a fraction f5 of the [TEUl cost of the component as
defined in equation [T2] and
Eprod,TFU = Gprod * MTrrod (12)

Ereuse = f4,reuse : f5 *Qprod * MTvrod (13)

As for the production cost, a learning effect which reduces the costs depending on the number of pre-
viously reused stages m is employed. The cost reduction, given in equation [I4] is calculated similarly to
equation @ only with a specific pyeqyse for this aspect.

Inpreuse
f4,reuse(m) =m In2 (14)

In the following examples it is assumed that this factor accounts for the recovery and refurbishment of
the reusable stages. For [VTVI launchers 15 reuses and a f5 of 0.06 are assumed, while 50 reuses and a
f5 of 0.03 are assumed for the Vertical Take-off, Horizontal Landing (VTHL) stages. Given that Europe
currently has no experience in recovering and refurbishing reusable stages, these values are hypothetical
assumptions. Any data gained through experiments or actual launcher operation in the future would be
valuable in refining these assumptions.

5. Evaluation of launch vehicle families

After definition of the cost model for recurring and non-recurring costs in chapter [f] and of the launch
scenarios in chapter |2 the payload assignment optimization described in chapter [3| can now be applied in
case studies to exemplary launch vehicle families. The primary purpose of this section is the demonstration
of the methodology established in the previous chapters, not the comparison of these launch vehicle families.
This would require a similar level of confidence in the of all components. Due to the significant
heterogeneity of the data underlying the [CERE, this is not the case. While the results are shown and
discussed, including a comparison of the different families, this should be considered in the interpretation.
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Due to the nature of the used parametric cost models and individual reliability of the employed [CERE,
the best-quality comparison are ideally done between similar architectures. One such use case is the staging
optimization, where very similar scaled version of a launcher configuration are compared to each other.

5.1. Reference families

The families used in this case study have been previously presented in more technical detail [7, [§]. In
the following sections only a brief overview over the general architecture is given.

5.1.1. LH2 VTVL

Based on a possible PROMETHEUS-H engine, a family of Liquid Hydrogen (LH2) fueled launchers was
assessed by [DLR] using the VT VI return modes. Configurations were identified that allow the combination
of only three individual stages and two engines into five different launchers spanning a large range of payload
performance. These launchers are referred to as the S, M, L, XL and XXL launchers of the LH2 VTVL
launcher family. A sketch of these configurations is shown in figure

100 m l
XL Launcher XXL Launcher
90 m .
90 m
80 m . L Launcher 80m M-Launcher L-Launcher XL-Launcher XXL-Launcher
70m . M Launcher 70m
A | B 60 m
H15 M15
50 m
[ ] [ Het 50 m
40 m S Launcher
[ ] 40m M110
30 m H240 30m
1 —
20 m . He1 20m
10 m l 10m
]

(a) LH2 VTVL launchers family (b) LCH4 VTVL launchers family
N

(¢) RLV-C4 VTHL launchers family

Figure 3: Sketches of the launch vehicle families used for case studies, from [8} [7]
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Element Mass Qdev Tdev Aprod Tprod fl f2 f3 f5 p Preuse No. of

reuses

LH2 VIVL family
1240 25675 2580.00 0.23 1.84 0.59 1.00 1.00 1.00 0.06 085 085 15
H61 6068  331.00 038 1.84 059 040 100 1.00 - 085 - -
Prome- 1551  277.00 048 120 054 1.00 1.00 1.00 0.06 0.85 0.85 15
theus-H

LCH4 VTVL family
M520 30435 2580.00 0.23 1.84 0.9 1.00 1.00 1.00 0.06 085 0.5 15
M110 6299 331.00 038 1.84 059 040 100 1.00 - 085 - .
Prome- —yoge 97700 048 120 054 1.00 1.00 1.00 006 085 0.85 15
theus-M

RLV-C4 VTHL family

H370 64400 2580.00 0.23 1.84 0.9 100 1.00 1.00 003 085 085 50
H150 13000 331.00 038 1.84 059 040 100 100 - 085 - .
H14 3300  331.00 038 1.84 059 040 100 100 - 085 - .
SLME 3096  277.00 048 1.20 054 1.30 1.00 1.00 0.06 0.85 0.85 15
Vinci 816  277.00 048 120 054 1.00 100 1.00 - 085 - .

Table 2: Parameters used in cost model, Choice of parameters is discussed in section

5.1.2. LCH4 VTVL

Equivalent to the LH2 fueled family, the LCH4 VTVL launcher family is based on the PROMETHEUS-
M engine using Liquid Methane (LCHA4)) as fuel. Again, three stages were sized that can be combined into
an array of launchers. In this case the S configuration was found to be infeasible due to the thrust of a
single PROMETHEUS-M engine being insufficient to launch the M110 stage. A sketch of the remaining M,
L, XL and XXL launchers is shown in figure

5.1.8. RLV-C4

In contrast to the VTVI]families shown above, the [[H2Hueled RLV-C4 family is based on a single V'THI]
first stage with three different upper stages arrangements. The first and second stage both use the
[T4]. The second stage is derived from the current-day central core of the Ariane 5. The smaller upper stage,
used to achieve a high performance, uses the VINCI engine. For the following examples the Vinci
engine is included in the development cost estimation, while in reality the development program is nearly
finished.

The first stages are recovered via the In-Air-Capturing (IAC) method [15]. After reentering the atmo-
sphere, the winged reusable stages meet a waiting towing aircraft, perform a coupling maneuver and are
subsequently towed back to the launch site. There, the connection to the towing aircraft is severed and the
stages land autonomously.

The family is composed of three configurations, all with the same first stage. The Three Stage To
Orbit (BSTQ)) version uses expendable second and third stages, while the Two-Stage-To-Orbit (TSTO]) and
the Mini{TSTOI only use one second stage each. As the names imply, the [[STQl version uses the larger
H150, while the Mini{TSTO] uses the smaller H14 as second stage.

A sketch of these configurations is shown in figure

5.2. Fwvaluation of life cycle cost

For reference, the cost calibration factors used for each component are given in table 2l The work year
cost assumed hereafter is 371,000 euros, based on an extrapolation of the data available until 2009 in [I0].

In the case of the VI'VL families the full family is not analyzed hereafter. Instead, as described as a
possibility in [7], a reduced version relying only on the L and XXL variants is used for this case study. Thus,
the two [VITVI] families effectively consist of only three components each:
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LH2 VTVL family | LCH4 VTVL family
Payload [t] Payload [t]
GTO SSO GTO SSO
L RLV 2.3 8.4 - 8.6
L ELV 4.6 13.4 2.4 13.0
XXL booster and core reuse 8.3 19.7 ¢ 6.3 18.9 ¢
XXL booster reuse 14.8 19.7 ¢ 14.1 18.9 @
XXL ELV 19.7 19.7 @ 18.9 18.9 @

@ Theoretical performance is higher, limited for structural reasons

Table 3: Payload performance of VI'VL families

RLV-C4 family
Mini-TSTO | TSTO | 3STO
Payload GTO [t] - 6.5 13.9
Payload SSO [t] 5.5 11.3 -

Table 4: Payload performance of RLV-C4 family

e Reusable first stage (H240/M520)
e Expendable second stage (H61/M110)
e Prometheus-H/M engines

The XXL version is similar to the L version, with three first stages operating in parallel. This essentially
is comparable to the Falcon 9 & Falcon Heavy approach. Even with this reduced selection of launchers five
different mission types are available for payload assignment:

e L Launcher with recovery of the first stage with [DRI]on a barge

e L Launcher fully expendable

e XXL Launcher with recovery of the two side boosters and the center core with [DRI] barges
e XXL Launcher with recovery of the side boosters but expendable center core

e XXL Launcher fully expendable

Since the cost model does not differentiate between the recovery costs for and [DRI] only the [DRI]is
considered hereafter.

Each of these missions comes with their own cost requirements and payload performance. The payload
performance of the three launch families used as examples are listed in tables [3] and []

5.2.1. Results

Implementing the methodology described in the chapters and the parameters discussed above the
recurring and non-recurring costs for all the launcher families are calculated. The results for recurring and
non-recurring costs are shown in figure [4] for 1000 samples of the possible launch market scenarios. For
this case study, only uncertainties in the market scenario are considered, thus the non-recurring cost is not
affected by them and is constant for all sampled cases. In contrast, the total recurring cost varies greatly
for the individual samples. The resulting absolute cost values are large. Apart from the conservative nature
of using based on historical launchers, the large duration of the launch scenarios is a major factor
driving the cost.

When comparing the results from the families used as case studies herein, the difference in the sizing of the
family becomes clear. With its much higher dry mass of the core stage (64t vs 26t and 30t), the development
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S
o

Launch Vehicle Family
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Figure 4: Costs for launcher families for uncertain market scenarios, based on 1000 samples. Error bars show two standard
deviations

effort is significantly higher for the RLV-C4 family. However, due to the lower relative refurbishment effort
and higher number of reuses assumed for the [V THI] stages, the recurring costs are lower.

With respect to the RLV-C4 family it should be noted that the design is driven by commonality with
other proposed elements, such as the SLMFE], VINCI or the core stage of the Ariane 5 and is likely not
cost optimal. It has been shown that [VTHI can achieve the same payloads as [VIVI] launchers with a
comparable or even lower dry mass [16] [I7] when they are designed for the same payload performance. For
a better comparison of the two different recovery approaches, families with identical design drivers would
have to be analyzed.

Between the VIVL families the dry mass of the individual stages is similar, which results in similar
non-recurring costs. The higher payload performance of the hydrogen fueled family leads to lower recurring
costs.

LH2 VTVL L&XXL LCH4 VTVL L&XXL RLVC4 VTHL
300
Py
[0}
5 200
o
>
" ;
o
z
0 —_— __ —_— —_— —
& S & & </,\7\ & e @ &0 <O &0
N N _\y ~\y O _P, N4 .\y’ N 9 ,\:\ N s}
+ +6®6 + + "\‘6@6 @Q
& &
®+ ®+

Figure 5: Optimized launchers numbers from 1000 samples, error bars show maximal variance
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The underlying launch numbers on which the final cost estimation is based are shown in figure It
can be clearly seen that the combinatorial optimization results in the almost exclusive use of the partially
reusable configurations. The payload performance of the investigated families is large enough to allow that.
If heavier payloads were considered within the launch market scenarios, the payload assignment optimization
would be forced to select more expendable missions. Due to the higher recurring cost of the expendable
launchers it would lead to a noticeable cost increase.

While for both VTV families the preferred launcher is the XXL version with reuse of all three first
stages, for the [LCH4l family the XXL Launcher with expended core and the L launcher are used more
frequently. This is a reflection of the shifting specific payload cost. While for the LH2 family the reuse of all
three boosters results in the lowest specific cost, the performance loss in the LCH4 is higher for that option,
so that for some cases launches with the other options are more economically efficient.

LH2 VTVL L&XXL LCH4 VTVL L&XXL RLVC4 VTHL

5.8%

18.5%
%

First stage engines,

I Reusable first stage [ | expendable [ Third Stage Operation
- First stage engines, B Second stage I Third stage engine Integration &
reusable system eng.

[ Expendable first stage W Second stage engines

Figure 6: Composition of mean recurring costs for all three reference launch vehicle families

The composition of the mean recurring costs is shown in figure[f] Due to the ambitious values set for the
cost of reusability and the number of reuses, the first stage and their engines are a comparably small portion
of the recurring costs. For the T VIl families the use of the first stages in [EL¥]lmode causes significant cost,
especially considering the launch number of the RLV versions are much higher.

For all families the operational costs are a significant portion of the recurring cost, especially for the
[LCH4 fueled family. This is due to the operational costs being modelled in TRANSCOST as a function of
the total mass (not dry mass as for most other costs), which is significantly higher for LCHZ4}Mueled vehicles.

Comparing the VTVI] and [VTHT] families, the much lower share of the first stage and its engines is
apparent. This is an effect of the assumed lower refurbishment cost and higher number of reuses compared
to [TV vehicles. With these assumptions the first stage is responsible for less than 10% of the recurring
cost. Accordingly, the expendable stages are responsible for the majority of the recurring cost.

Figures [7a], [7D] and [7d show the effect of three uncertainties on the total cost for the three case study
families: Total market share, probability of dedicated launch and number of launch epochs. Unsurprisingly,
the market share has the largest impact on the total cost, since a larger market share will result in a higher
number of launches. This increase is not exactly linear due to falling production and refurbishment costs
with higher launch numbers. While the [[H2Hueled [VTVI] family has the lowest mean cost over the whole
range of possible market shares, the comparison between the RLV-C4-family and the [LCH4}Hueled VTVI]
depends on the market share: For a low market share, and consequently a lower number of launches, the
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Figure 7: Effect of selected uncertain parameters on total cost of serving a launcher market scenario. Solid line is a locally
weighted linear regression as shown in [I§].
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lower development costs of the [LCH4Hueled [VTVT] family prove advantageous, while for market shares
higher than 40%, the lower recurring cost of the RLV-C4-family leads to reduced total costs. From the
evolution it is also apparent, that for more optimistic launch scenarios than the one used herein, it can be
expected that the RLV-C4-family will reach a break even point with the [[H2M-fueled VTVT] family.

The dedicated launch fraction and the number of launch epochs both effectively limit the number of
possible rideshare missions and thus are expected to have similar impacts on the recurring cost of a launch
vehicle family. The effect of the dedicated launch fraction, shown in figure [7D] is less pronounced than the
effect of the market share, with a larger fraction of dedicated launches only leading to moderate increases.
The slope of the increment does increase for all families for dedicated launch fractions above 0.2. The number
of launch epochs has a smaller but still noticeable impact on the total cost. As expected, the cost rises with
more launch epochs. Considering the large range (10 - 80, which correspond to timeframes of 2 years to 3
months) in this case study, the impact is small. Tt is remarkable that the limitation of rideshare opportunities
only has a moderate impact on the total cost, even though the considered families do not include any small
launchers. As mentioned above, the ['TVI] families only include the L and XXL launchers, so that each
dedicated launch necessitates the launch of at least the L launcher even if the payload weighs only 300 kg.
While not the focus of this study, this effect merits additional investigation since one of the arguments for
small launch vehicles is the need to efficiently launch dedicated small payloads.

5.3. Sensitivity to initial guess of launch rate

As described in chapter [3] the algorithm depends on an initial guess of the total number of launches
to estimate the average recurring cost of each family member. In order to assess the impact of the initial
guess, the following approach was applied to the [H2HVT VI family: Six different calculations were run with
different initializations:

e Standard initialization: Average recurring cost for n launches for each launcher as initial guess. In the
following graphs this is referred to as ”Bias #0”.

e Biased initialization: For each family member a biased initialization is used: p launches for one member,
1 for all the others. In the following graphs these are referred to as "Bias #1” to ”Bias #5”

LLLLL

Bias #

a
o
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o

w
o
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N
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Figure 8: Comparison of recurring cost for differently biased initializations

17



Bias #0 Bias #1 Bias #2

300

8 200 | | |
<
[$]
c
>
®
2" ; ; ; i ;
o
Z

0 — — — — —

Bias #3 Bias #4 Bias #5
300

3 200
°
2
=}
o
2" ; ; ; i ;
o
Z

0 — — — — —

N N N N Q Q N N o ~N
&/ (’/ ?/ pe (’/\’ ,?~ ('/\’ & Xo\' pog ,?~ <~
\ ‘F"\’ 1:]\» 00‘ \ ‘F“\’ 1J§/ * \ VN “jg\; ‘F"\'
6*96‘\ e*‘)e‘\ e*Qe(\

Figure 9: Comparison of launch numbers for differently biased initializations

For the previously shown examples, the standard initialization was performed with n = 100. In the
following results, this is compared to biased initializations with p = 500. For all cases, the sampled recurring
cost is shown in figure [§ and the iterated launch numbers for each family member shown in figure [0} It
can be seen that the algorithm appears to be robust with regard to the initial guess. Even with drastically
biased initial guesses, the resulting converged recurring costs and launch numbers remain identical.

However, the tendency towards local optima depends on the properties of the launch vehicle family. If
two launch options are close in specific payload cost it will be more likely that a local optimum is found
instead of the global optimum. However, while the launch numbers in that case might deviate from the
global optimum, the recurring cost likely won’t deviate significantly, due to the closeness of the specific
payload cost of the two options. Nonetheless, it is advisable to check the sensitivity of the solution when
applying this algorithm to a new use case in order to assure that the initial guess allows the algorithm to
converge to the global optimum.

6. Conclusion

Within this manuscript, a methodology is established that allows the assessment of the recurring and non-
recurring cost of a launch vehicle family for a given launch market scenario, including possible uncertainties
in the market scenario. The determination of the number of launches necessary to fulfill the market demand
necessitates the solving of a combinatorial optimization of the payload assignment onto different launcher
options, as well as onto the individual instances of a launcher. For a computationally feasible derivation
of the solution the combinatorial optimization is decomposed in subproblems, using an initial guess for the
total average recurring cost. Once the number of launches over the market scenario has been established,
a parametric cost model is used to determine the recurring and non-recurring cost. In order to show the
results derivable by this methodology, it is applied to three different launcher families as case studies.
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6.1. Outlook

Now that a methodology has been established to assess the recurring cost of a given launch vehicle or
launch vehicle family based on realistic market scenarios, it can be applied to various possible system design
questions:

e Optimal sizing of a single launch vehicle for a given launch scenario

Optimal sizing of a single launch vehicle for an uncertain launch scenario

Analysis of the composition of a launch vehicle family

Optimal sizing of the components of a launch vehicle family

e Comparison of the effect on costs the future market uncertainty has on different launch vehicles types
(with regard to propellant choice, reusability, etc.)

There are also aspects of the methodology itself that could be expanded upon:

e A more refined modelling of the time payloads have to wait for a rideshare mission

e From a purely commercial perspective, not every payload within a market demand scenario has to be
served. The intentional exclusion of some payloads might improve the difference between the total
cost of the scenario and the income achieved by the missions.

e Any refinement of the underlying parametric cost models is beneficial to future analysis, for example:

— Differentiation of recovery cost depending on method (RTLS] [DRI] or TAC)
— Improved data basis for the [CERE used
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Appendix A. Acronyms

ICERI [Cost Estimation Relationship|

[VTVLI [Vertical Take-off, Vertical Landing]

[VTHL [Vertical Take-off, Horizontal Landing]

[ELV] [Expendable Launch Vehicle]
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[RILV] [Reusable Taunch Vehicld

SLME] [SpaceLiner Main Engine

[DRII [Downrange Landing]

[DLRI [German Aerospace Center]

[RTLS] Return To Launch Sitd

LH?2| |[Liquid Hydrogen|

ILCHA [Ciguid Methang

[LEOQ] Low Farth Orbif]

5SSOl [Sun Synchronous Orbit|

G T O (Geostationary Transter Orbit)

WYt Work-Yearl

[TAC [m-Air-Capturing]

'I'ST'Ol [T'wo-Stage-To-Orbit|

3ST'Ol [T'hree Stage To Orbit|

FFD) |First-Fit-Decreasing]

SST'Ol [Single-Stage-To-Orbit|
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